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Guest Editorial/

It Is the Discharge
by John Bredehoeft

We all know the mantra Keep It Simple—the principle
KISS. I have been thinking of another mantra for ground
water—It Is the Discharge. Let me explain: In a recent con-
versation with one of my distinguished colleagues, he be-
moaned our lack of understanding of ground water
recharge. I keep thinking about that conversation. In a broad
sense as hydrogeologists, we are hoping to understand how
aquifer systems function, more particularly how much wa-
ter is flowing through a particular system—the focus on re-
charge is simply one facet of the larger task. In studying the
system, there are at least three aspects that we can focus
on—(1) the recharge; (2) the aquifer itself as a transmission
mechanism; and (3) the discharge from the aquifer.

One of the first principles of hydrogeology is that the
recharge is balanced by the discharge before the system is
perturbed. One tack commonly taken is to focus on the
discharge and assume that recharge equals discharge. Of
course, when we model a system in a virgin state, the
mathematics demand conservation of mass, and the re-
charge, flow through the aquifer, and the discharge are
balanced (or we do not have a solution to the problem).
Often it is the capacity of the aquifer to transmit water
that determines both the recharge and the discharge—the
aquifer can accommodate only so much flow.

Generally, the recharge is the most difficult compo-
nent of the ground water system to quantify, which brings
me back to my colleague’s comment—Shouldn’t we be
spending additional research effort to understand the re-
charge? My response is that it is more fruitful to examine
the discharge. However, rarely do I hear hydrogeologists
say that they are studying ground water discharge, espe-
cially in the academic community. Yet, the discharge is
generally there to be observed—it occurs as springs, as
base flow to streams, and as water for phreatophytes in
the desert environment. There is a reason why hydrogeol-
ogists in Nevada still use the Maxey/Eakin method to
estimate recharge, a method published in 1949—no one
has come up with an improved procedure to estimate
recharge even given 501 years of further investigation. On
the other hand, the methods of measuring phreatophyte
discharge are greatly improved.

Furthermore, human activities that impact a ground
water system ultimately impact the discharge. It is usu-
ally the ground water discharge that is captured during
ground water development. The USGS (1972) in Defi-
nitions of Selected Ground Water Terms published the
following definition of capture:

Water withdrawn artificially from an aquifer is derived from a
decrease in storage in the aquifer, a reduction in the previous dis-
charge from the aquifer, an increase in recharge, or a combina-
tion of these changes. The decrease in discharge plus the
increase in recharge is termed capture.

Many aquifers can be analyzed mathematically as if
they are linear systems; this includes all confined aqui-
fers and even water table aquifers where the change in
head, caused by a given stress, does not change the satu-
rated thickness greatly. In this case, neither the recharge
nor the discharge is of concern; rather, the changes in
these quantities, caused by the stress—the capture, are of
interest. In the linear mathematical system, if one knows
(1) the geometry of the aquifer system, (2) its hydrologic
properties (permeability and storage), and (3) the boun-
dary conditions, one can determine the impact of a given
stress on the system. Often it is the discharge that we end
up capturing.

Even if the recharge is not of pragmatic concern, it
still may be of interest—we would like to fully under-
stand the ground water system. Other factors such as how
contaminants are transported through the system some-
times depend upon the recharge.

I have no doubt that studying recharge will be high on
the list of research topics for the future. I am also confident
that the recharge is better understood through the discharge
where there is an integrated and observable hydrologic sig-
nal, and that discharge is of much more pragmatic concern
than recharge. Harold Thomas, the distinguished professor
of Water Resources at Harvard, was working on the prob-
lem by studying stream hydrographs; unfortunately, he died
before he could publish his ideas. I tried unsuccessfully to
point out the importance of the discharge in commenting
on a proposed National Academy of Sciences/National
Research Council research agenda—my remarks had no
impact. Still, my argument is—It Is the Discharge.

Editor’s Note: Opinions expressed in the editorial
column are those of the author(s) and do not necessarily
reflect those of the National Ground Water Association
or the staff of the journal.

The Hydrodynamics Group, 127 Toyon Lane, Sausalito, CA
94965; (415) 332-0666; jdbrede@aol.com; and member of Board
of Directors AGWSE.

Copyright ª 2007 The Author(s)
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ABSTRACT

Sequences of Devonian rocks are advantageously exposed along a unique 40-

mile-long east-west traverse in the greater Timpahute Range, southeastern Nevada.  Study

of these rocks casts light upon Devonian paleogeography, the Devonian Antler orogeny,

an Upper Devonian cosmolite impact basin, this part of the Cretaceous Sevier fold-and-

thrust belt, and the effects of Cenozoic extension.  The greater Timpahute Range lies

within the Timpahute Range 30' X 60' quadrangle and includes the region from Tempiute

Mountain on the west to the Pahroc Range on the east.

Concealed major north-south trending normal faults caused by Cenozoic

extension have been proposed to disrupt the Paleozoic rocks of the region.  However, a

structural interpretation using a new geologic map of the quadrangle requires no major

north-south striking normal faults.  Furthermore, the greater Timpahute Range is

interpreted as a salient of stacked thrust sheets within the Sevier fold-and-thrust belt.  The

range is bounded on the north and south by thrust tear faults that may be related to

basement fractures caused by the cosmolite impact.  

Evidence for the Late Devonian cosmolite impact includes shocked quartz,

iridium anomalies, ejecta spherules, and disturbed shallowing-upward sequences

exhibiting intrasequence folding, brecciation, carbonate liquefaction, and graded bedding. 

Impact breccia thins radially from 510 feet at Tempiute Mountain to zero within 80 miles

north and south of Tempiute Mountain, but within only 60 miles northeast and southeast

of the impact site.  Bed length measurements from a geometrically balanced cross section

of the greater Timpahute Range show at least 64 miles of cumulative crustal shortening. 

When restored, the diameter of the concentric impact basin, centered near Tempiute

Mountain, is  160 miles. A restored cross section suggests that the impact site is likely

about 20 miles west of Tempiute Mountain.  
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Thrust sheets within the salient contain rocks of three contrasting facies above the

cosmolite impact breccia marker: facies 1 is a peculiar, anoxic, deepwater, thin-bedded

limestone characterized by soft-sediment slump folds and interbedded turbidites that may

represent a crater fill that now is exposed in a proposed fenster on the west end of the

range; facies 2 is a thick shallow-water quartz sandstone (as much as 1070 net feet thick)

deposited on the west side of the impact basin that now is in an interpreted klippe in the

middle of the range; facies 3 is a shallow-water platform carbonate deposited on the east

side of the impact basin.  It contains a large stromatoporoid reef. 

Characterized by shallowing-upward cycles, a reference measured section for the

carbonate platform facies 3 was correlated to surface and subsurface sections of the

region using sequence characteristics and gamma-ray log patterns.  Only 19 of 21

sequences are exposed in the reference section that lies in the footwall and east of the

thrust sheet containing sandy facies 2.  When viewed in order, isopach maps of the 21

sequences show a large (200 X 400 miles, unrestored) depression, the Sunnyside basin,

the axis of which migrated from central Nevada to western Utah during the Devonian.  A

composite isopach map of the 21 sequences shows that the intrashelf Sunnyside basin is

thickest and therefore centered over Sunnyside, 60 miles north of the Timpahute Range.  

Quartz sandstone isolith maps show that Devonian quartz sandstones were

deposited on the edges of the Sunnyside basin.  It is proposed that sandstones on the west

side were derived from the Devonian Antler orogenic forebulge.  Sandstones on the east

side were probably derived from the craton and more specifically from an east-west

highland developed on the Uinta aulacogen in north-central Utah.  Isopach patterns

suggest that the highland or arch, herein called the Monitor-Uinta arch, extended into

central Nevada.

Dolomite, a common constituent of much of the Great Basin Devonian,

commonly occurs as penecontemporaneous dolomite caps on shallowing-upward cycles

in facies 3.  Sections of Upper Devonian strata near the edges of the Sunnyside basin are
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more dolomitic than those within the basin.  Dolomites, basinward of the sandy facies 2,

are rich in the thin, stick-like stromatoporoid, Amphipora.  Basinward of the Amphipora-

rich dolomites are limestones rich in corals and bulbous and tabular stromatoporoids.  A

major unconformity, characterized by deep (100's feet) karst cavities, separates

pervasively dolomitized Middle and Lower Devonian carbonates from Upper Devonian

limestones.  Of the three Upper Devonian facies in the greater Timpahute Range, only the

facies 3 reference section contains significant dolomite as caps on shallowing-upward

carbonate cycles, suggesting supratidal depositional environments in the shallower parts

of the Sunnyside basin. 
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CHAPTER 1

INTRODUCTION

The Timpahute Range in western Lincoln County, Nevada, provides a unique

opportunity to study a 40-mile long, continuous east-west exposure of Paleozoic rocks in

this region of the Great Basin where most outcrops are subparallel to the north-south

structural grain.  Devonian rocks should reveal subtle, gradual changes in facies over long

distances across the broad, featureless western North American continental shelf because

they were believed to be deposited during a period of relative tectonic quiescence

(Osmond, 1962; Niebuhr, 1979).  However, abrupt contrasts in facies above a late

Devonian impact breccia occur between thrust faults that segment the greater Timpahute

Range.  These contrasting facies from three thrust sheets of the greater Timpahute Range

include: facies 1, a peculiar, anoxic, deepwater, rhythmic, thin-bedded limestone

characterized by soft-sediment slump folds and some interbedded turbidites that may

represent a crater fill that now is exposed in a fenster on the west end of the range; facies

2, a unique shallow-water quartz sandstone (as much as 1070 net feet thick) deposited on

the west side of the impact basin and now is in a klippe in the middle of the range; and

facies 3, a shallow-water platform carbonate deposited on the east side of the impact

basin and lies on the east side of the range.  These features and contrasts were revealed by

a new geologic map (Plate 1a) of the Timpahute Range 30' X 60' quadrangle or

Timpahute Range quadrangle (study area) which provides insight into this part of the

Sevier fold-and-fault belt (Figure 1).  
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Author’s Background Concerning Timpahute Range Research

I have worked in the Great Basin region for more than 20 years, and much of that

time in the Timpahute Range quadrangle.  Considerable field and laboratory work was

carried out before my specific dissertation research, and discussions and interpretations

herein have necessarily evolved over many years, involved many projects, and included

interaction with many geoscientists.  Every effort has been made to document my sources

of data and interpretations.  Some data are proprietary and some interpretations are based

in part on work completed before the onset of my doctoral program at the Colorado

School of Mines.  

I was raised near the southern Oquirrh Mountains, 40 miles southwest of Salt

Lake City, Utah, and attended Brigham Young University, Provo, Utah, to complete my

Bachelor’s and Master’s degrees in geology.  My Masters’ thesis, Biostratigraphy of the

Great Blue Formation, included discovery of fossil-plant-bearing terrestrial valley-fill

sequences interbedded with open-marine carbonates in the Mississippian proto-Oquirrh

basin, north-central Utah, indicating marine and nonmarine cycles that were previously

overlooked.  This work continued beyond my Master’s research (Chamberlain, 1987;

1990b, 1999).  

Employment by Exxon Minerals USA (Michigan, Pennsylvania, and New York,

1976-1978) and Gulf Oil Company (Wyoming, 1978) resulted in pioneering applications

of surface gamma-ray logs for the interpretation of depositional environments

(Chamberlain, 1983).  I worked for Marathon and Placid Oil Companies in the Great

Basin of Utah and Nevada from 1979 to 1984 measuring and describing stratigraphic

sections, conducting source- and reservoir-rock studies, and exploring for hydrocarbons. 

During this time I met many consultants who had previously worked for Shell Oil

Company in a large research program that involved measuring and describing many

stratigraphic sections.  They shared first-hand knowledge of Paleozoic stratigraphy,

structure, oil source- and reservoir-rocks, and geomorphology of the Great Basin.

SE ROA 37021

JA_8527



5

In 1984, I founded Cedar Strat Corporation, and managed teams of geologists that

remeasured many Shell Oil Company sections and many new ones.  We successfully

employed the surface gamma-ray log techniques to aid in surface to subsurface

correlations.  I directed studies on Mississippian source- and reservoir-rocks, on

Devonian reservoir rocks, on individual wells and fields, and organized and led annual

Great Basin field conferences.

In recent years I undertook detailed mapping projects in several areas, most

intensely within the Timpahute Range quadrangle.  This mapping was streamlined by

incorporating GPS and GIS techniques, reported in Chapter 3.  The results are presented

in the map of Plate 1a.

From 1991 to 1999 my home was in Hiko, Nevada, within the study area.  This

location eased the logistics for field research, but complicated my access to libraries and

research laboratories.  As a result, this report is mainly based on new field work, which I

believe must be the basis for most new understanding of the complicated geologic history

of the Great Basin.

Purpose and Scope

This study provides the stratigraphic and structural data that constrain the

restoration of the Devonian Sunnyside basin and allows a more accurate interpretation of

its paleogeography (Chapter 7).  The Sunnyside basin, named by Chamberlain and Birge

(1997), is an intrashelf Devonian basin between the Antler forebulge (Carpenter et al.,

1994) in central Nevada and the Utah hingeline in central Utah.  Geologic mapping was

limited to the Timpahute Range quadrangle and the study focuses mostly on Devonian

sequences.  A preliminary balanced cross section, restoration, and a surface geology
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profile of the east-west transect A-A’ from west of Tempiute Mountain (T4S R56E) to

east of the Pahroc Range (T4S R62E) are provided (Plates 4a and 4b).  However, a

rigorous structural analysis on the quadrangle is beyond the scope of this study.

This study illustrates the utility of applying the principles of “sequence

stratigraphy” for geologic mapping of complex areas.  Earlier workers using traditional

lithologic formations were unsuccessful in accurately mapping the Timpahute Range

quadrangle (Plate 1b).  Twenty-one mappable Devonian sequences identified in Chapter

4 were used to map the structural elements presented in Appendix E, and to reconstruct

the Devonian paleogeography in Chapter 7.  Mapping the structural features in this

complex region without knowledge of the order of sequences is untenable.  Several

obvious and accessible structural features had been described (e.g., Tschanz and

Pampeyan, 1970;  Armstrong and Bartley, 1993), but stratigraphic revisions on the new

geologic map reveal significant structures--particularly folds, strike-slip faults, and thrust

faults (Chamberlain and Chamberlain, 1990).  Special attention has been paid in this

study to the possible tectonic outcome of the Late Mesozoic Sevier orogeny on Paleozoic

rocks in the Timpahute Range quadrangle, 100 miles west of the leading edge of the

Sevier fold-and-thrust belt.  Juxtaposition of different thrust sheets containing contrasting

facies of Upper Devonian rocks in the Timpahute Range resulted from the Sevier

compressional event.  The overall goal of this research is to resolve these abrupt facies

changes.  

The specific goals of this research are threefold: 1) identify mappable sequences

and interpret the Devonian strata using sequence stratigraphic concepts; 2) apply the

mappable sequences to update the geology of the greater Timpahute Range on a map that

shows the stratigraphy, folds, strike-slip faults, and thrust faults overlooked in previous

mapping; and 3) reconstruct the Devonian paleogeography by evaluating the magnitude

of deformation of this part of the Sevier fold-and-thrust belt using the new geologic map

and correlations of Devonian sequences.  

Realization of these goals is illustrated with plates 1 through 7.  Plate 1a is a new
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geologic map discussed in Chapter 5 and Appendix E.  A profile of surface geology along

transect A-A’ along the bottom of the map provides some constraints used to construct

Plate 4a.  In comparing it with Plate 1b, a geologic map of the Timpahute Range

quadrangle modified after Tschanz and Pampeyan (1970) with a similar scale and color

scheme, significant revisions of the old mapping are readily apparent.  Plate 2a is a

stratigraphic section illustrating the cycles and sequences of the Devonian rocks at Mail

Summit discussed in Chapter 4.  Plates 2b and 2c provide detail about Devonian reef and

reef flank facies at Mail Summit.  Plate 3 is an isopach map of the Devonian system

which shows the shape of the Sunnyside basin described and named by Chamberlain and

Birge (1997).  Plate 4a is a balanced retrodeformable cross section along the line of

section labeled A-A’ in the greater Timpahute Range on Plate 1a.  Although normal

faults occur on the line of section, they were too small to illustrate in the cross section. 

Plate 4b is the restored or undeformed section.  This new structural model of the greater

Timpahute Range resolves the abrupt facies changes in Upper Devonian sequences

between thrust sheets and provides a more comprehensive guide to the structural style of

the region.  The model gives insight into structures concealed by Tertiary volcanics and

valley fill in other parts of the Sevier fold-and-thrust belt.  Restoration of stratigraphic

sections to their original positions using the structural model is essential for correct

interpretations of the Devonian paleogeography (Chapter 7).  

Plate 5 is a diagrammatic facies belt chart after Wilson (1975) applied to the

eastern edge of the Tempiute sub-basin.  The Tempiute sub-basin is a basin at the south

end of the Sunnyside basin created by a cosmolite impact (see Chapter 7).  A cosmolite as

used herein is an extraterrestrial body such as a meteorite or comet but of an uncertain

composition.  The facies belt chart lists microfacies characteristics and examples at

Timpahute Mail Summit (TMS).  Plate 5 illustrates the correlation between microfacies

in photomicrographs in Appendix C and the table of criteria to make facies assignments

presented in Chapter 3.  The microfacies helped refine facies assignments.  Facies

patterns and gamma-ray logs helped separate regional sequence boundaries from local
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cycle boundaries.  Twenty-one regionally mappable sequences were identified

(Chamberlain and Warme, 1996).  These regional correlatable sequences were used to

make isopach maps and to make the new geologic map of the Timpahute Range

quadrangle.  Plate 6 is a geologic map showing the distribution of Devonian sequences at

the measured section in the southwest corner of the Mail Summit 7.5' quadrangle (TMS

herein).  Plate 7 is a distribution map of Pilot outcrops within the Timpahute Range 30' X

60' quadrangle.  A detailed biostratigraphic analysis of the sequences is beyond the scope

of this study.  Gamma-ray log patterns of sequences usually provide greater resolution for

regional correlations than do conodont zones.  Therefore, conodont and other fossil zones

tied to surface gamma-ray logs would greatly enhance regional correlations.

Format

This report consists of nine chapters.  Chapter 1 introduces the study area by

presenting the format and purpose and scope of the study and describing the location and

geologic setting of the study area.  Chapter 2 provides a brief review of previous work in

the study area.  Chapter 3 introduces the methods used in the research.  Chapter 4

consummated the first main research objective, which was to identify and interpret the

mappable Devonian sequences in the study area.  A well-exposed 5000-foot-thick

composite stratigraphic section on the Mail Summit 7.5' quadrangle provided a useful

reference section for Devonian depositional cycles and sequences across the eastern Great

Basin and is called TMS (Timpahute Mail Summit measured section) in this report

(Figure 3).  Dolomite and dolomites, important components of the sequences, are

discussed in Chapter 4.  Recognition of the sequences was important in achieving

research objective two, which was to make a geologic map of the Timpahute Range

quadrangle.  Defined sequences were used to make the geologic map and identify thrust

sheets presented in Chapter 5 and structural elements described in Appendix E.  The map
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Figure 3  Index map showing the position of the Mail Summit 7.5' quadrangle (shaded gray)
among the other 7.5-minute quadrangles (black lines) comprising the Timpahute Range 30' X 60'
quadrangle.  Surveyed townships and ranges are in blue and sections are in yellow.  Several
township and range values are indicated along two map edges.  Digital land grid is from Premier
Data Services, Denver (1997).  Digital topographic index map was provided by Homestake Gold
Company, Reno (1997).  Degrees north latitude and west longitude are indicated on several map
corners.  See Chapter 3 for methods of constructing this and other maps from digital data bases.

and correlation of the sequences at TMS to sections exposed in different thrust sheets in

the greater Timpahute Range support the stratigraphic significance of structural

interpretations in Chapter 6. 

The sequences defined at TMS were correlated with other surface and subsurface

sections of the region.  These correlations provided the basis for sandstone isolith maps

and the total Devonian isopach map presented in Chapter 7.  Sequences at TMS provide

clues to Devonian tectonic events in the region.  For example, the “Oxyoke Formation” at

TMS may be a record of the first siliciclastic pulse of the Devonian-Mississippian Antler
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orogeny.  This and other tectonic events and features that affected the Devonian

paleogeography are also presented in Chapter 7.  The economic and academic

applications of the stratigraphic sequences, the new geologic map and structural model,

and the new paleogeographic interpretations of the Great Basin Devonian are discussed in

Chapter 8.  Conclusions and recommendations for further study comprise Chapter 9.

Appendices explaining abbreviations used in the text or sets of photographs and

data too lengthy to be incorporated in the body of the text are provided for completeness. 

Appendix A provides an explanation for symbols and abbreviations used in maps,

correlation charts and stratigraphic sections.  Appendix B provides a detailed description

of each cycle of TMS organized from the oldest sequence to the youngest.  Appendix C

provides descriptions of thin sections taken mostly from the lower Guilmette cycles. 

Plates 8 through 14 contains selected photomicrographs of the thin sections.  Appendix D

is a CD-Rom originally presented as a poster session (Chamberlain et al., 1996;

Chamberlain, 1998) and later published by SEPM (Hook et al., 1998).  It is a digital

presentation of a field trip in the Central Nevada Thrust Belt, and it contains annotated,

animated, captioned, and plain digital images that compliment the text.  Appendix E

presents detailed descriptions of structural elements of the Timpahute Range 30' x 60'

quadrangle geologic map.  Appendix F is a table from a spreadsheet of control points of

sections with the complete Devonian represented and used to label Plate 3.

Location of the greater Timpahute Range

The Timpahute Range 30' X 60' topographic quadrangle is covered in the

1:100,000-scale metric topographic map series by the United States Geological Survey

published in 1988.  It lies within western Lincoln County in southeastern Nevada,

centered approximately 100 miles north of Las Vegas, from 37o 30' to 38o N latitude and

115o to 116o W longitude.  This quadrangle is within the Sevier fold-and-thrust belt

SE ROA 37027

JA_8533



11

(Figure 1).  The Timpahute Range is in the southwest part of the Sunnyside basin

(Chamberlain and Birge, 1997;  Plate 3).  It lies south of prolific oil wells in Railroad

Valley that produce mainly from Devonian carbonates.  It is northeast of the Nellis Air

Force Bombing Range where access to rock outcrops is restricted by the United States

Department of Defense.  

The greater Timpahute Range provides an unique 40-mile-wide east-west band of

nearly continuous Paleozoic outcrops (see Plate 1) in a region where usually only crestal

exposures in north-south trending ranges are exposed between broad areas of Tertiary

cover.  It includes Tempiute Mountain, Monte Mountain, Mount Irish, Mail Summit,

Fossil Peak, Hiko Range, and the southern end of the North Pahroc Range (Figure 5). 

Other ranges within the Timpahute Range quadrangle with significant outcrops of

Paleozoic rocks include the Worthington, Golden Gate, Seaman, and Pahranagat ranges.  

Extensive outcrops in the Timpahute Range quadrangle are especially favorable for study

of Devonian strata in both north-south and east-west directions. 

TMS (Timpahute Mail Summit measured section) is a composite measured

section composed of three segments that mostly lie in the southern part of the Mail

Summit 7.5' quadrangle (Figure 4, Plate 6).  The lower parts of two of the segments lie

in the northern part of the Mount Irish SE 7.5' quadrangle.  However, because most of the

section lies in the Mail Summit quadrangle, it is called TMS herein.
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Figure 4  Index map to the Mail Summit measured section (TMS) in the southwest part
of the Mail Summit 7.5' quadrangle (stippled) and northern Mount Irish Se 7.5'
quadrangle (hachured).  The solid black line is Nevada State highway 318, the heavy
broken line is the Mail Summit county road, and the light broken lines are jeep trails. 
The lower, middle and upper segments of TMS composite measured section are indicated
by arrows that point up-section.  The green box shows the area covered by Plate 6, a
geologic map of the sequences mapped at TMS and an example of the detail used to
compile the geologic map of the Timpahute 30' X 60' quadrangle.
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Figure 5 Topographic elements of the greater Timpahute Range (outlined in red dashed line)
including Tempiute Mountain, Monte Mountain, Mount Irish, Mail Summit, Fossil Peak, Hiko
Range, and the North Pahroc Range in the Timpahute Range quadrangle.  Digital topography was
downloaded from the United States Geological Survey web site.  The small black crosses are
elevation bench marks. 

Geologic Setting of the greater Timpahute Range

The Timpahute Range lies in the Great Basin portion of the Basin and Range

Physiographic Province.  Deposition in the region was nearly continuous from

Precambrian to Lower Triassic (Stewart, 1980).  In this section, the tectonic setting that

affected the Paleozoic rocks and their stratigraphic setting is discussed.
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Tectonic Setting

North-south Precambrian rifting (Stewart and Poole, 1974) and east-west

compression by the Mississippian Antler orogeny (Roberts, 1972) caused the north-south

structural grain of the region that controlled or influenced all subsequent tectonic and

depositional events.  After the rifting and before the Antler orogeny, rocks in western

North American were deposited on a passive margin.  Figure 6 is a diagrammatic cross

section of the pre-Antler passive margin.  A correlation chart and nomenclature of some

units exposed in the study area will be presented later in this Chapter.  Previous work that

resulted in the evolution of Figure 6 will be discussed in Chapter 2.

The greater Timpahute Range is perpendicular to the general north-south

structural and physiographical grain of the Great Basin.  It lies within the north trending

Mesozoic Sevier fold-and-thrust belt that is responsible for much of the present-day

regional structural grain and topography (Figure 2).  Previous geologic mapping depicted

the ranges in the study area as horsts and the valleys as grabens (Tschanz and Pampeyan,

1970).  As a result, a fault-block model by Duey (1979) and Foster et al. (1979) has been

used for oil exploration in the region.  The fault-block model continues to be used in oil

and gas exploration in Nevada (Bortz, 1998).  However, the new geologic map shows that

structures produced by east-west crustal shortening in the study area are also reflected by

the topography (Plates 1a, 4a, Appendix E).  Six thrust faults and their associated folds

are exposed by Tertiary erosion in the greater Timpahute Range (Plate 1a).  A seventh

thrust fault, the Pahroc thrust fault, is exposed in the southern Delamar Range, 35 miles

south-southeast of Hiko and beyond the area of Plate 1.  It is interpreted to underlie much

of the study area (Plate 4a).  The ranges in the study area are generally anticlines and the

valleys are synclines.  Apparently they were not affected by an overprint of Cenozoic

extension.  Therefore, a lack of major normal faults with thousands of feet of

displacement suggests that Cenozoic extension was minor in the Timpahute Range
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Roberts Mountain thrust fault separates western and eastern facies and conceals the transitional facies.

Figure 6 Pre-Antler orogeny tectonic setting and depositional profile from western Utah
to central Nevada showing formational terminology from the Upper Cambrian through
the Devonian.  Modified after Cook and Taylor (1985) and Langenheim and Larson
(1973).  No attempt was made to include the effects of the Antler forebulge.  The
slope/margin area is diagrammatic as it lies in the same area as the Roberts Mountain
thrust fault (red line) where the transition facies are concealed.  Siliciclastic intervals are
in yellow.

quadrangle.  Major north-south normal faults are reported in other areas in the Basin and

Range Province (Effimoff and Pinezich, 1986).  

Lake beds or synorogenic sediments associated with the Sevier Orogeny represent

the only possible Mesozoic strata preserved in the Timpahute Range quadrangle.  Many

compressional structures are masked by Tertiary volcanic deposits that filled paleovalleys

and canyons with ash falls and flows.  Paleotopographic high areas (anticlines) received

little volcanic cover.  A few north-south trending normal faults that could have had

hundreds of feet of displacement likely formed during Cenozoic extension (Plate 1a). 

Two large displacement faults, the north Worthington and Hiko Narrows faults, could be

normal faults associated with extension but are likely deeper thrust faults.
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An extensive cover of Tertiary volcanic rocks and thick Tertiary valley fill conceal

most of the structures in the region.  Headward erosion by tributaries to the Colorado

River has exhumed some Sevier-age structural elements from the greater Timpahute

Range southward.  Most of the compressional features remain buried below Tertiary

strata north of the greater Timpahute Range.  Figure 7 summarizes the tectonic events of

the Great Basin from the Late Mesozoic Sevier orogeny to the present.

Generally, lower Paleozoic strata thicken from east to west (many studies, and

Cedar Strat proprietary measured sections, 1984-1989).  West of the study area,

deposition on the passive margin was interrupted by the Devonian-Mississippian Antler

orogeny (Roberts, 1972).  Carpenter (1997) suggested that the orogeny was initiated

during Yellow Slope Sequence time in the Frasnian Stage of the Late Devonian (Plate 2a,

Chapter 4).  Carpenter et al. (1994) interpreted an Antler forebulge uplift, a positive area

in central Nevada within and west of the Shoshone and Toiyabe ranges, 80 miles

northwest of the study area.  A forebulge is an upwarp or flexure of the lithosphere

caused by tectonic loading (e.g., Roberts Mountain allochthon) that occurs in front of a

thrust front.  The upwarping or forebulge develops because of isostatic response to crustal

loading and flexural downwarping and is predicted by flexural modeling (Giles, 1996).  A

backbulge basin (e.g., Sunnyside basin) occurs between the forebulge and the stable

craton.  It is a broader and shallower downwarp or backbulge basin than the downwarping

of the foreland basin (Giles, 1996).  The bulge coincides with the western side of the

Sunnyside basin described in Chapter 7.  The forebulge is defined by the increasing age

eastward of subcropping miogeoclinal Cambrian and younger rocks beneath the Roberts

Mountain thrust.  When the Roberts Mountain allochthon overrode it in the Late

Devonian, the Lower and Middle Devonian forebulge was an eroded paleohigh

(Carpenter et al., 1994).  Fossils, such as conodonts, and quartz sand that are insoluble in

weak acids from early Paleozoic rocks were shed eastward into the Sunnyside basin and

are the source of Devonian sandstones on the western edge.  Paleozoic rocks within the
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Figure 7 Tectonic events at and since the Sevier orogeny in the eastern Great Basin.  Data are
from proprietary mapping, Cedar Strat data files, J. Welch (1998, personal communication), and
other references that are indicated by the superscript numbers.  Lists of locations are examples of
fold and thrust features.  Dark blue represents older Paleozoic rocks.  Green represents younger
Paleozoic rocks.  Pale green represents the base of Tertiary valley fill.  Orange represents
present-day surface.  Patterned red represents pre-thrust intrusives.  

Sunnyside basin were subsequently deformed during the Mesozoic Sevier orogeny

(Chapters 2 and 6).
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Stratigraphic Setting

Devonian rocks form a significant part of the 15,000 to 20,000 feet of Paleozoic

rocks exposed in ranges of the area (Table 1).  These are summarized in Figure 8, a

correlation chart that compares Devonian rocks exposed at TMS with the Paleozoic units

exposed in the Pahranagat Range 15 miles south of the study area (Stop #6, Appendix D)

and those exposed in the Egan Range 65 miles north of the study area (Stop #13,

Appendix D).  

Table 1 lists the formations illustrated in Figure 8 and compares the

nomenclature used herein with that of other workers in the region.  Some of these units

were grouped  for the new geologic map.  For example, Cambrian units, including Lower

Cambrian Prospect Mountain Quartzite, Middle Cambrian Chisholm Shale, Middle and

Upper Cambrian Highland Peak Formation, and Upper Cambrian undifferentiated

limestone and dolomite, and Dunderberg Shale, are grouped together on the geologic map

in the restricted area of the Groom Range (Plates 1a and 1b).  Only the Upper Cambrian

rocks are exposed in the greater Timpahute Range.  Access to extensive outcrops of

Lower and Middle Cambrian rocks exposed in the Groom Range, eight miles southwest

of Tempiute Mountain, is restricted by the United States Department of Defense. 

 On the geologic map, the Mississippian Chainman Shale facies and the

interfingering Scotty Wash Sandstone facies are grouped together as Mississippian Antler

clastics (Mac).  This was done to avoid confusion where Scotty Wash facies are below or

interbedded with the Chainman Shale facies as in the Egan Range (Figure 8).  In its type

locality in the northern Bristol Range, 20 miles east-northeast of the study area, the Scotty

Wash Sandstone overlies the Chainman Shale.  
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Table 1  Paleozoic nomenclature in southeastern Nevada with abbreviations used in
Figure 8. Numbers in the column headers correspond to section numbers on Figure 9
and Table 2.  Rocks above the Ely Limestone were omitted from the table and figure.

Abbr. Age This paper TMS 51 Kellogg (1963)    
Egan Range 20

Reso (1963)     
Pahranagat Range 38

Dwr Devonian West Range Limestone Lower and Middle
West Range
Formation

West Range Limestone

Dg Guilmette Formation Guilmette
Formation

Guilmette Formation

Dsi Simonson Dolomite Simonson
Dolomite

Simonson Dolomite

Dox “Oxyoke Formation”
(regionally mappable
sandy, silty, and
argillaceous dolomite)

sandstone lens (0-
25 feet thick) 
near top of Sevy
Dolomite

Basal Simonson Dolomite
sandstone and upper Sevy
Dolomite calcareous
siltstone and chert

Dse Sevy Dolomite Sevy Dolomite Sevy Dolomite

Sl Silurian Laketown Dolomite Laketown
Dolomite

Laketown Dolomite

Oes Ordovician Ely Springs Dolomite Fish Haven
Dolomite

Ely Springs Dolomite

Oe Eureka Quartzite Eureka Quartzite Eureka Quartzite

Op Pogonip Group Pogonip Group Pogonip Group

Cwc Cambrian Whipple Cave
Formation

Whipple Cave
Formation

Desert Valley Formation

Cd Dunderberg Formation Dunderberg
Formation

Dunderberg Shale

Ces Emigrant Springs
Formation

Emigrant Springs
Formation

Highland Peak Formation
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Table 1 (Continued) Paleozoic nomenclature in southeastern Nevada with
abbreviations used in Figure 8.  Numbers in the column headers correspond to section
numbers on Figure 9 and Table 2.  Rocks above the Ely Limestone were omitted from
the table and figure.

Abbr. Age This Paper TMS 51 Kellogg (1963)    
Egan Range 20

Reso (1963)      Pahranagat
Range 38

Pe Pennsylvanian Ely Limestone Ely Limestone Bird Spring Formation

Mac Mississippian Scotty Wash
Sandstone
facies

Antler
clastics

Scotty Wash
Sandstone

White Pine Group. 
Langenheim and Larson
(1973) included Scotty
Wash in upper part

Chainman
Shale facies

Chainman Shale

Mp “Penoyer Limestone” Joana Limestone Joana Limestone

Mj Joana Limestone

MDp Mississippian/
Devonian

Pilot Formation Upper West Range
Formation

Pilot Formation

Although it was not mapped separately on the final geologic map of the

Timpahute Range quadrangle, the “Penoyer Limestone” was mapped separately on most

of the field work maps (construction of field work maps is explained in Chapter 3).  The

slope-forming “Penoyer Limestone” is a mappable unit that lies above the cliff-forming

Lower Mississippian Joana Limestone and is a useful field term.  The “Penoyer

Limestone” is composed of rhythmically bedded crinoid wackestones and mudstones that

contain the trace fossil Zoophycos.  It contrasts with the crinoidal grainstones and

packstones of the underlying Joana Limestone and is more radioactive (Figure 8).

Surface gamma-ray logs, as shown in Figure 8, are valuable for regional

correlations in frontier areas such as Nevada where few wells have penetrated the entire

Paleozoic section.  Note the similarity of the gamma-ray pattern for different units

between the regional sections.  Annotated unit thicknesses on the structural profile in the

lower part of Plate 1a, constrain the structural cross section in Plate 4a.
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Note in Figure 8 how the Devonian rocks thicken northward toward the

depocenter of the Sunnyside basin.  Within the basin the sections are thicker and are

mostly composed of coral and tabular stromatoporoid-bearing carbonates.  They lack

abundant Amphipora, a restricted platform and usually shallow-water fossil.  In contrast,

Amphipora-bearing carbonates and shallowing-upward cycles that imply shallow-water

deposition in restricted marine conditions mostly occur in sections on the edges of the

Sunnyside basin (Plate 3).  Shoreward of the Amphipora-bearing carbonates are quartz

sandstones.  These changes in facies and a detailed discussion of the stratigraphic

sequences and cycles in the Devonian rocks at TMS are presented in Chapter 4 and their

paleogeographic significance is presented in Chapter 7. 

The Devonian portion of the southwest Timpahute Range Mail Summit measured

section, or TMS, is nearly 5000 feet thick.  It lies in the footwall of the Silver Canyon

thrust fault.  The Silver Canyon thrust fault is near the middle of the greater Timpahute

Range and in the northwest quadrant of the southeast quadrant of the Timpahute Range

quadrangle (Plate 1a).  TMS is a composite section consisting of three segments (Figure

4).  Five formations comprise the Devonian at TMS.  They are, in ascending order: the

Lower Devonian Sevy Dolomite, Middle Devonian Simonson Dolomite, Late Devonian

Guilmette Formation, very Late Devonian West Range Limestone, and Devonian-

Mississippian Pilot Formation.  Previous work on these formations and their previously

mapped outcrop distributions are presented in Chapter 2 and Plate 1b.  The newly

mapped outcrop distribution of these formations and their sequences are presented in

more detail in Chapter 4 and Plate 1a. 

Devonian sequences of the TMS reference section were correlated to other

sections in the region.  Figure 9 shows adjacent (inset) and regional surface and

subsurface sections to which Devonian sequences in the TMS reference section were

originally correlated (Table 2).  Each measured section was measured at the same scale

and detail as TMS but they are too voluminous to be included in this work.  However,
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Figure 9  Index map showing parts of Nevada and Utah with location of southwest Mail
Summit composite stratigraphic section, in the greater Timpahute Range near Hiko,
Nevada, and other sections to which the TMS was correlated and used to make Plate 3. 
Degrees latitude and longitude are indicated on the edges.  The scale in miles is
approximate.  The number and name of the sections are listed in Table 2.

sequence thicknesses and other data from these sections were used to construct regional

isopach maps herein.  
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 #       Well or Measured Section

 1. American Hunter Exploration, Blackjack Spring
 2. Amoco, Dutch John
 3. Amoco, East Henderson
 4. Anadarko, Combs Peak
 5. Antelope Range
 6. Beaver Dam Mountains, Horse Canyon
 7. Blair, White Pine
 8. Cherry Creek Range, Egan Basin
 9. Cherry Creek Range, Goshute Canyon
10. Commodore Resources, Outlaw Fed
11. Confusion Range, Little Mile & ½
12. Deep Creek Range
13. Depco, Willow Wash
14. Diamond Range, Newark Mountain
15. Diamond Range, Oxyoke Canyon
16. Diamond Range, Rattlesnake Ridge
17. Diamond Shamrock, Kimbark
18. Dutch John Mountain
19. Egan Range, Ninemile
20. Egan Range, Shingle Pass
21. Egan Range, Water Canyon
22. Exxon, Aspen Unit
23. Fish Creek Range, Bellevue Peak
24. Golden Gate Range, Lower Plate
25. Golden Gate Range, Upper Plate
26. Grace Pet., Arrow Canyon-1
27. Grant Range, Forest Home Lower Plate
28. Grant Range, Forest Home Upper Plate

#    Well or Measured Section

29. GW, Moorman Ranch
30. Horse Range
31. Keith Walker, Fed
32. Limestone Hills
33. Little Bald Mountain
34. Lone Mountain
35. Maxus Expl., Moore McCormack 6-1
36. North Needles Range
37. Oquirrh Mountains
38. Pahranagat Range, Cutler Reservoir
39. Pancake Range, Green Spring
40. Pavant Range, Dog Valley Peak
41. Pequop Range, Independence Valley
42. Pinion Range, Pine Mountain Klippe
43. Ram, Long Jevity-1
44. Red Hills.
45. Ruby Range, Pearl Peak
46. Samaria Mountain, Idaho
47. Silver Island Mountain, Graham Peak
48. Spring Mountain, Lovell Canyon
49. Sulphur Springs, Telegraph Canyon
50. Tenneco Oil Co, Illipah-1
51. Timpahute Range, Mail Summit
52. Timpahute Range, Monte Mountain
53. Timpahute Range, Tempiute Mountain
54. Uinta Mountains, Hoyt Peak
55. Wasatch Range, Rock Canyon
56. Worthington Mountain

Table 2 Wells and Measured Sections shown in Figure 9.

Regional sequence correlations were used to refine the TMS sequences

(Chamberlain and Warme, 1996).  Once the sequences were refined, they were used with

additional sections (Appendix F) to construct Plate 3, a total Devonian isopach map of

the eastern Great Basin.  Dry-hole symbols on Figure 9 show wells that penetrated a

significant part of the Devonian section.  Triangles depict the location of measured

sections containing Devonian rocks.  The Devonian rocks generally thicken from
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approximately 500 feet east of the Utah hingeline to more than 6600 feet west of the

hingeline.  The Utah hingeline is a zone at the leading edge of the Sevier fold-and-thrust

belt extending from southwestern Wyoming to southwest Utah where Paleozoic units are

thick (1000's feet) to the west and thin (100's feet) to the east.  Also shown in Figure 9 is

the location of the Seaman Range section (X) measured by Hurtubise (1989).  Numbers

on the map borders are degrees latitude and longitude.  Nolan’s (1935) type sections for

the Devonian Sevy, Simonson Dolomite and Guilmette formations are in the Deep Creek

Range, western Utah (Table 2, Number 12).  

Most of the Devonian sections in the Sunnyside basin are similar to the TMS

reference section.  The Upper Devonian Guilmette Formation is composed of many

shallowing upward cycles.  However, the facies of the Upper Devonian sequences at

TMS contrast sharply with the Upper Devonian sequence facies in other thrust sheets of

the Timpahute Range.  Examples include: 1) at Mail Summit (Number 51 on Figure 9

and Table 2), reef-bearing carbonate rocks occur in the footwall of the Silver Canyon

thrust; 2) at Monte Mountain (Number 52 on Figure 9 and Table 2), thick quartz arenites

dominate the hanging wall of the Silver Canyon thrust; 3) at Tempiute Mountain

(Number 53 on Figure 9 and Table 2), thin-bedded limestones comprise the hanging wall

of the Tempiute Mountain thrust and footwall of the Chocolate Drop thrust (Chamberlain

and Gillespie, 1993).  Correlation charts showing these contrasts are presented in

Chapters 4 and 8.  The sharply contrasting facies are difficult to explain without taking

into account evidences of post-Devonian crustal shortening in the greater Timpahute

Range, probable east-west mixing of facies by the thrusting, and the presence of a Late

Devonian impact crater and debris that were paleogeographically significant. 

In this study, the lower Guilmette at TMS is described in more detail than other

parts of the Devonian because it contains the impact breccia of Sequence Dgb2, and

because it is unaltered, well exposed, and unstudied.  Therefore, an understanding of the

depositional setting immediately before and after the emplacement of the distinctive

carbonate breccia is a primary focus of this study. 
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CHAPTER 2 

RELATIONSHIP OF NEW RESEARCH TO PREVIOUS STUDIES

The geology of the Great Basin has been studied since the late 1800's (Hague and

Emmons, 1877; King, 1870).  This chapter, divided into three parts, contains reviews of

mapping and the relationships between previous work on (1) stratigraphy and (2)

structure in the region and the new research reported herein.  

Mapping

Stewart and Carlson (1978) compiled the regional county geologic maps into a

1:500,000 scale map of Nevada.  The digital (Hess and Johnson, 1997) regional geologic

map for Lincoln County, which contains the Timpahute Range quadrangle, was originally

published at a 1:250,000 scale by the United States Geological Survey (USGS) in 1970. 

It was a cooperative program with the Nevada Bureau of Mines and Geology (Tschanz

and Pampeyan, 1970).  Twenty-two man-months were allotted by the USGS to map the

10,649 square miles of the entire County, and much of the geology was mapped on Army

Map Service 1:60,000-scale aerial photographs.  The region lacked 7.5-minute

topographic base map coverage until about the mid 1980's.  Moreover, up to the time of

the cooperative program, only about 7 percent of the region, mostly in mining districts,

had been previously mapped.  Other geologic mapping of Paleozoic rocks in the area

includes the Seaman Range (DuBray and Hurtubise, 1994), northern Worthington Range

(Martin, 1987), Golden Gate Range (Armstrong, 1991), and sketch maps of parts of the

Timpahute and southern Worthington ranges (Taylor et al., 1994).  Tingley (1991)

provided a sample location map of the Timpahute Range quadrangle but no geologic

mapping.  Tschanz and Pampeyan (1970) focused their attention on the mining districts. 
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Stratigraphy

This section deals mostly with Devonian stratigraphy.  However, earlier Paleozoic

rocks are reviewed briefly.  This section also briefly reviews younger Paleozoic rocks and

Mesozoic and Cenozoic rocks of the study area.  Earlier Paleozoic rocks were listed in

Chapter 1 and Table 1.  Also, cycle and sequence boundaries, mechanisms, regional

comparisons, and their application to geologic mapping are discussed because they are

important for understanding the stratigraphic framework.

Pre-Devonian Stratigraphy  

No Precambrian rocks are exposed in the greater Timpahute Range and access to

those mapped in the Groom Range, eight miles southwest of Tempiute Mountain, is

restricted by the United States Department of Defense.  However, much work has been

done on the Precambrian rocks beyond the study area.  Poole et al. (1992) summarized

the stratigraphy from the latest Precambrian to latest Devonian time.  The sequence of

rocks is dominated by carbonates that lie on Precambrian and Lower Cambrian

siliciclastics.  Most of the early Paleozoic carbonates are dolomites except Ordovician

limestones and minor Upper Cambrian limestones (Figure 6 and Figure 8).  Exposed

Upper Cambrian rocks in the greater Timpahute Range are limestones.  They are overlain

by limestone beds of the Ordovician Pogonip Group, which are overlain by the Middle

Ordovician Eureka Quartzite (Figure 8, Table 1).  Excluding the limey Upper

Ordovician Ely Springs Dolomite in the Silver Canyon thrust sheet, the lower Paleozoic

rocks between Devonian Simonson unconformity and Eureka Quartzite are dolomites

(Chapter 4).  The tectonic setting and evolution of these rocks are discussed more fully in

this chapter.
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Devonian Lithostratigraphy

Nolan (1935) first applied the names Sevy Dolomite, Simonson Dolomite, and

Guilmette Formation to Devonian strata in the Deep Creek Range, western Utah, 125

miles north-northeast of the study area (Figure 9, No. 12).  Later, Nolan et al. (1956)

established the Nevada Formation in the Eureka area, 100 miles north of the study area

(Figure 9, No. 15 and Figure 10).  The establishment of the Nevada Formation and other

correlative units between scattered outcrops illustrates the confusion caused by mapping

lithostratigraphic units.  Members of the Nevada Formation roughly correlate with the

uppermost part of the Sevy Dolomite through the lowermost Guilmette Formation. 

Because the Nevada Formation is based on lithologic changes that span several

sequences, it is not useful for mapping or correlation purposes in the Sunnyside basin. 

Units correlative with the “Oxyoke Formation” represent different facies of the same

sequences and all the units are grouped together into sequences of the “Oxyoke

Formation.”

It appears to me that mapping and correlations in the Great Basin are difficult

because narrow, north-south trending inselbergs of Paleozoic contain different facies. 

Scattered inselbergs only reveal fragments of the shelf to slope facies changes, and they

are separated by broad, covered intervals.  Furthermore, the thrust sheet fragments are

tectonically shuffled.  Puzzling facies changes between inselbergs commonly complicate

lithostratigraphic correlations.  As a result, dissimilar Devonian lithostratigraphic units

were commonly given different names from inselberg to inselberg.  Proliferation of

Devonian nomenclature occurred mostly on the west side of the Sunnyside basin where

structural deformation was the most intense (Figure 10). 
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For example, between the very light-gray, slope-forming Sevy Dolomite and the

darker gray, ledge-forming Simonson Dolomite is a sandy, brown-gray slope- and

ledge-forming interval.  It includes the Oxyoke Canyon Sandstone Member of the Nevada

Formation (Nolan et al., 1956) which corresponds to the uppermost sequence of the

“Oxyoke Formation” presented in Chapter 4.  The “Oxyoke Formation” as defined in

Chapter 4 is correlative with the McColley Canyon Formation (Figure 10).  Limestones

of the Bartine Member of the McColley Canyon overlie correlative beds of the Sevy

Dolomite (LaMaskin and Elrick, 1997).  They are lithologically dissimilar to the “Oxyoke

Formation” in other locations.  In Figure 10, Johnson et al. (1985) correlated the Coils

Creek Member of the McColley Canyon Formation and the Sadler Ranch Formation with

the Oxyoke Canyon Sandstone member of the Nevada Formation.  In the Inyo Mountains,

120 miles southwest of the study area, rocks correlative with the “Oxyoke Formation”

correspond to the lower Lost Burro Formation (Beck, 1981).  In the Sulphur Springs

Range, 145 miles north-northwest of the study area (Figure 9, No. 49 and Table 2), it is

called the Union Mountain Member of the Nevada Formation (Carlisle et al., 1957).

This study simplified the Devonian nomenclature of the Sunnyside basin.  The

Sunnyside basin was introduced in Chapter 1 and will be discussed in more detail in

Chapter 7.  Instead of creating new stratigraphic units at each facies change, sequences of

six Devonian formations were employed for regional correlations and mapping. 

Sequences from the work maps were combined into mappable formations to make Plate

1a.  Construction of work maps is described in Chapter 3.  Plate 6 is an example of a

geologic work map using sequences at TMS.  This sequence stratigraphic approach

resulted in a more accurate map of the Timpahute Range quadrangle and more accurate

regional isopach maps.  A comparison of the number and area of formation outcrops

between old and new geologic maps illustrate the differences between mapping lithologic

units (i.e., formations) vs. mapping sequences.  Following is a discussion of previous

work on each of the six formations: Sevy, “Oxyoke,” Simonson, Guilmette, West Range,

and Pilot. 
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Sevy Dolomite  Sevy Dolomite was the name given by Nolan (1935) to the dolomite

exposures in Sevy Canyon, Deep Creek Range, Utah (Figure 9, No. 12).  Later, Nolan et

al. (1956) gave the name of Beacon Peak to the micritic, light-gray, slope-forming

dolomite that overlies the Silurian Lone Mountain Dolomite (Figure 10).  The lower

Lone Mountain is probably partly equivalent to the Laketown Dolomite.  The Beacon

Peak is a member of the Nevada Formation in the Eureka area, Nevada, (Figure 9, No.

5).  As Matti (1979) stated, the upper Sevy and Beacon Peak dolomites are correlative

and lithologically identical.  Sevy Dolomite has priority and Beacon Peak should be

discarded.  Johnson et al. (1985) placed the Sevy in the Lower Devonian (Figure 10). 

W.D. Roberts (1998, personal communication) collected Middle Devonian macrofossils

from a limestone bed he placed in the upper part of the Sevy Dolomite in the Spotted

range, 35 miles southwest of the study area.  Access to the Spotted Range is now

prohibited by the United States Department of Defense.  His upper Sevy Dolomite is

likely the “Oxyoke Formation” in this study.  The digital geologic map (Hess and

Johnson, 1997) of Tschanz and Pampeyan (1970) allowed me to compare their mapping

with mine.  The newly digitized geologic map of Tschanz and Pampeyan (1970) shows

48 outcrops of Sevy Dolomite that cover 24.46 square miles.  In contrast, I show 68

outcrops covering 15.65 square miles using sequences on the new geologic map.  Most of

the difference is because Tschanz and Pampeyan (1970) combined the “Oxyoke

Formation” with the Sevy Dolomite, and they mapped strata in the Hiko Range as Sevy

Dolomite that is Guilmette Formation.

The Hidden Valley Dolomite, in the Inyo Mountains, California, 120 miles west-

southwest of the study area, is approximately equivalent to the Sevy Dolomite or

Laketown Dolomite.  Tschanz and Pampeyan (1970) reported that fossils belonging to the

Spirifer kobehana Zone occur in the upper 350 feet of the Hidden Valley Dolomite. 

Similar fossils were also found in the upper 65 feet of the Hidden Valley Dolomite at

Quartz Spring by Beck (1981).  These fossils are of Early Devonian Age and occur in

rocks equivalent to the Sevy Dolomite.
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“Oxyoke Formation”  Previous investigators have been inconsistent in how they grouped

and correlated the “Oxyoke Formation” and adjacent strata.  As mentioned above, Nolan

et al. (1956) established the “Oxyoke Formation” nomenclature naming the Oxyoke

Canyon Sandstone Member of the Nevada Formation in the Eureka Mining District

(Figure 10).  Recognizing a faunal change between the argillaceous carbonate zone and

the overlying quartzose carbonate zone, Johnson (1962) argued that the upper part of the

Oxyoke Canyon Sandstone is correlative with the basal Simonson Dolomite east of the

Diamond/Pancake ranges.  The “Oxyoke Formation” in this study is possibly partly

correlative with the basal part of the Coarse Crystalline Member of Johnson et al. (1989). 

However, the “Oxyoke Formation” was not mapped separately by Tschanz and Pampeyan

(1970).  They included rocks equivalent to the “Oxyoke Formation” in the Sevy

Dolomite.

Southwest of the study area (120 miles) in the Inyo Mountains, California, Beck

(1981) described the 164-foot thick sandy Lippincott Member of the Lost Burro

Formation (Figure 10).  It is probably partly correlative with the “Oxyoke Formation” at

Mail Summit.  Yang et al. (1995) divided the Lost Burro Formation into five units.  The

Lippincott lies above the Hidden Valley Dolomite and below their Unit 2 of the Lost

Burro Formation. 

Osmond (1962) described a persistent sandy interval between the Sevy and

Simonson Dolomites and placed it at the top of the Sevy Dolomite.  Hurtubise (1989), in

his work in the Seaman Range, followed Osmond’s convention and described it as the

Sandy Member of the Sevy Dolomite (Figure 10).  He measured 101 feet of sandstone in

the northern Seaman Range in contrast to 46 feet reported by Osmond (1954). 

However, Osmond (1962), Hurtubise (1989), and other early workers used

different criteria to pick the contacts.  They did not have the benefit of sequence

stratigraphic perceptions at the time.  To resolve the above stated problems and conflicts,

I have chosen to establish an informal unit of formational rank which I name the “Oxyoke

Formation.”  From Figure 10, it appears to range from upper Lower Devonian to lower
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Middle Devonian.  I propose the TMS to be the type section because it is easily accessible

and because it and its contacts are well exposed.  Though Tschanz and Pampeyan (1970)

did not map “Oxyoke Formation” as a separate map unit (Plate 1b), I have found that it

provides a key marker bed that reveals important structural details (Plate 1a). 

The source for sandstone in the “Oxyoke Formation” is problematical.  Osmond

(1954) argued for wind blown sands from an emergent area in the east or southeast. 

Johnson (1962) argued for a source from an arch on the north.  Paleocurrent directions

from cross-bedding vary from a northwest transport direction at Fossil Peak (Hurtubise,

1989), southward in the Egan Range (Osmond, 1954; Reso, 1960)(Figure 9, No. 20 and

Table 2), northeastward in the White Pine Range (Osmond, 1954)(Figure 9, No. 7 and

Table 2), westward in the Grant Range (Osmond, 1954)(Figure 9, No. 27 and Table 2),

south and southeastward in the Seaman Range and central Grant Range (Osmond, 1954),

and southward in the Pahranagat Range (Reso, 1960).  Paleocurrent directions based on

cross-bedding in the Hiko Range, however, vary from southwestward to northeastward. 

Herringbone cross lamination, bidirectional ripple marks, and cross-bedding all suggest

that the sands--at least in this area--were deposited under the influence of tides.  A new

“Oxyoke Formation” sand provenance is proposed in Chapter 4 and discussed in Chapter

7. 

Simonson Dolomite  Nolan (1935) named the Simonson Dolomite after exposures in

Simonson Canyon, Deep Creek Range, Utah (Figure 9, No. 12).  Osmond (1954)

subdivided the Simonson Dolomite into four members.  His Coarsely crystalline, Lower

Alternating, Brown Cliff Forming and Upper Alternating Members generally coincide

with the sequences delimited in this study.  As defined herein, the Simonson Dolomite

lies within the Middle Devonian (Figure 10).  The portion of the digital geologic map

(Hess and Johnson, 1997) of Tschanz and Pampeyan (1970) of the Timpahute Range

quadrangle shows 48 Simonson Dolomite outcrops covering 41.24 square miles.  In
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contrast, I mapped 78 Simonson Dolomite outcrops covering only 17.67 square miles. 

Part of the discrepancy between old and new mapping is caused by the difference in

defining the Simonson Dolomite and Guilmette formations.  Tschanz and Pampeyan

(1970) combined the Fox Mountain Sequence of the Guilmette Formation with the

Simonson Dolomite.  They also mapped large parts of the Hiko Range as Simonson

Dolomite that should have been mapped as Guilmette and younger units (Plate 2a).

Elrick (1995) suggested that these Middle Devonian carbonates of the eastern

Great Basin were deposited along a low energy, westward-thickening, distally steepened

ramp.  However, isopach maps of Middle Devonian sequences suggest that the carbonates

were deposited in the Sunnyside basin, an intrashelf basin (see Chapter 7).  Devonian

rocks thicken westward (as suggested by Elrick, 1995) to the axis of the Sunnyside basin. 

However, they thin westward from the axis toward the Antler forebulge (Plate 3). 

Devonian rocks west of Eureka, Nevada, lie below the Mississippian Roberts Mountain

thrust (i.e., Lone Mountain, Figure 9, No. 34 and Table 2).  These thick, open-marine

rocks were likely deposited west of the Antler forebulge and then thrust into their present

location by Sevier thrust faults.

Guilmette Formation  The Guilmette Formation was also named by Nolan (1935) after

exposures in Guilmette Gulch, Deep Creek Range, Utah (Figure 9, No. 12).  The basis

for originally separating the Simonson Dolomite from the overlying Guilmette Formation

at its Deep Creek Range type locality was the change from sucrosic dolomite to limestone

(Nolan, 1935).  The dolomite breccia that Nolan described at the base of the Guilmette

Formation may be related to a karst surface at the top of the Simonson Dolomite.  It also

could be related to a transgressive lag over it, both of which are described in Chapter 4. 

As defined in this study, Figure 10 shows that the Guilmette Formation began in the

upper Middle Devonian and ended in the lower Upper Devonian.

Unfortunately, subsequent workers have chosen to redefine the base of the
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Guilmette Formation rather than use Nolan’s original definition.  Reso and Croneis

(1959) proposed that the base of a yellow slope-forming bed (the upper Yellow Slope

Sequence in this paper) be the base of the Guilmette Formation in the Pahranagat Range. 

It is 40 to 90 feet above the highest bed in the Fox Mountain Sequence that bears the

brachiopod Stringocephalus at TMS.  The Fox Mountain Sequence herein is an interval

between the major unconformity at the top of the Simonson Dolomite and at the base of

the Yellow Slope Sequence.  The sequence is present in some ranges.  Following the

convention of Reso and Croneis (1959), Tschanz and Pampeyan (1970) in their regional

synthesis, Hurtubise (1989) in the Seaman Range, Ackman (1991) in the Worthington

Range, and Estes (1992) in the Pahranagat Range all placed the top of the Simonson

Dolomite at the base of the yellow slope-forming bed.  They included the

Stringocephalus-bearing Fox Mountain Member with the uppermost part of the Simonson

Dolomite.  Sandberg et al. (1997) formally proposed the Fox Mountain as a new

formation lying between the Guilmette Formation and the Simonson Dolomite. 

However, the boundaries of their Fox Mountain Formation are under debate and are

different from the Fox Mountain Sequence herein (Chapter 4).  

Hurtubise (1989) defined the base of the yellow slope-forming bed as the base of a

stromatolite bed.  He did not identify which stromatolite bed.  Most sections contain

several stromatolite beds that occur above the sequence boundary that separates the

Yellow Slope Sequence from the Fox Mountain Sequences as defined herein.  Sandberg

et al. (1997) did not mention criteria for a sequence boundary between the Yellow Slope

Sequence and the Fox Mountain Sequence nor the karsted sequence boundary between

the Fox Mountain Sequence and the underlying Simonson Dolomite.  The karst surface

they describe between their lower and upper members is likely the sequence boundary or

the top of the Simonson unconformity herein.  Crinoids, occurring only in their upper

member and my Fox Mountain Sequence, suggest open-marine deposition.  The base of

the Fox Mountain Sequence defined herein most likely marks the Taghanic onlap or

Event 1 of Sandberg et al. (1997).  Therefore, application of sequence stratigraphy and
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recognition of the regional unconformity at the top of the type Simonson Dolomite

returns us to Nolan’s original definition of the lower contact of the Guilmette Formation

as the change from underlying sucrosic dolomite to overlying limestone.  A more detailed

description of the Guilmette sequences, including the Fox Mountain, is presented in

Chapter 4.

The number of Guilmette Formation outcrops and their distribution in the study

area partly depends on how the Guilmette Formation is defined.  The digital geologic map

of Tschanz and Pampeyan (1970) shows 65 Guilmette outcrops covering 95.62 square

miles in contrast my map that shows 142 Guilmette outcrops covering 89.07 square miles

(Chapter 4).  However, the large area Tschanz and Pampeyan (1970) mapped as

undifferentiated Devonian and Mississippian in the Mail Summit 7.5' quadrangle (Figure

3), and the large area of Ordovician Pogonip Formation in the Monte Mountain 7.5'

quadrangle they mapped as Guilmette, greatly increased the area they mismapped as

Guilmette Formation.  Nevertheless, they mismapped the Guilmette and younger beds in

the Hiko Range as Simonson Dolomite (compare Plates 1a and 1b).

Several workers have attempted to divide the Guilmette by lithology.  In his work

in the Pahranagat Range area, Reso (1960) divided the Guilmette into two members

above and below the top of a prominent carbonate breccia (Dgb2 Sequence in this paper). 

Hurtubise (1989) divided the Guilmette into two members above and below the top of the

yellow slope-forming interval.  Sandberg et al. (1997) formally proposed to make the

Guilmette Sequence Dgb2 breccia facies the Alamo Breccia Member of the Guilmette

Formation.  In contrast, in this report I have divided the Guilmette into nine stratigraphic

sequences (Chamberlain and Warme, 1996) that can be mapped and correlated

throughout much of the Sunnyside basin (Plate 3).  These sequences are described in

detail in Chapter 4.  

Dunn (1979) studied a reef sequence at TMS.  She reported Thamnopora corals,

ostracodes, styliolinids, Tentaculites, and foraminifers (e.g., Tikhinella) from beds herein

assigned to Sequence Dgb3, Cycle 1 just below the reef (Plate 2c).  TMS sequences are
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described in Chapter 4 and cycles of the TMS sequences are described in Appendix B. 

Dunn (1979) reported that the high-energy assemblage of the reef (my Cycle 3, Sequence

Dgb3) was characterized by tabular and massive stromatoporoids, tabulate corals

Thamnopora and Alveolites, rhynchonellid and terebratulid brachiopods, crinoids, and

gastropods.  The reef was divided into three parts based on zonation of fauna within the

reef.  The first subdivision contains the rhynchonellid brachiopod Hypothridina emmonsi,

terebratulid Cranaena sp., and the branching tabulate coral Thamnopora along with

crinoids, horn corals and gastropods (Dunn, 1979).  This subdivision probably included

Sequence Dgb (reef core) Cycles 1 and 2 herein (Plate 2c).  

Dunn’s second subdivision probably extended near to sample MI-479 (Appendix

C) at the 2,400-foot level in the TMS section (Plate 2a).  Plate 2a shows the vertical

position of samples from the TMS measured section.  Dunn noted that this division

contained many same fossils as in the lower subdivision with the addition of massive and

tabular stromatoporoids and the colonial rugose coral Pachyphyllum.  In addition, she

listed the alga Solenopora sp. that would suggest the reef grew within the photic zone. 

Finally, Renalcis and Sphaerocodium algae and Amphipora stromatoporoids were noted

in the middle or main subdivision.  By comparing this reef with reefs in other parts of the

world, she concluded that her tabular-massive stromatoporoid subdivision was

constructed between storm and normal wave base.  The uppermost subdivision contained

more corals and fewer, thinner stromatoporoids and contained large colonies of the

tabulate coral Alveolites that are rare in lower subdivisions, suggesting shallower water

conditions.

Dunn (1979) pointed out that fossils from my Dgb3c at TMS (Plate 2c) were

harder to identify than those of the reef flank equivalent beds due to the recrystallization

of the reef core to coarsely-crystalline limestone.  She listed the corals Alveolites,

Thamnopora, and Macgeea, the mollusc (?) Tentaculites, the foraminiferans Tikhinella,

Nanicella, Elvania, and Multiseptada, and the stromatoporoid Trupetostroma, as some

fossils found in the reef flank equivalent beds.  Dunn noted that the denser (thicker
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stemmed) stromatoporoid Stachyoides predominates near the reef and the delicate

Amphipora is more common away from the reef.  Tabular stromatoporoids decrease in

abundance away from the reef.

The Dgb3 reef is the famous structure mentioned by Reso (1960), discussed by

Chamberlain and Warme (1996), Warme and Sandberg (1996), Sandberg et al. (1997)

and Chamberlain and Birge (1997).  A color oblique aerial photograph of the reef is

shown in Chamberlain and Warme (1996, Figure 11).  Digital images of reefs occurring

in the Hiko Range are shown at Stop 16, in Appendix D.

West Range Limestone  Westgate and Knopf (1932) established the West Range

Limestone in the Pioche Mining District 25 miles east of the study area.  They named it

after rocks exposed in the West Range which they described as “blue-gray fine-grained

limestones, in some places nodular, commonly weathering to a characteristic yellow

color.”  Kellogg (1963) in the Egan Range, Reso (1960, 1963) in the Pahranagat Range,

Hurtubise (1989) in the Seaman Range and Sandberg and Ziegler (1973) at Bactrian

Mountain all recognized the West Range Limestone above the quartz sandstone at the top

of the Guilmette Formation (Table 1, Plate 1a).  Bactrian Mountain in the northern

Pahranagat Range is in T5S R59E on the south edge of the Timpahute Range quadrangle

(Plate 1).  Tschanz and Pampeyan (1970) did not map the West Range Limestone as a

separate unit in their geologic map of Lincoln County.  They probably grouped it with the

Pilot Formation.

Johnson et al. (1991) suggested that the West Range Limestone intertongues with

the Pilot Formation.  It lies in the upper Frasnian (Figure 10).  Sandberg et al. (1988)

suggested that the Indian Ranch Tongue of the uppermost Guilmette Formation lies

entirely within the Pilot Formation although it is “a time and lithogenetic equivalent of

the West Range Limestone.”
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Pilot Formation  Spencer (1917) established the Pilot Formation in the Ely Mining

District 100 miles north of the study area (Figure 2).  Reso (1963) in the Pahranagat

Range, Hurtubise (1989) at Fox Mountain (50 miles north-northeast of Hiko), and

Sandberg and Ziegler (1973) at Bactrian Mountain also recognized the Pilot Formation

between the West Range Limestone and overlying Joana Limestone.  Tschanz and

Pampeyan (1970) mapped 49 outcrops of Pilot Formation covering 10.9 square miles in

the Timpahute Range quadrangle.  In contrast, the new map shows 91 Pilot Formation

outcrops that cover 5.85 square miles.  

Sandberg et al. (1988) concluded that the lower member of the Pilot Formation

was deposited in the Pilot Basin at the start of the Ancyrognathus triangularis conodont

zone that lies above the Mesotaxis asymmetrica (liguiformis in Sandberg et al., 1997)

conodont zone of the upper Guilmette Formation.  The triangularis zone began 364 Ma.

(Sandberg and Ziegler, 1996).  Johnson et al. (1985) placed the lower Pilot Shale at the

end of the Ancyrognathus triangularis conodont zone (Figure 10).  The triangularis zone

ended 362.5 Ma. (Sandberg and Ziegler, 1996).  Conodonts from the Dgb2 (Alamo

Breccia) show the Alamo event occurred in the punctata zone (Warme and Sandberg,

1995) which ended three (Sandberg et al, 1997) or four (Sandberg and Zeigler, 1996)

million years before the beginning of the triangularis zone.  The Pilot Formation is

divided into three members by major unconformities (Sandberg et al., 1997) but begins

356.5 Ma.  In contrast, Carpenter (1997) suggested that the Yellow Slope Sequence could

represent the earliest Pilot basin deposition.  The Yellow Slope Sequence began about

371 Ma. (Sandberg et al., 1997).

According to Sandberg et al. (1988), the incipient Pilot basin is a small circular

basin between the Utah/Nevada border and the Eureka area (Figure 2).  It expanded

slightly into westernmost Utah during the Lower triangularis Zone (Sandberg et al.,

1988).  In contrast, the Sunnyside basin began in Sevy Dolomite time and extended into

Pilot Formation time and covered a much greater area than the Pilot basin (Chamberlain
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and Birge, 1997).  The Pilot basin of Sandberg et al. (1988) lies within the Sunnyside

basin.

Regional Comparison  According to earlier research, Devonian rocks exposed at TMS are

lithologically, depositionally, and biostratigraphically similar to those in the Specter

Range (60 miles south-southwest of the study area), Nevada (Burchfiel, 1964), and the

Panamint Range (80 miles south of the study area), California (Zenger and Pearson,

1969), and to those as far north as Alberta, Canada (Reso, 1960).

The Middle and Late Devonian Lost Burro Formation, exposed in the Panamint

Range, is composed of mostly dolomite in the lower part and limestone in the middle and

upper parts (McAllister 1952).  This pattern is found elsewhere, over much of the

Devonian shelf throughout the region.  According to Beck (1981), the lowermost part of

the formation is marked by the 50-meter thick sandy Lippincott Member.  Johnson et al.

(1989) correlated the Lippincott to the Coarse Crystalline Member of the Simonson

Dolomite.  However, as mentioned above, part of the Lippincott is probably partly

correlative with the “Oxyoke Formation” herein (Figure 10).  According to Stevens

(1986), the Lost Burro Formation was deposited on the western North American passive

margin under subtidal to supratidal conditions.  He suggested that similar thick platform

Devonian carbonates found in the central and western parts of the Inyo Mountains-Angus

Range region probably accumulated on a moderately channeled slope in deep water. 

Similar Devonian carbonates in the Panamint Range and the easternmost and southern

Inyo Mountains were deposited on the western edge of the carbonate shelf near the

continental slope (Armstrong, 1980).

Yang et al. (1995) divided the 1969-foot thick Lost Burro Formation into five

units.  Most of Yang et al. (1995)’s Unit 2 (459 feet) and the uppermost part (66 feet) of

Unit 1 of the Lost Burro Formation is probably correlative with the Simonson Dolomite. 

It is correlative because it lies above the Spirifer kobehana Zone and below rocks of
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Givetian age.  An Amphipora-bearing bed near the middle of their Unit 2 is most likely

correlative with the Simonson Dolomite Brown Cliff Sequence at TMS.  Yang et al.

(1995) described the upper part of the Lost Burro Formation as shallowing-upward cycles

of predominantly stromatoporoid-bearing limestones and minor sandstones.  The

uppermost part of their Unit 2 (82 feet) and the lower part of their Unit 3 (443 feet) most

likely correlate to the upper part of the Simonson Dolomite Upper Alternating Sequence

and the Guilmette Fox Mountain Sequence at TMS because of its Givetian age.  Because

of the interbedded sandstones and Frasnian age, the upper parts of their Unit 3 (262 feet

thick) most likely correlates to Guilmette Sequences Dge and Dgf of TMS.  A regional

unconformity and major sequence boundary cuts out lower and middle Guilmette

sequences in many Nevada and Utah sections to the north and probably removed lower

middle Guilmette sequences in the Panamint Range.  Unit 4 of Yang et al. (1995) is 426

feet thick and probably correlates to Sequence Dgg at TMS.  Their Unit 5 (66 feet), the

Quartz Spring Sandstone Member, correlates to the sandstone at the top of Sequence Dgg

at TMS (Figure 10).  It probably correlates to the Cove Fort Sandstone and its

equivalents in Utah and eastern Nevada (Langenheim and Larson, 1973).  An isolith map

of net Guilmette sandstones in Chapter 7 shows the distribution of Late Devonian quartz

sandstones in the Sunnyside basin.

Younger Paleozoic Rocks of the Study Area

Although this study focuses on the Devonian rocks, the distribution of younger

Paleozoic rocks is important to complete the geologic map.  The Devonian Sunnyside

intrashelf basin evolved into the Antler foreland basin in the Lower Mississippian. 

Synorogenic sediments shed off the Roberts Mountain allochthon filled the western side

of the basin with siliciclastic sediments (Poole, 1974).  Mississippian limestones with

tongues of nonmarine valley-fill sediments filled the eastern side of the Mississippian
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basin (Chamberlain, 1981).  The Timpahute area lies between thick (more than 4000 feet)

Mississippian carbonates on the east and correlative thick (more than 6000 feet)

siliciclastics on the west (Cedar Strat proprietary measured sections, 1984-1989).  Reso

(1963) reported more than 1000 feet of Lower Mississippian limestone and more than

1000 feet of shales and sandstones in the Pahranagat Range, five miles south of the study

area.  Tschanz and Pampeyan (1970) also estimated 1000 feet of Middle and Late

Mississippian Antler siliciclastics in the Pahranagat Range.  At Tempiute Mountain, the

Mississippian Antler clastics are 2220 feet thick (Cedar Strat proprietary measured

section).  The thickness and presence of Mississippian Antler clastics, and especially the

shales, are important in the study area because they form one of the most important thrust

detachment layers.  As defined in Chapter 1, the Mississippian Antler clastics include

Chainman shale and Scotty Wash sandstone facies.

The digitized map of Tschanz and Pampeyan (1970) shows 53 outcrops of Joana

Limestone covering 38.02 square miles in the Timpahute Range quadrangle.  In contrast,

I show 101 Joana outcrops that cover 40.26 square miles, in Chapter 4.  The biggest

difference occurs in the Monte Mountain 7.5' quadrangle where they mistakenly took

Joana Limestone for Pennsylvanian rocks.  Tschanz and Pampeyan (1970) mapped 44

outcrops of Antler clastics (Chainman Shale and Scotty Sandstone) covering 11.66 square

miles in the Timpahute Range quadrangle (Figure 11).  In contrast, I show 46 Antler

clastics outcrops that cover 9.9 square miles. 

Reso (1963) reported 764 feet of Pennsylvanian (undifferentiated but probably Ely

Formation) rocks in the Pahranagat Range.  Tschanz and Pampeyan (1970) noted that no

complete section of Permian limestone exists in Lincoln County, but that in other sections

in the region the Permian limestone is 2000 to 4500 feet thick.  Rocks representing the

uppermost Permian and Lower and Middle Mesozoic were not found in the study area. 
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Figure 11 Distribution of outcrops of Mississippian Antler clastics in the Timpahute Range
quadrangle as reported by Tschanz and Pampeyan (1970).  Added Antler clastics outcrops from
the new map are marked in red.  Degrees latitude and longitude are marked at the corners of the
map.

Sevier Synorogenic Sediments

Sevier synorogenic sediments are present in the study area and in much of the

Nevada part of the Sevier thrust belt.  They provide constraints on the age of thrusting

and thus resolve controversy concerning the age of the Sevier orogeny.  Their distribution

and stratigraphy provide insight into the evolution of the Sevier orogeny.  

SE ROA 37060

JA_8566



44

Age of Thrusting  The age of thrust faults in the region is controversial.  Some

believe that most of the thrusting in Nevada is likely pre-Cretaceous (e.g., W.J. Perry,

1991, personal communication), and others contend that most thrusting occurred in the

Late Cretaceous.  

Synorogenic strata exposed near the leading edge of the Sevier fold-and-thrust

belt in northern Utah and southwestern Wyoming confirm a Late Mesozoic age for

thrusting.  The Sevier wedge in northeast Utah and southwest Wyoming was shortened by

60 miles in three major and one minor events from Neocomian(?) to Eocene time

(Decals, 1994).  These events resulted in an overall eastward progression of thrusting that

was punctuated by several episodes of out-of-sequence and hinterland vergent thrusting

(Decals and Mitra, 1995).  An out-of-sequence thrust fault is a thrust fault that does not fit

the predictive pattern of thrust faults in a sequence becoming younger in their vergent

direction but cuts across or through older thrust faults.  Hinterland vergent thrusts are

backthrusts with a vergent direction opposite to the thrust faults in a normal sequence.

An isopach map of the Aptian-Albian Cedar mountain Formation at the leading

edge of the Sevier fold-and-thrust belt in central Utah clearly shows that the Sevier

orogeny there is Late Cretaceous (Currie, 1997).  The Sevier thrust wedge of central Utah

was emplaced between early Albian and Campanian time and persisted by out-of-

sequence thrusting until Lower Eocene (Lawton and Trexler, 1991).  Late Cretaceous

(Albian-Cenomanian) synorogenic rocks associated with thrusting are found in outcrops

from northern to southern Nevada.  Some researchers suggest that these rocks provide

constraints on timing of the Sevier deformation in the region (Vandervoort, 1987; 

Carpenter et al., 1993a, 1993b; Carpenter and Carpenter, 1994a, 1994b). 

Tertiary/Cretaceous rocks preserved in many ranges of eastern Nevada, including the

study area, were probably associated with the Sevier fold-and-thrust belt (Figure 1). 

Additional evidence of Cretaceous age thrusting comes from a well 180 miles on

strike to the north.  The Gary-Williams Company Three Bar Federal No. 36-C, C SW Sec
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6 T27N R51E drilled from Ordovician Vinini Formation through Cretaceous strata and

into upper Paleozoic strata (Well files, Nevada Bureau of Mines and Geology).  

Two methods help date the Sevier orogeny.  One is crosscutting relationships of

dated igneous intrusions, and the other is dating of fossils and volcanics in the

synorogenic sediments associated with thrusting.  The Sevier thrust belt is best dated by

the associated Cretaceous deposits in eastern Utah (L. Hintze, 1998, personal

communication).  Geochronological data from igneous intrusions and cross

cutting relationships can also be used to date the Sevier orogeny.  These relationships in

the Clark Mountain area, at the southern end of the Sevier belt (Figure 2), suggest that

thrusting was initiated in the Late Jurassic and continued to the Middle Cretaceous

(Walker et al., 1995).  However, Stamatakos et al. (1998) suggested that paleomagnetic

and Paleozoic zircon fission-track data suggest that the Meiklejohn Peak thrust fault (near

the Nevada/California border, 100 miles southwest of the study area) predates Jurassic-

Cretaceous (Sevier) deformation.  They suggested that the deformation may have resulted

from a Permian or earlier contractional event.  In the study area, the emplacement of the

Freiburg intrusions (25.1 Ma., Taylor et al., 1993) that intrude the footwall and hanging

walls of the Freiburg thrust fault suggests that the fault is Oligocene or older (Plate 1a,

T1N R57E).  An age date of the Troy Peak stock is 86.5 ± 4.6 Ma U/Pb on Zircon.  It

intrudes the recumbent limb of the Timber Mountain and associated thrust faults in the

Grant Range.  Therefore it gives an upper limit on time of formation (Figure 2) as Late

Cretaceous (Taylor et al., 1993). 

Distribution and Stratigraphy  A newly discovered unit southwest of Monte

Mountain between Paleozoic rocks and Tertiary volcanic rocks may provide insight on

the age of the compressional structures of the region (Sec 5 T4S R58E, Plate 1a).  The

unit is Late Cretaceous or Lower Tertiary and is called Tertiary/Cretaceous (Chamberlain

et al., 1992b).  It probably predates Tertiary volcanics as it lacks fragments of Tertiary
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volcanics within it.  The Tertiary/Cretaceous strata contain lacustrine limestone beds

similar to the Sheep Pass Formation in east central Nevada, the Flagstaff Limestone in

central Utah (Fouch et al., 1991), and the Claron Formation in southwestern Utah

(Goldstrand, 1992).  Conglomerate underlies both the Claron Formation (Goldstrand,

1994) and the Tertiary/Cretaceous strata of the Timpahute region.  It may be correlative

with the conglomerates of the North Horn Formation that underlie and are coeval with the

Flagstaff Limestone in central Utah (Fouch et al., 1979).  A similar unit of limestone

above conglomerate beds occurs in the Grant Range, 30 miles north of the study area. 

These beds were mapped as Sheep Pass on the Nye County Geological Map (Kleinhampl

and Ziony, 1985).  

Hurtubise (1989) described an outcrop of whitish weathering lime mudstone on

the west side of the Seaman Range, thirty-five miles to the northeast of Monte Mountain. 

Palynomorphs suggest an Eocene age for the limestone.  He correlated the outcrop in the

Seaman Range with Winfrey's Member "B" from the Sheep Pass type locality in the Egan

Range, 35 miles north-northeast of Hurtubise’s location in the Seaman Range (Winfrey,

1960).  

Limestones at Monte Mountain may yield an Eocene age (uppermost Refugian),

similar to Hurtubise's (1989) assemblage.  If they do, the underlying conglomerates could

be correlated to Winfrey's Member A.  If the beds are Sheep Pass age, then the Sheep

Pass basin should be enlarged or another basin defined.  It would reach at least thirty-five

miles farther south than Hurtubise's newly discovered outcrops in the Seaman Range.  I

found similar limestones in the hanging-wall sheet of the Pahranagat thrust near the top of

Tikaboo Peak, twenty miles south-southeast of Monte Mountain.  As with the Monte

Mountain Tertiary/Cretaceous strata, they lie between the Paleozoic rocks and the

overlying Tertiary volcanics.  

Tschanz and Pampeyan (1970) described similar beds in the Pahroc (30 miles east

of Monte Mountain), Groom (25 miles south-southwest of Monte Mountain), Pintwater

(40 miles south of Monte Mountain), and Spotted (45 miles south-southwest of Monte
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Mountain) ranges.  According to their map, these rocks cover a significant portion of

western Lincoln County.  They suggested that the conglomerates are Cretaceous to

Oligocene and the overlying limestone is Miocene or younger.  These Tertiary/Cretaceous

conglomerates and lacustrine limestones occur near thrust faults, were probably shed off

from thrust fronts, and could provide important insight into timing of the thrust faults if

they are genetically related to them.  Tschanz and Pampeyan (1970) estimated that the

thickest conglomerates exposed in the Spotted and Pintwater ranges are 5000 to 6000 feet

thick.  Access to these rocks is now restricted by the United States Department of

Defense.  These Tertiary/Cretaceous rocks that are closely associated with thrust faults

along the four-hundred-mile-long Sevier fold-and-thrust belt in Nevada could provide

insight into timing and thrust form.  Others (e.g., Fouch et al., 1991) believed that there

are no ramping thrust faults in the immediate region of these localities.  

The Sevier fold-and-thrust belt in central Utah may have localized deposition of

the Flagstaff Limestone, North Horn Formation and Colton Formation (Stanley and

Collison, 1979).  However, Fouch et al. (1991) suggest that the Sevier orogeny was over

and no foreland basin in central Utah existed by the time of Flagstaff deposition. 

Goldstrand (1992) suggested that the correlative Pine Hollow and Claron formations were

deposited during the Laramide Orogeny and are related to partitioning of the foreland

basin into individual, internally drained basins.  These basins derived sediment from

surrounding structural highs during Lower Paleocene and Middle Eocene time.  A

contrast of depositional environments occurred between the west and east side of Lake

Flagstaff.  Western-derived lithic quartz sandstones show evidence of thinning over

Sevier-age folds.  They also show evidence of steep topography and high-energy along

the west side of the lake.  These sediments contrast with the shallow, vegetated, and

episodically flooded east shore sediments.  The phase of subsidence and infilling of a

foreland basin east of the Sevier fold-and-thrust belt probably controlled the facies

contrast. The Late Cretaceous to Lower Tertiary tectonic pulse of Elison (1991) probably

controlled deposition of the North Horn Formation and associated units.  This pulse
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probably corresponds to the emplacement of Roeder’s (1989) thick terrane such as the

Silver Canyon thrust sheet.  The thrust disrupted and reinvolved Roeder’s (1989) thin

terrane such as the Monte Mountain thrust sheet. The emplacement of Roeder’s (1989)

thin terrane could have been during one of two earlier Sevier tectonic pulses. 

In contrast to the compressional synorogenic model supported by this research,

some researchers (e.g., Newman, 1979) believed that the conglomerates in the

Tertiary/Cretaceous beds were a result of erosion off normal fault horsts.  Similarly,

Constenius (1996) concluded that many valley fill deposits were deposited in Late

Paleogene half grabens resulting from extensional collapse of the Cordilleran foreland

fold-and-thrust belt.  The new geologic map of the study area does not support these

extensional collapse or horst and graben models (Plate 1a).  However, the new geologic

map shows more Late Cretaceous compressional features than do previously published

geologic maps.

Structure and Tectonics

Paleogeographic reconstructions of this structurally complex region not only

require a detailed analysis of stratigraphy but also an understanding of the structural

elements and tectonic evolution.  This section presents a brief discussion of tectonic

events that influenced deposition and deformation of the Paleozoic rocks of the area.  An

emphasis is given to the Cretaceous Sevier orogeny because of its importance in

paleogeographic reconstructions and its poorly understood effects on the rocks of the

region.
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Pre-Antler Orogeny

Rifting in the late Precambrian (<850 Ma) resulted in the western North American

continental margin along which a thick wedge of strata accumulated during the late

Precambrian and lower Paleozoic (Stewart and Poole, 1974).  Most of the latest

Precambrian (<850 Ma) to Late Devonian (>345 Ma) strata deposited east of the Sr 0.706

line were deposited in shallow-water conditions on the continental shelf.  They were

deposited during a time of relative tectonic stability (Stewart and Poole, 1974).

The 0.706 Strontium isotope line probably represents the rift edge in the

Precambrian crust.  It is a north-south line in central Nevada that divides older continental

and newer oceanic crustal domains.  It occurs where 87Sr/86Sr = 0.706 in granitic rocks

and is taken as the western edge of Precambrian crust at depth (Suppe, 1985).  Oceanic

sediments west of the line have 87Sr/86Sr ratios less than 0.706.  They are interpreted as

representing younger oceanic crust than the older continental rocks east of the line that

have 87Sr/86Sr ratios above 0.706.  Oceanic rocks deposited west of the Sr0.706 line were

deposited in deepwater conditions.  They are composed of chert, shale and volcanic rocks

and were termed “western facies” by Merriam and Anderson (1942) and “siliceous

facies” by Roberts (1972).  These siliciclastic-rich oceanic rocks contrast sharply with the

carbonate-rich eastern facies of the study area.  

Stewart and Poole (1974) described the transition between western and eastern

facies as abrupt.  Crustal shortening during the Antler and Sevier orogenies probably

account for the abrupt transition.

Monitor-Uinta Arch 

Plate 3, an isopach map of the Great basin Devonian rocks, shows an east-west

trend where the Devonian rocks are thinner with respect to correlative rocks north and
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south.  This east-west trend was a tectonic ridge or arch.  Unconformities truncate some

Devonian sequences on the arch.  It coincides with the Precambrian Uinta aulacogen and

may be genetically related to it.  Some 25,000 feet of Precambrian shales and sandstones

accumulated in the east-west trending Uinta aulacogen, north-central Utah (Hintze, 1988). 

An aulacogen is a tectonic trough, bounded by radially oriented convergent faults, that is

open outward (Bates and Jackson, 1987).  In other words, the two successful arms of a

triradial fault system become the rift edge.  Two arms of each of several such triple-rift

systems will eventually link to form a single accreting plate boundary, along which an

ocean will open (Sengör, 1987).  The third, or failed arm, forms a tectonic trough into the

continent from the ocean, 120o from the other two arms.  The Uinta aulacogen may

represent a failed arm of early crustal rifting.  Rifting likely started at 600 Ma (Poole et

al., 1992).  The successful arms of the rifting separate the thick Paleozoic accumulations

to the west from thin accumulations to the east.  This thick and thin transition zone from

southwestern Wyoming through southwestern Utah is called the Utah hingeline.  

The aulacogenic behavior of the Uinta failed arm ceased before Cambrian time. 

However, a positive east-northeast trending arch coincides with the aulacogen during

much or the lower Paleozoic, including the Devonian.  Carpenter et al. (1994) recognized

the positive area near the western edge of the pre-Antler continent and named it the

Monitor arch.  Isopach patterns in Plate 3 suggest that the Monitor arch is an extension of

the Uinta arch.  Therefore, it is named the Monitor-Uinta arch herein.  If this arch

represents the uplifted aulacogen or failed arm, then the rift edge or successful arms in the

Precambrian crust are likely reflected by the 0.706 Strontium isotope line.  Nd isotope

data provide the first evidence that the Monitor-Uinta arch was present in the region in

the latest Proterozoic (Farmer and Ball, 1997).  Pb, Sr, and Nd isotope data were used to

distinguish mantle isotope signatures of Pacific Ocean mid-oceanic ridge basalts (MORB)

from Indian Ocean MORB basalts in southeastern Australia (Zhang et al., 1999).  Nd

isotope data were used in western North America to identify the source areas of
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siliciclastic detritus (Farmer and Ball, 1997).  Mafic crust has higher Sm/Nd ratios and

higher �Nd values than intermediate to felsic composition crust within each province.  

The Uinta/Monitor aulacogen became a topographic low in Carboniferous time

into which more than 4000 feet of Mississippian limestones and valley fill siliciclastics

were deposited (Chamberlain, 1981, 1988c).  More than 26,000 feet of Pennsylvanian and

Permian rocks were deposited in the Oquirrh basin that developed about the aulacogen

(proprietary measured section by the author, Wallsburg Ridge, Wasatch Mountains,

Utah).  However, Geslin et al. (1999) disputed the unusually thick section by attributing it

to repetition of beds due to thrust imbricates.  Erskine (1999) attributed the unusually

thick section to normal sedimentary processes.  I agree with Erskine.  Gamma-ray

patterns and patterns of decreasing Conodont Alteration Indices should be repeated if the

section were tectonic thickened by thrust imbricates.  I found no repetition of gamma-ray

patterns and a consistent decrease in Conodont Alteration Indices (CAI) from the base to

the top of the 26,000 foot section.  Therefore, the Uinta-Monitor aulacogen changed from

a positive arch in Devonian to a trough or graben structure in the Carboniferous. 

Similarly, the Peace River Arch, a northeast-southwest Precambrian crustal flexure in

western Alberta, changed from a topographic high during the Devonian to a graben

structure in the Carboniferous (Ross, 1991; Mossop and Shetson, 1994).

Longwell et al. (1965) provided strong evidence for several pulses of Cretaceous

thrusting in the Spring Mountains, 120 miles south of the study area (Figure 2).  They

mapped the Keystone thrust fault that overrode the older Contact thrust fault.  Matthews

(1988) added detail that also suggested several pulses.  An older sequence of

Tertiary/Cretaceous strata provides information on thrust relationships in the southern

Spring Mountains.  The Keystone thrust sheet deformed (folded and faulted) rocks in

Lavinia Wash and underlying older rocks of the Contact thrust sheet.  The synorogenic

Lavinia Wash rocks have a radiometric age of 120 Ma (Carr, 1980).  Similarly, the Silver

Canyon thrust deformed the Monte Mountain thrust (Plate 1a and Plate 4).  See Stop #1,

Appendix D, for digital images of the Keystone thrust fault in the Spring Mountains.  
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An isopach map of the Devonian clearly shows that the Monitor-Uinta arch has

the same orientation and location of the Uinta aulacogen (Plate 3).  Poole et al. (1992)

named the eastern end of the arch, the Uinta uplift-Tooele arch.  They suggested that it

was a prong of the Transcontinental basement arch that extended from Colorado through

northern Utah to eastern Nevada.  The Monitor-Uinta arch affected deposition of

Devonian quartz sandstones on the west and east edges of the Sunnyside basin (Chapter

7).

Other depositional troughs may have developed along the Proterozoic rift and may

have influenced deposition of Devonian rocks in the region.  South of the study area, in

the Grand Canyon-Las Vegas area, more than 13,000 feet of middle and late Proterozoic

rocks were deposited in a depositional trough that later became an “arch,” similar to the

Monitor-Uinta arch (Poole et al., 1992).

Diamictite and volcanic rocks overlain by a thick (20,000 locally) terrigenous

detrital late Proterozoic and Lower Cambrian rocks lie above the Proterozoic rocks (Poole

et al., 1992).  Carbonate rocks predominate the stratigraphic section between the Lower

Cambrian terrigenous detrital rocks and the Middle Ordovician Eureka Quartzite (Cedar

Strat proprietary measured sections; Poole et al., 1992).  Barring Devonian sandstones

and shales discussed in Chapter 4, the stratigraphic section between the Eureka Quartzite

and the Mississippian Antler clastics is composed of carbonate rocks (Table 1, Figure 8). 

Carbonate deposition was probably related to a sea-level rise related to lithospheric

cooling (Bond and Kominz, 1984).

Devonian-Mississippian Antler Orogeny

Recognizing the stratigraphic contrast between eastern carbonate facies and

western siliceous facies, Kirk (1933) predicted the Roberts Mountains thrust.  Merriam

and Anderson (1942) first mapped the thrust fault in Nevada and employed the western
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and eastern facies terminology.  Kay (1952) was the first to suggest a mid-Paleozoic Age

for the thrust.  The Mississippian overlap deposits were documented by Dott (1955). 

Roberts et al. (1958), and Roberts (1972) first recognized siliceous marine rocks thrusted

eastward over Devonian and older shelf carbonate rocks along the leading edge of the

Roberts Mountains thrust-and-fold belt in mountain ranges northwest of Eureka. 

Subsequent work provided evidence that the Roberts Mountain thrust movement occurred

in Late Devonian to Lower Mississippian (Ketner, 1970, 1977; Smith and Ketner, 1968,

1975).  Devonian and older rocks were moved 125 miles eastward in Nevada (Poole et

al., 1992).  In central Nevada, the Roberts Mountain allochthon consists of locally

metamorphosed Middle Cambrian to Upper Devonian quartzo-feldspathic and

orthoquartzite turbidites, chert and argillite, limestone, mafic volcanic rocks, and locally

lowermost Mississippian strata (Johnson and Pendergast, 1981).  Shelf strata are exposed

in allochthon windows (Poole et al., 1992; Carpenter et al., 1994).  Smith et al. (1993)

concluded that the contractional orogeny resulting in the emplacement of deep basinal,

submarine-fan, and mafic volcanic strata over autochthonous continental margin strata

extended along the entire Cordillera from Nevada to the Yukon.  Stewart and Poole

(1974) described a persistent positive belt that coincides with the western side of the

Sunnyside basin (Chapter 7).  They suggested that this positive belt may account for local

erosional truncation of lower Paleozoic strata.  Carpenter et al. (1994) provided additional

evidence of erosional truncation of lower Paleozoic rocks below the Roberts Mountains

allochthon and suggested that the positive trend was a forebulge related to the Antler

orogeny.  They provided evidence that the Antler orogeny in Nevada was initiated as a

forebulge in the Frasnian and that the orogeny continued into the Meramecian.  It is likely

the same as the Lower Silurian through middle Lower Devonian Toiyabe ridge of Matti

and McKee (1977). This study provides evidence that the Antler forebulge was likely

initiated in late Lower Devonian.  It was probably the source area for Devonian

sandstones on the western edge of the Sunnyside basin (Chapter 7).
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Mesozoic Sevier Orogeny

King (1870) first noted compressive folds in the mountain ranges of the region,

and Spurr (1903) first recognized thrusting in the Great Basin.  Misch (1960) added detail

to descriptions of thrust faults and folds in central northeast Nevada.  Armstrong (1968)

was the first to distinguish between Laramide and Sevier structures in western North

America, and to synthesize faults and folds in the eastern Great Basin.

Sevier Fold-and-Thrust Belt  Multiple working hypotheses (Chamberlin, 1897) exist

regarding the structural interpretation of the Great Basin.  One widely accepted

hypothesis is that the geomorphology of the Great Basin is a result of normal faulted

horsts and grabens created during Cenozoic extension.  It is believed by some (e.g.,

Hamblin, 1985), that the crust was arched upward and pulled apart in the region forming

a complex rift system from northern Mexico to southern Idaho and Oregon.  If range-

bounding faults extend to lower levels of the brittle crust, then the grabens are true rift

valleys (Quennell, 1987).  However, Quennell (1987) suggested that if the faults flatten at

depth, the resulting graben may not be a true rift valley.  Carpenter and Carpenter

(1994b), from their work in southern Nevada, suggested that listric normal faults

reactivating earlier thrust faults may be responsible for the modern basin-range

physiography and extension of the crust.  They concluded that rooted low-angle normal

faults or detachments do not exist in their study area in the Muddy and Mormon

Mountain area, 50 miles southeast of the Timpahute Range 30' X 60' quadrangle.  They

used seismic and well data to support their interpretations.  In contrast, Wernicke (1981)

and Axen et al. (1990) suggested that low-angle normal fault systems composed of

mantle penetrating detachments controlled crustal extension in the area.  They ignored

well and seismic data.  Broad playas separating inselbergs containing Paleozoic rocks in
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the area invite unsupported speculations in their study area in contrast to the nearly

continuous exposures of Paleozoic rocks in the Timpahute Range 30' x 60' quadrangle

that constrain interpretations.

The ranges in the region have also been called fault-block mountains.  Some

suggest that the Basin and Range Province is one of the most extensive fault-block

mountain systems in the world (e.g., Skinner and Porter, 1989; Carpenter and Carpenter,

1994b).  However, large parts of the Basin and Range Province have not been mapped in

detail.  The valleys and ranges may have been formed by another process.

Another hypothesis is that the geomorphology of part of the Great Basin may be

partly caused by compression during the Mesozoic Sevier orogeny (Chamberlain and

Chamberlain, 1990).  The orogeny resulted in a north-south belt of east-vergent thrust

faults and folds that embodies much of the western Utah and eastern Nevada Great Basin

(Figure 1).  The new geologic map of the Timpahute Range quadrangle reveals few

major normal faults that may be related to Cenozoic extension.  However, it reveals many

newly mapped folds and thrusts related to the earlier Sevier compressional event (Plate

1a, Chapter 5, Appendix E). 

Other researchers have linked the Sevier fold-and-thrust belt to this region. 

Hintze (1988), for example, saw it as a segment of the 3,000-mile-long mountain chain

that extends from southern California to Alaska.  The Sevier fold-and-thrust belt is also

part of the Cordilleran fold belt of King (1969).  Tschanz and Pampeyan (1970) assumed

that the major thrust faults in Lincoln County were Laramide age.  In contrast,

Chamberlain and Chamberlain (1990) identified the faults and folds exposed in the

greater Timpahute Range as part of the Sevier fold-and-thrust belt (Figure 2).  Cenozoic

units, including Tertiary volcanic ash deposits, thin and pinch out over the ranges

(anticlines) and thicken in the valleys (synclines).  Typically, the underlying Paleozoic

rocks dip toward the valleys and away from the ranges. 

In addition, Sevier compressional features have been recognized in a narrow band

from southern Nevada, through southwest and central Utah, to northeast Utah and
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southwest Wyoming (Armstrong, 1968).  Late Cretaceous to Early Tertiary Sevier

thrusting shortened basement and cover rocks by more than 60 miles in northeast Utah

and southwest Wyoming (Decals and Mitra, 1995).  Assuming the same degree of

shortening for the rest of the Sevier belt between southwest Wyoming and central

Nevada, at least 200 miles of shortening would have occurred (See Chapter 5).  Elison

(1991) concluded that the western North American Cordillera from southeastern British

Columbia to northern Nevada experienced 180 miles of east-west crustal shortening.  The

distance between central Utah and central Nevada (200 miles) is several times greater

than the part of the thrust belt exposed in southwest Wyoming (40 miles) and contains

many significant thrust faults in that distance (Figure 2).  

In contrast, Dilles and Gans (1995) concluded that the western margin of the

Basin and Range has moved progressively 60 miles westward during the Late Cenozoic

and created the Walker Lane belt on the west side of the Great Basin.  However, my

research shows very little evidence of Cenozoic extension in the greater Timpahute Range

area of the Great Basin.

Some workers have tried to divide the Sevier fold-and-thrust belt into smaller

thrust belts and mix Sevier structures with other orogenies (e.g., Taylor et al., 1993).  As

used by Cameron and Chamberlain (1987, 1988) and Hook et al. (1998), the Central

Nevada thrust belt is part of the Sevier fold-and-thrust belt only (Figure 2).

Sevier Fold-and-Thrust Belt in Nevada  The band of compressional features accepted by

the USGS as part of the Sevier fold-and-thrust belt has widened to include part of Lincoln

County, Nevada (Page, 1993; Swadley et al., 1994).  I believe that some workers such as

Stewart and Poole (1974) erroneously correlated the north-south trending Gass Peak

thrust fault, 24 to 98 miles south of the study area, to the Wah Wah thrust fault, nearly

100 miles to the east in western Utah (e.g., their figure 2).  Structural features in the

Sheep and Pahranagat ranges strongly suggest that the Gass Peak continues northward
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into the Timpahute 30' X 60' quadrangle.  Others (e.g., Elison, 1991) placed westernmost

Utah and northeastern and east-central Nevada, including the study area, west of the

hinterland-foreland basin boundary.  In his figure 1, Elison (1991) shows the hinterland-

foreland basin boundary as a north-northeastward trending line in western Utah west of

which are areas of Mesozoic metamorphism and where he shows a lack of east vergent

thrust fault traces.  However, abundant Sevier orogenic compressional features including

thrust fault traces and associated syntectonic sediments occur as far west as the Pancake

Range in Nye County and the Roberts Mountains and the Sulphur Spring Range in

Eureka and Elko Counties, Nevada (Cameron and Chamberlain, 1987, 1988; Scott and

Chamberlain, 1988a, b; Chamberlain, 1990c, 1991; Chamberlain and Chamberlain, 1990;

Chamberlain et al., 1992a, 1992b; Carpenter and Carpenter 1994a, 1994b).  This recent

recognition of Sevier age compressional structures in central Nevada has important

implications for petroleum and precious metal exploration (Chapter 8). 

Sevier Fold-and-Thrust Belt Analogue  The Canadian Rockies provide a thrust belt model

that can help interpret the complex structure of the study area.  Roeder (1989) suggested

evidence to assume that the Nevada part of the Sevier fold-and-thrust belt has “a

Dahlstrom geometry” similar to the Canadian Rockies.  Similarities between the Nevada

and Canadian Rockies portion of the thrust belt include: 1) Imbricate thrust sheets: a

series of thrust sheets detached at a common deep horizon and that imbricately overlie

one another in both thrust belts; 2) Total Displacement: total displacement in the

Canadian Rockies is measured in tens of miles and stratigraphic displacement in

thousands of feet (Gretener, 1972).  In Nevada, total displacement is measured in tens of

miles and stratigraphic displacement in thousands of feet; 3) Sedimentary wedge:

Gretener (1972) pointed out the rapid thickening of the sedimentary section from Calgary

to the Rocky Mountain Trench.  Likewise, Paleozoic rocks thicken from hundreds of feet

in central Utah to tens of thousands of feet in central Nevada (Cedar Strat proprietary
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measured sections); 4) Progression of thrusting: Gretener (1972) noted that thrusting

progressing outward or from west to east is well documented in the southern Canadian

Rockies.  Younger thrust faults are both younger and deeper.  Folded thrust faults in the

study area also suggest west to east progression of thrust faults; 5) Undeformed rocks at

the leading edge of a thrust belt: Rocks east of the Canadian Rockies foothills are

essentially undeformed (Dahlstrom, 1969).  Similarly, Paleozoic rocks east of the leading

edge of the Sevier fold-and-thrust belt, or Utah hingeline, are essentially undeformed. 

Differences between the Canadian Rockies and Nevada thrust belts include: 1)

Precambrian basement.  The Precambrian basement extends unbroken beneath the

Canadian Rockies foothills structures (Dahlstrom, 1969).  The nature of the Precambrian

basement in the study area is unknown.  It could be broken by Cenozoic normal faults. 

Metamorphic core complexes may provide windows into the Precambrian basement; 2)

Cenozoic extension: Extensive Cenozoic extension is not known in the Canadian

Rockies.  Although little evidence for Cenozoic extension is found in the study area,

much of the Great Basin is believed to have experienced considerable Cenozoic extension

(Wernicke et al., 1988).  Cenozoic extension is discussed further below in this chapter.

Thrust Detachment  The exact decollements in the Sevier fold-and-thrust belt are not yet

known.  However, a series of finite element models of contractional deformation show

that orogen evolution is strongly influenced by crustal architecture during the first 240 to

320 miles of shortening.  Harry et al. (1995) provided evidence that major decollements

develop at midcrustal and lower crustal levels, partition strain into upper crustal, lower

crustal, and mantle strain domains, and extend throughout the width of the orogen.  The

most intense shortening occurs in the shallow crust as deformation propagates

continentward (Harry et al., 1995).  A crystalline basement is caught up in thrust sheets

south of the Clark Mountains but may not be involved in Sevier thrusts north of the Clark

Mountains (Walker et al., 1995).  None of the thrust traces observed by me in the study
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area involve crystalline basement rocks (Figure 2).  

What previous research has not discovered, however, is the depth to the

crystalline basement along the axis of the eastern Great Basin.  No outcrops of crystalline

basement occur in the study area.  The depth to a crystalline basement can only be

inferred from potential field data (i.e., gravity and magnetics, Appendix E).  It can also be

interpolated from surface outcrops of younger stratified rocks.  Moreover, the western

thickening of Paleozoic strata further frustrates attempts to find the depth to the

crystalline basement.  The problem is not unique to Nevada.  Gwinn (1964) reported that

the depth to basement along the structural axis of the Appalachian Basin was also

imprecisely known.  

The results of the Hunt Oil Company USA # 1-30 well (NE SE Sec 30 T1N

R66E), near Pioche, Nevada (25 miles northeast of the study area), could provide insight

into depth to basement.  R. Fink (1997, personal communication) reported that the well

penetrated nearly 9000 feet of Precambrian Prospect Mountain Quartzite before cutting

into Mississippian Antler clastics.  The nearest Mississippian Antler clastic outcrops are

15 miles on strike to the north, north of Bristol Pass.  The fault in the well is most likely a

low angle thrust fault.  Tschanz and Pampeyan (1970) mapped thrust faults near Bristol

Pass, 12 miles on strike north of the test.  However, without the benefit of data from the

Hunt well, Page and Ekren (1995) attributed the structures to a pre-Oligocene extensional

decollement of younger on older rocks. 

Tectonic Model of Thin-Skinned Deformation  Rodgers (1949) pointed out two schools

of thought concerning the Appalachian fold-and-thrust belt.  One school follows the so-

called thick-skinned thrusting theory and maintains that all major faults extend down to,

and are supported by, a crystalline basement.  The other school, following the so-called

thin-skinned thrusting theory, supports the view that major bedding-plane thrust faults

decouple the sedimentary cover and move it across the crystalline basement.  
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A similar controversy occurs in the Sevier fold-and-thrust belt because of a lack of

regional seismic lines.  Lack of control also originally retarded interpretation of the

Appalachian fold-and-thrust belt.  No regional seismic lines are available that clearly

establish thin-skinned style of deformation for the Sevier fold-and-thrust belt. 

Nevertheless, inferences from a few scattered outcrops and several bore holes provide

evidence that a north-south thin-skinned thrust belt runs through central Nevada (Figure

2, Cameron and Chamberlain, 1987).  Moreover, balanced regional structural cross

sections based on this evidence provide some additional information (Plate 4).  

Conclusive evidence of the economic potential of the thrust belt may have to wait

for regional seismic lines and additional bore holes deep enough to penetrate buried

thrusts.  Picha (1996) showed many examples of thin-skinned thrust belts, one of which is

the eastern edge of the Sevier fold-and-thrust belt in southwest Wyoming, which involves

the Cretaceous Fossil Basin source rocks.  Although he discussed their economic

potential, he did not mention the part of the thrust belt that involves the Mississippian

Antler basin source rocks in Nevada.  Thin-skinned thrusting in the Timpahute Range

quadrangle is similar to productive thrust belts in other parts of the world.  Chapter 8

includes discussions of the economic application of this research.

Cenozoic Volcanism and Extension 

Before Cenozoic extension, the topographic evolution of the boundary between

the eastern Basin and Range and the Colorado Plateau implies a topographic high in the

Basin and Range that permitted drainage onto the plateau (Mayer, 1986).  The boundary

or transition zone between the Basin and Range and Colorado Plateau coincides with the

leading edge of the Sevier fold-and-thrust belt.  

Constenius (1996) concluded that the Cordilleran fold-and-thrust belt collapsed

and spread west during a Middle Eocene to Early Miocene (ca. 49-20 Ma) episode of
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crustal extension.  He suggested two periods of extension.  The first resulted in half

grabens and was concurrent with the formation of metamorphic core complexes and

regional magmatism.  For example, Horse Camp basin, 75 miles north-northwest of Hiko,

developed during Miocene time above a west-dipping detachment fault (Horton and

Schmitt, 1998).  Best et al. (1993) suggested that this localized extensional faulting in the

Great Basin probably occurred before the ignimbrite flare-up (31 to 22 Ma) and that

regional extension was minimal during most of the flare-up (Figure 7).  Cenozoic listric

normal faults causing the half grabens probably exploited Mesozoic thrust faults in some

basins in Nevada (Effimoff and Pinezich, 1986).  

A second period of extension (ca. 17-0 Ma) resulted in the Basin and Range

overprint of earlier events (Constenius, 1996).  A result of the second period of extension,

among others, (Late Miocene to Holocene) is the development of Railroad Valley basin

and exhumation the adjacent Horse Camp basin (Horton and Schmitt, 1998).  Timing of

the event is not precise.  Bohannan (1983) concluded that the precise time of initiation of

Basin and Range deformation in the Muddy Mountain area, 100 miles south-southeast of

the study area, is difficult to pinpoint.  Based on Cenozoic units found in some valleys, he

suggested that the basin and range deformation might have begun as early as about 13 Ma

locally.  Guth et al. (1988) suggested that extension structures in the Sheep Range, 50

miles south of the study area, were formed about 13 Ma. 

Associated with the second extensional event is basaltic volcanism in the

transition zone between the Basin and Range and Colorado Plateau.  Nelson and Tingey

(1997) concluded that basaltic volcanism in the transition zone resulted from east-west

extension and that the maximum thinning or extension of the lithosphere occurs near the

transition zone (Figure 7).  Earthquake studies in the transition zone led Arabasz and

Julander (1986) to conclude that background seismicity is controlled by variable

mechanical behavior and internal structure of individual horizontal plates within

seismogenic upper crust.  

Although the topographic high or crustal thickening is likely caused by stacked
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imbricate thrust sheets, Mayer (1986) favored asthenospheric diapirism as the basic

mechanism for continental rifting or Basin and Range extension.  Similarly, Liu and Shen

(1998) proposed a model that links the late Cenozoic uplift of the Sierra Nevada to

ductile flow within the lithosphere induced by asthenospheric upwelling under the Basin

and Range province.  However, Okaya and Thompson (1986) pointed out that inflow of

dense mantle material beneath a crust thinned by extension required by isostatically rising

crust would result in elevations below sea level.  Therefore they argued for igneous

additions to the deeper crust of material of crustal density or of anomalously low mantle

density.  Rey and Costa (1999) argued for buoyancy-driven extension under low elevation

conditions.  In contrast, Jones et al. (1999) considered the hypothesis of low elevations at

the time of Cenozoic extension suspect.

Furlong and Londe (1986) suggested that the specific mechanism for continental

extension or rifting appears to differ from that of oceanic spreading centers.  They pointed

out that both pure and simple shear models proposed for the Basin and Range extension

fall short in matching the observed elevation profile.  They also pointed out that a

uniform stretching mechanism obscures the evidences of simple shear.  Pure shear

involves uniform stretching and simple shear occurs along discrete low-angle shear

zones.  These zones of extreme extension involve metamorphic core complexes and are

usually exposed in younger uplifted blocks but are older than faults responsible for the

present Basin and Range topography (Okaya and Thompson, 1986).  MacCready et al.

(1997) suggested that the Ruby Mountain metamorphic core complex, 180 miles north of

the study area, formed when Eocene-Lower Oligocene granitic magmas invaded middle

crust rocks and resulted in highly extended upper crust rocks.  Most metamorphic core

complexes emerged during Oligocene to Miocene time (�36-16 Ma) (Rehig, 1986). 

Liu and Shen (1998) concluded that the Basin and Range tectonic province (Great

Basin) is one of the most extended continental regimes in the world.  Metamorphic core

complexes suggest 100% extension in the Great Basin (Rehig, 1986).  Wernicke et al.

(1988) concluded that their correlation of Early Mesozoic thrust faults suggests 155 to
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186 miles of Neogene crustal extension in southern Nevada.  

Cenozoic rocks deposited during the extensional and volcanic events conceal

most of the Paleozoic rocks of the study area and provide a record of post-Paleozoic

deformation (Figure 7).  Tertiary/Cretaceous rocks associated with the Sevier fold-and-

thrust belt that lie between the Cenozoic volcanic rocks and Paleozoic rocks are discussed

elsewhere.  At least sixty Tertiary calderas are responsible for thousands of cubic

kilometers of ash-flow deposits that draped the pre-Oligocene Great Basin landscape

(Best et al., 1993).  In the study area, ash flows filled paleotopographic depressions and

valleys such as footwall synclines or in prevolcanic strike valleys associated with folding

and thrusting.  In the Timpahute Range quadrangle and in the surrounding area,

Oligocene volcanic rocks overlie folded Paleozoic rocks of various ages.  Bartley et al.

(1988) showed also an angular unconformity between Tertiary volcanics and Paleozoic

rocks in the north Pahroc Range, 20 miles northeast of the study area. The angular

discordance between the Oligocene volcanic rocks and the Paleozoic rocks implies that

the Paleozoic rocks were folded and eroded before emplacement of the Oligocene

volcanic blanket.  

Though the study area is cut by abundant minor (10 to 100's feet of displacement)

normal faults, no evidence of major (1000's feet of displacement) normal faults or

reactivated thrust faults associated with Cenozoic extension were found in the study area

(Appendix E).  Edwards and Russell (1999) suggested that northern Cordilleran volcanic

province of British Columbia is geologically similar to other extensional, continental

volcanic provinces such as the Basin and Range and the East African rift system.  They

noted that all three regions have high surface heat flow values, are dominated by mafic

rock, and are chemically bimodal.  However, as with the study area, the northern

Cordilleran volcanic province lacks pervasive extensional faulting.  The Tertiary

volcanics in the study area were buried by valley fill deposits eroded from the

surrounding mountains (Figure 7).  The present-day landscape of the study area is

essentially a series of north-south trending inselbergs surrounded by an extensive lowland
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erosion surface.  Continuous, extensive east-west exposures of Paleozoic rocks are rare.  

Summary

Previous investigators laid the stratigraphic and structural groundwork of an

understanding of Great Basin Paleozoic rocks.  Devonian formations defined beyond the

Timpahute region were correlated to rocks in the study area.  The reconnaissance map of

Tschanz and Pampeyan (1970) generally differentiated Paleozoic rocks from Cenozoic

rocks and grossly differentiated some Paleozoic rocks.  Their map also provided a general

view of some structural elements of the region.

The greater Timpahute Range (Figure 3), composed of forty miles of nearly

continuous east west Paleozoic exposures, provides constraints on structural

interpretations of the region.  TMS is located near the center of the greater Timpahute

Range.  Devonian rocks in the range were deposited in the Sunnyside basin, an intrashelf

basin on the western North American passive margin (Figure 6).  Correlating Devonian

sequences defined in the TMS reference section with other sections throughout the

Sunnyside basin greatly simplified the formational terminology (Figure 6).  The new map

of the Timpahute Range 30' X 60' quadrangle sheds light on deformation of the Devonian

rocks caused by the Sevier orogeny and subsequent tectonic events (Figure 7).  

Earlier attempts to reconstruct the Devonian paleogeography of the study area

were misleading because Sevier shortening was not documented, and thus was not taken

into account.  Conversely, attempts to map the structural features of the study area were

incomplete because the identification and order of stratigraphic sequences were not

recognized and used to solve structural problems.  Therefore, structural and

paleogeographic interpretations of the area needed reevaluation.  This study illustrates the

utility of mapping sequences for solving structural problems.  It also illustrates the

importance of understanding the structural complexities of the region to reconstruct the
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paleogeography.  Methods to provide accurate data that constrain a new structural model

and paleogeographic interpretations of the study area are the subject of Chapter 3.

CHAPTER 3

METHODS USED

Having stated the goals of this research and reviewed previous work, the methods

to achieve the goals are discussed.  Methods of data identification, data collection, and

data analysis are discussed in this chapter.

Data Identification

Mapped patterns of Paleozoic rocks in the eastern Great basin show a north-south

structural grain (Stewart and Carlson, 1978).  Either Mesozoic east-vergent crustal

shortening or Cenozoic east-west extension, or both, were responsible for the north-south

structural grain.  Because of its anomalous east-west outcrop pattern of Paleozoic rocks,

the greater Timpahute Range allows testing various structural models that may be

responsible for the physiography of the region.  These structural models can be tested by

comparing and contrasting the stratigraphy of correlative units on the east and west sides

of north-south trending faults.  Therefore, an accurate geologic map and detailed

stratigraphic sections are required to make the test.

Reconnaissance mapping revealed extensive Devonian outcrops and uncharted

structural elements in the study area (Chamberlain and Chamberlain, 1990; Appendix E). 
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The Devonian section was chosen because measured sections throughout the region

suggested little change in facies over much of the eastern Great Basin.  A well-exposed

section of Devonian rocks mostly on the southern edge of the Mail Summit 7.5'

quadrangle was measured to provide a reference section to which the other sections could

be correlated and to identify mappable sequences in the region.  Construction of this

stratigraphic framework resulted in identification of 21 regional correlatable and

mappable sequences reported by Chamberlain and Warme (1996).  These sequences were

used to map more than 150 7.5' quadrangles in the region, 32 of which make up the

Timpahute Range quadrangle (Figure 3, Plate 1a).  Quadrangles mapped beyond the

study area provided the locations of many thrust faults shown in Figure 2 and allowed for

testing structural models beyond the study area.  

Mappable Sequences

Using bounding surfaces and associated facies such as Lowstand Surfaces of

Erosion (LSEs) and Transgressive Surfaces of Erosion (TSEs), lithofacies, biofacies,

inferred depositional processes, and gamma-ray response, I divided the Devonian section

into 21 mappable rock sequences (Figure 13).  Sequence criteria presented in Chapter 4

are useful in mapping complex structures in the region.  After I mapped the sequences at

larger scales (i.e., 1:12,000), I combined them into formations to produce the smaller

scale map Plate 1a.  Plate 6 is an example of mapped sequences at TMS.

Sequence criteria presented in Chapter 4 were also useful in correlating sequences

to other Great Basin surface and subsurface sections throughout the intrashelf basin and

inner shelf.  These correlations were used to make isopach maps of each sequence.  Most

of the sequences are composed of bundles of thinner (10's feet) cycles.  Goldhammer et

al. (1993) and Elrick (1995) used cycle stacking patterns to help define sequences.  The

use of cycle stacking patterns still holds promise as a tool for stratigraphic application. 
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However, gamma-ray responses of surface sequences may provide a more effective and

practical means of correlation and chronostratigraphic analysis, especially when using

subsurface information in the data set.  Subsurface logging techniques have proven their

worth because they have wide application in reconstructing major marine environments

(Asquith, 1970). 

Measured Sections

Helicopters were used to reconnoiter the region and choose possible stratigraphic

sections to measure.  Once a section was chosen, a traverse of the least structurally

disrupted and best exposed section was chosen.  This was done by creating a 1:24,000

scale reconnaissance geologic map of each 7.5-minute quadrangle, including the

southwest Mail Summit 7.5' quadrangle (Figure 4 and Plate 1a).  Dirtbikes, motorcycles

designed for cross-country, off-road use, greatly eased desert mapping by allowing quick,

easy access to remote outcrops and terrain not accessible to four-wheel drive vehicles

without disturbing environmentally sensitive terrains.  Mounted with a clinometer

adjusted for structural dip, a five-foot Jacob's Staff was used to measure section

thicknesses.  The outcrop profile, description, and gamma-ray measurements at 2.5-foot

intervals were recorded on audio tape.  

The outcrop profile is divided into four categories.  These are: 1) covered slope

(CS) where only scree shows the composition of the buried rocks; 2) partly covered slope

(PCS) where some bedrock protrudes between covered areas; 3) ledges (LDG) where

rocks are well exposed but can be easily negotiated; and 4) cliffs (CLF) where prominent

outcrops can be climbed over with some difficulty and where near vertical rocks faces are

prominent.  The profile is portrayed graphically as a histogram (profile of the lithologic

column) on Plates 2a, 2b, and 2c. 

Outcrop descriptions included cycle boundaries, internal lithologies, colors,
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Table 3 Criteria used to make facies assignments in the measured sections of the study
area and beyond.  The most characteristic properties are in bold type.

textures, fossils, sedimentary structures, bedding, lateral and vertical changes and other

significant information.  A numerical value representing facies environment was assigned

to each facies change while in the field.  These data were used to construct a relative

water-depth (relative sea-level) curve.  Criteria used to make facies assignments are

summarized in Table 3 and illustrated in Plate 5.  Approximately 500 thin sections of

samples from the lower Guilmette sequences at TMS were used to confirm and adjust

facies assignments made in the field.  Selected photomicrographs of the thin sections are

presented in Appendix C.  Appendix B presents a detailed description of the cycles and

sequences.  Plate 2a presents these cycles and sequences graphically in a stratigraphic

column.  

Facies #

(Plate 2a)

Interpreted

Facies

Diagnostic Features/Depth Indicators

1 Supratidal Usually dolomicrite, forms recessive slopes, very light-

gray to yellow-gray, microcrystalline to very finely

crystalline, stromatolitic, ripple, wavy or parallel

laminations, mud-chip breccia, rip-up clasts, windblown

(well sorted, frosted grains) silt and sand grains,

paleokarst, solution breccias, vugs, paleosols, terra rosa,

desiccation cracks, bird's-eyes, tepee structures;

laminated dolomicrites commonly cap shallowing-upward

cycles and exhibits a higher gamma-ray log signature

than adjacent more seaward strata.  The most diagnostic

features are the light color, laminations, dolomicrite,

desiccation or karst features, scattered quartz silt and sand

grains and a high gamma-ray log signature.
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Table 3 Criteria used to make facies assignments in the measured sections of the study
area and beyond.  The most characteristic properties are in bold type.

Facies #

(Plate 2a)

Interpreted

Facies

Diagnostic Features/Depth Indicators

1.5 Low

supratidal

Usually dolomicrite, forms resistive slopes, darker

(medium- to light-gray) than 1 but lighter than 2, thin

bedded to weakly-laminated, ostracode grainstone,

transitional between supratidal and intertidal strata.  Forms

the cap on shallowing-upward cycles where erosion has cut

out high supratidal strata.  Exhibits a higher gamma-ray log

signature than intertidal rocks below but lower than

supratidal rocks above.  The most diagnostic features are

weak laminations, light-gray color, and dolomicrite.

2 Intertidal Commonly dolomicrite or dolomitic lime mudstone,

characteristically partly covered intervals, mottled light- to

very light-gray to medium dark-gray, microcrystalline or

very finely crystalline to sucrosic, parallel-ripple or low-

angle cross-laminations, low angle cross-bedding, channel

and tidal flat quartz sandstone, shelly intraclast lags, rip-

up clasts, vugs, sparse chert.  Commonly lies between

restricted-shelf and supratidal strata in a shallowing-upward

cycle.  May form base of a shallowing-upward cycle. 

Gamma-ray log signature is higher than low intertidal strata

below but lower than supratidal strata above.  Intraclast lags

and mottles are the determining features.
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Table 3 Criteria used to make facies assignments in the measured sections of the study
area and beyond.  The most characteristic properties are in bold type.

Facies #

(Plate 2a)

Interpreted

Facies

Diagnostic Features/Depth Indicators

2.5 Low

intertidal

Commonly dolomicrite or dolomitic lime mudstone, forms

low ledges, dark gray to medium-light gray, brown-gray to

medium gray, intraclast mudstone-wackestone, medium

bedded, commonly mottled/burrowed.  May form the base

of shallowing-upward cycles but commonly occurs between

restricted-shelf and subtidal strata.  Gamma-ray log

signature is lower than intertidal strata above but higher

than restricted-shelf strata below.  Relative cycle position

and mottles/burrows are the determining factors.

3 Restricted

subtidal-

shelf

Limestone or dolomite, forms ledges, medium dark- to

medium-light gray, Amphipora wackestone-packstone, low

faunal diversity, some thin-shelled brachiopods,

uncommonly gastropod-rich and rare stromatoporoids. 

Usually occurs between transgressive basal open-shelf and

shallow intertidal strata.  Gamma-ray signature may be

lowest value in the cycle, but commonly underlying open-

shelf strata exhibit slightly lower radiation.  The presence of

Amphipora and low faunal diversity provide the most

diagnostic criteria.
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Table 3 Criteria used to make facies assignments in the measured sections of the study
area and beyond.  The most characteristic properties are in bold type.

Facies #

(Plate 2a)

Interpreted

Facies

Diagnostic Features/Depth Indicators

3.5 Partially

restricted

subtidal-

shelf

Limestone or dolomitic limestone, forms prominent ledges,

medium light- to dark-gray or light brown-gray, small

rounded stromatoporoids and Amphipora packstone-

wackestone, burrowed/mottled mudstone, massive to

medium bedded, dolomite/limestone, crinoids, rugose

corals, grainstones, storm lags.  Commonly forms the basal

part of shallowing-upward cycles and emits less gamma

radiation than adjacent strata.  Small rounded

stromatoporoids are the most significant criteria.

4 Open-shelf Limestone (rarely dolomite), forms prominent ledges or

cliffs, dark-medium gray, crinoid, coral (rugose or colonial)

brachiopod, bryozoan, gastropod mudstone-wackestone-

packstone, with bulbous-tabular stromatoporoids, rich

faunal diversity, abundant fossil fragments.  Commonly

forms transgressive strata over the base of shallowing-

upward cycles and usually exhibits a sharp decrease in

gamma radiation.  Crinoids, massive to tabular

stromatoporoids and rich faunal diversity in limestone form

the most important criteria.
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Table 3 Criteria used to make facies assignments in the measured sections of the study
area and beyond.  The most characteristic properties are in bold type.

Facies #

(Plate 2a)

Interpreted

Facies

Diagnostic Features/Depth Indicators

4.5 Deep open-

shelf

Limestone, with rare early-formed dolomite, forms thin

ledges, medium dark gray, nodular lime mudstone, with

uncommon crinoid or brachiopod fragments, burrowed,

with chert stringers, massive to thick bedded.  Rarely

forms the lower part of shallowing-upward cycles.

Hummocky crossbedding at the base of some cycles. 

Gamma-ray log pattern is similar to open-shelf carbonates. 

Crinoids and brachiopods, darker gray limestone than open-

shelf strata, and chert stringers provide diagnostic criteria.

5 Shelf edge Limestone, forms thin ledges or partly covered slopes,

medium gray-black, lime mudstone, very thin- to thin-

bedded, laminated, chert nodules and lenses, rare fossils,

abundant load casts/soft sediment deformation.  Rarely

forms the base of shallowing-upward cycles.  Gamma-ray

radiation is higher than with open-shelf strata.  This and the

next three facies occur almost exclusively in the Guilmette

Formation above Sequence Dgb at Tempiute Mountain. 

The black color and chert are diagnostic features.
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Table 3 Criteria used to make facies assignments in the measured sections of the study
area and beyond.  The most characteristic properties are in bold type.

Facies #

(Plate 2a)

Interpreted

Facies

Diagnostic Features/Depth Indicators

5.5 Upper slope Limestone, forms partly covered slopes, dark gray, no

fossils, contains bedded chert.  Gamma-ray log signature is

relatively high but lower than the more shallow strata

above.  Rarely preserved between more basinward shelf

slope strata and shoreward shelf-edge strata of 5.  These and

the two positions following are unique to the Tempiute

Mountain section.  Dark-gray limestone with bedded chert

and lack of fossils are diagnostic features.

6 Slope Limestone, forms covered slope with sparse prominent

ledges, lime mudstone, rhythmic thin-bedded limestone

with pale-red siltstone partings, isoclinally convoluted soft

sediment deformation, sparse deepwater trace fossils. 

Gamma radiation is relatively low and is similar to the

gamma-ray signature over open-shelf strata at the base of

shallowing-upward cycles.  Diagnostic features include,

rhythmically, thin-bedded limestone and convolute, soft-

sediment deformation.

7 Base of

slope

Sandstone, forms thin ledges and partly covered slopes,

light- to dark-gray, fine- to coarse-grained, lithic

graywacke, deepwater sandstone (turbidites) and siltstone,

interbedded thin-bedded unfossiliferous silty limestone,

deepwater trace fossils.  Occurs rarely in the Tempiute

Mountain section above Sequence Dgb2 Guilmette 

Formation.  A gamma-ray log signature is usually lower

than overlying shelf-slope strata.  Lithic graywacke is the

most characteristic feature.
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Lithologies were determined visually in the field using hydrochloric acid to detect

the presence of calcium carbonate and a hand lens to detect the presence of quartz grains

and other inclusions.  Color was determined by comparing rock chips with the GSA rock-

color chart (Goddard et al., 1984).  Texture was assigned in the field using Dunham’s

(1962) classification and in thin section using Folk's (1962) classification.  Where

possible, the standard grain size scale for inclusions was used.  I used the same criteria for

crystal size where primary texture was obliterated by recrystallization.

Stratigraphic Terminology

In this report, I apply the most widely accepted sequence stratigraphic terms to

describe and interpret the Devonian strata in Nevada (see Baum and Vail, 1988; Weimer,

1992).  A sea-level Lowstand Surface of Erosion (LSE) is an unconformity or a

significant hiatus formed during a relative lowstand of sea level that forms a sequence

boundary of any scale.  In carbonate rocks, LSEs are signaled by zones of karst, paleosols,

or erosion.  A Transgressive Surface of Erosion (TSE) is a hiatus within or at the base of

every sequence.  It is formed by intertidal to submarine erosion of the seabed during

episodes of a sea-level rise and landward shifts of the shoreline.  It commonly represents

minor erosion, transgresses time surfaces, and may be a sharp surface or rendered vague

by bioturbation.  A Maximum Flooding Surface (MFS) is formed during sea-level

transgression and highstand.  It represents a surface or interval of deepest marine

conditions with sediment starvation over much of the shelf.  A Condensed Section (CS)

represents beds accumulated during a sea-level highstand above the MFS where the rate

of deposition is low over a wide area.  It commonly consists of pelagic shale or lime

mudstone.  It may be lacking benthic fossils, have a depauperate benthic fauna, or contain

“deep water” ichnofacies assemblages, hardgrounds, lags that shifted about during
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periods of zero net deposition.  It should have an enhanced nautiloid, conodont, and

acritarch fauna (E. Brown, 1998, personal communication).  

The base of a unique sequence (Guilmette Sequence Dgb2, Chapter 4) related to a

Devonian cosmolite impact does not fit LSE or TSE criteria for erosional sequence

boundaries.  High-pressure phenomena associated with the impact created a carbonate

breccia fluidized zone between strata.  Because the fluidized zone was created by

processes more closely related to impact tectonic processes than erosional processes

associated with changes in relative sea level, a new sequence boundary term is applied

herein.  A Disrupted Surface of Erosion or DSE connotes impact tectonic disruption of

already deposited beds in contrast to TSE and LSE that connote erosion and deposition

associated with sea-level changes.  A DSE occurs as a thin (one inch to several feet thick)

zone of Dgb2 at the base of Dga2 at TMS.  Possible tectonic processes forming a DSE

could include shearing between beds, shock pressure that liquefies the carbonate, or

carbonate breccia liquefaction between beds under extreme high pressure and short

duration conditions (see Appendix C for examples of liquified carbonate rocks in thin

sections from the base of Guilmette Sequence Dgb2). 

Data Collection 

Data were collected using a variety of modern techniques, equipment, and

software all designed to increase accuracy and efficiency.  This section briefly reviews the

technology used to measure the Devonian sequences and map the geology of the study

area.
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Global Positioning Systems (GPS)

A Pathfinder Pro global positioning system was used to assure accuracy in

locating field stations to make geologic maps.  Pathfinder Pro is a trademark of Trimble

Navigation, Limited.  The global positioning system affords precise locations (within a

meter).  It allows field attributes such as attitudes (dip and strike) of the strata, lithology,

stratigraphic sequence, inclusions, and other descriptions to be recorded onto a hand-held

computer in the field at each station.  These field attributes are recorded along with

location coordinates found by recording at least 25 satellite signals with a roving

Pathfinder Pro receiver.  These data are stored in a tabular form that could easily be used

for additional analysis. Satellite positions were simultaneously recorded using a Trimble

Navigation 4600LS Surveyor receiver at a precisely located base station in Hiko.  Post-

field processing and differentiation using the satellite signals from the base station and

roving unit provided accurate sub-meter positions of field stations.  The digital data were

downloaded directly onto digitized 7.5-minute quadrangles formatted with MapInfo, a

type of Geographic Information System (GIS) software.  MapInfo is a trademark of

MapInfo Corporation.

Accurate positioning provides a great advantage for field methodology because it

reduces controversy over fault angles, location of formation contacts, and sample

locations.  It also provides for repeatability of results: Future investigators can use Global

Positioning Systems to navigate to precisely the same location where geologic

observations were made or where samples were taken.  Furthermore, a Global Positioning

System eliminates errors in transposing data from field notes to the final geologic map. 

As a result, interpretation controversies concerning some fault attributes can be

eliminated and field data can rapidly and accurately be added to the geologic map. 

Approximately three times more area can be precisely mapped in the same amount of

time than using less precise, cumbersome, and outmoded methods of the past such as

mapping on aerial photographs without GPS support.
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Aerial Photographs and Field Work Maps

Besides using GPS methods, geology of the Timpahute 30' X 60' quadrangle was

mapped on 1:24,000-scale, color aerial photographs taken by Intrasearch Incorporated and

on field work maps.  Photograph stereo pairs were used to plan traverses, pick outcrops

for study, and identify critical relationships to investigate.  Mapping in the field was done

directly on 1:24,000, or where needed, 1:12,000 or 1:6,000 work maps generated from

digitized United States Geological Survey topographic quadrangles overprinted with

digitized published geologic maps (e.g., Hess and Johnson, 1997).  Colored field work

maps were plotted using a Hewlett-Packard DesignJet 7500C plotter.  Much of the

detailed, 1:24,000 topographic data have become available only in the mid 1980's. 

Though much of the Timpahute Range quadrangle was mapped on large scale (1:12,000

or 1:6000) work maps using the 1:24,000 topographic base maps, only the smaller scale

(1:75,000) compilation using the 1:100,000 topographic base map is necessary for the

scope of this study.

Field notes made on the field work maps were compared with the images on color

aerial photographs and then compiled onto a master map using MapInfo.  Contacts, faults

and other features were drawn directly onto the photographs with erasable ink. 

Predictions of trends were made on the photographs before going back to the field.  The

trends were confirmed or corrected after being field checked.  The color aerial

photographs allowed me to distinguish subtle differences between formations and identify

areas of hydrothermal alteration.  Hydrothermally altered areas commonly are associated

with major fault systems.  I discovered several, mostly concealed, outcrops in the

pediments by using the color photographs.  Also, color imagery allows for easy

identification of jeep trails, subtle changes in vegetation related to underlying bedrock,

and other subtle features that are not clearly visible on black and white imagery.
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Geographic Information System (GIS)

 Field data were readily downloaded into MapInfo from the Geographic

Positioning System for quick generation of accurate, colored geologic maps.  Digitized

topographic base maps were prepared by using a line trace program that converted

scanned raster images of U.S. Geological Survey topographic quadrangles into vector

maps.  The vector maps were imported into MapInfo using the Universal Transverse

Mercator NAD 27, Zone 11 for the United States coordinate system.  The digitized

geologic map of Lincoln County was prepared by the Nevada Bureau of Mines and

Geology.  The scale of the vector 1:250,000 geologic map was changed to fit over the

vector 7.5' topographic maps.  Geologic features including fault and formation contacts

were manipulated with MapInfo.  Precisely pinpointed and oriented dip symbols and

labels were created at each station using a complementary program, Vertical Mapper. 

Each attribute such as faults, attitudes, geologic attributes, geographic attributes,

hydrology, cultural attributes, elevation contours, and labels were placed in separate

layers within the mapping program.  By putting attributes in each layer, maps that

emphasized different features or various combinations of them could be easily generated. 

Because any part of the maps could be enlarged to any scale, much of the mapping was

done with greater precision than the normal 1:24,000, namely at 1:12,000 or 1:6,000. 

Generating ancillary larger-scale maps, such as 1:24,000 or larger, using geology from

published maps or new data was advantageous.

The geologic map made for this study was made by using the vector U.S.

Geological Survey Timpahute Range 30' X 60' 1:100,000-scale topographic map.  The

digital format allowed for quick changes and productions of maps at any scale.  Plates 1a

and 1b are the same scale (1:75,000) and have the same color scheme to compare new

and old geologic maps.
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Gravity Data

Digital gravity data (Ponce, 1997) was contoured using Surfer, a contouring

program.  Surfer is a trademark of Golden Software, Inc.  The digital contour map was

reformatted for MapInfo and was used to create figures in Appendix E.  Talisman Oil

Company provided a much more refined digital contour map used to overlay the

Timpahute 30' X 60' geologic quadrangle map during the interpretation phase of this

study.  However, because it cluttered the map, the gravity and magnetic map layers were

turned off to produce Plate 1a.  

 

Computer-aided Structural Cross Sections

Dahlstrom (1969) suggested that the first step to construct a balanced cross

section is to establish a pair of reference lines at either end of the section in areas of no

interbed slip.  His example in the Alberta foothills extends eastward into the undeformed

Alberta plains.  However, the portion of the Sevier fold-and-thrust belt in the study area

lies more than 100 miles west of the correlative undeformed rocks in central Utah.  Much

of the intervening area is covered.  Therefore, a balanced cross section of the study area is

not possible using the method and ground rules outlined by Dahlstrom (1969).  Roeder

(1989) noted that his cross sections of the Timpahute Range and northward are open

thrust systems and cannot be balanced.  Furthermore, Mukul and Mitra (1998) noted that

the assumptions that deformation within an individual thrust sheet are limited to flexural

slip for line balancing and plane strain for area balancing breaks down into internal sheets

where beds are penetratively deformed as in the Sheeprock thrust sheet, central Utah. 

Therefore, they stated that balanced cross sections constructed across the entire fold-and-

thrust belt and their restoration will not be completely accurate.
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Dahlstrom (1969) suggested that other ground rules will apply to other structural

provinces beyond the Canadian Rockies foothills.  Fortunately, the distinctive Guilmette

Dgb2 breccia provides such a marker that allows for more accurate construction of

balanced cross sections and restorations of the greater Timpahute Range (see Chapter 7). 

Plate 4a, constrained by the geologic map and distribution of the Guilmette Dgb2

breccia, exhibits a balanced cross section of the Timpahute Range that is probably more

accurate than would otherwise be possible.

The new geologic map provides a spatial model of the structure and geology of

the region.  Verification of geometric balance of vertical models such as Plate 4a can be

facilitated using computer programs such as GeoSec.  GeoSec is a trademark of

GeoScience Corporation.  These programs take advantage of the vector topographic and

geologic data and allow rapid construction of vertical profiles annotated with formation

contacts, faults, and apparent dip directions of any desirable transect.  These profiles are

used to construct balanced structural cross sections and restorations.  The software

insures geometric precision and allows structural restoration in dimensions.  Fermor

(1999) suggested that in many areas of the Alberta Foothills structural restoration in only

two dimensions is apparently invalid.  However, the geologic models depend on both the

operator’s experience and the accuracy of the available data. 

Plate 4a, a geometrically balanced structural cross section of the greater

Timpahute Range, was constructed using the software program Thrustbelt.  Thrustbelt is

a trademark of International Tectonic Consultants, Limited.  Plate 4b is the restored cross

section.  The program used a process of forward modeling.  

First, thicknesses of stratigraphic units from sections along the line of transect

were acquired.  The line of transect is generally along A-A’ on Plate 1a.  Bends in the

transect, minor faults and intrusives were ignored as they contribute little to the structural

model.  Thicknesses of units were compiled from Cedar Strat and Shell proprietary

measured sections, published sections, and new measured sections for this study.  Some

thicknesses are noted on the geologic profile on the lower part of Plate 1a.  The thrust
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fault angle through different strata was assumed.  For dense carbonates, the angle was

assumed to be greater (25o-30o) and for less competent shaly intervals it was assumed to

be much less (5o-10o).

Second, based on the facies and thicknesses of the stratigraphic units, an

undeformed stratigraphic cross section was assumed.  The original positions of the

stratigraphic sections within the cross section were partly determined from a previous

structural cross section model by Chamberlain and Chamberlain (1990) using a snip-

reconstruction or rigid body cut and paste restoration.  The cross section was modeled

after other cross sections in the Great Basin by Roeder (1989).

Third, the cross section was created through successive iterations until it matched

the geologic map (surface geology, topography, well tops, etc.).  Although the geologic

interpretation may be flawed, the section is geometrically balanced and is a possible

solution.  The computer program helps to quickly eliminate impossible or geometrically

unbalanced cross sections.

A more rigorous modeling program, GeoSec mentioned above, could be used to

restore stratigraphic sections to their undeformed position.  Thrustbelt used in this study

employs only the vertical slip kinematic algorithm.  In contrast, GeoSec uses many

algorithms such as the fault propagation model, fault bend model, etc. that takes into an

account flexural slip.  However, such a rigorous analysis is beyond the scope of this

study.

Surface Gamma-Ray Logs

Surface gamma-ray logs were employed in this study to aid the correlation of

stratigraphic sequences between structural sheets and subsurface sections (Figure 12). 

They provide much more resolution in local regions than correlations based on conodont

zones.  However, conodont zones provide worldwide correlations and show time gaps
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between sequences where zones are missing.  Furthermore, conodonts can be used as

independent depth (paleoenvironment) indicators and thermal alteration indicators

(Conodont Alteration Indices).  Nevertheless, gamma-ray patterns of sequences can

provide more correlation resolution in the Sunnyside basin.  For example, most of the

Guilmette is represented by the diparilis, falsiovlais, transitans, punctata, hassi, and

jamieae, conodont zones (Figure 10).  Surface gamma-ray patterns of ten major regional

correlatable Guilmette sequences and more than twenty subsequences greatly refine

correlations in the Sunnyside basin.  Most sequences were broken down into regionally

correlatable subsequences.  Each sequence and subsequence is marked by a unique

gamma-ray pattern that can be correlated to sections within the eastern Great Basin.  The

major advantage of using sequences over conodont zones in correlations is that they can

be identified on outcrops and in well logs.  Furthermore, well cuttings may be too fine or

not plentiful enough to yield diagnostic conodont faunas.  Also, extracting conodonts

from dolomitized intervals is difficult.  However, gamma-ray logs are easy to obtain from

wells and outcrops.  Gamma-ray sequence correlation methods were perfected during the

study.  A future study could focus on correlations of conodont zones with sequences

(Chapter 9). 
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Surface gamma-ray logs provide a powerful correlation tool in frontier areas

especially where surface and subsurface (wells) sections need to be correlated

(Chamberlain, 1983).  They provide physical measurements that tie exposures of

stratigraphic sequences to seismic reflectors for use in seismic stratigraphy.  Figure 12

provides an example of surface and subsurface correlations in the Timpahute Range

region (Figure 9).  Sequences tied with gamma-ray logs can be tied to sonic and neutron

density logs, which in turn are tied to seismic reflectors.  

Correlations based on gamma-ray profiles can help where facies change between

sections.  For example, the gamma-ray spikes at the base and the top of the “Oxyoke

Formation” allow correlation between sections, despite lateral changes in lithology. 

These gamma-ray spikes may be due to periods of greater amounts of radioactive dust

falling from the atmosphere.  These dusty periods likely occurred during periods of

drought and high winds and could be possibly related to distant volcanic activity. 

Gamma-ray spikes most commonly occur at the top of cycles that contain evidence of

subaerial exposure.  Admittedly the correlatable gamma-ray spikes are subtle. 

Nevertheless, they can provide reliable markers for correlations.  Examples of additional

correlation charts using gamma-ray logs are presented in the summary of Chapter 4 and in

Chapter 7.

Gamma-Ray Logs vs. Fischer Plots  A Fischer plot is a graph in which cumulative

cycle thickness of peritidal carbonates is corrected for linear subsidence and plotted

versus time using an average cycle period (Read and Goldhammer, 1988).  Whether

Fischer Plots are useful guides to sea-level history and correlation between sections is

controversial.  Sadler et al. (1993) defended the usefulness of Fischer plots to track the

cumulative departure from mean cycle thickness through a vertical sequence of

continuous shallowing-upward units.  However, Drummond and Wilkinson (1993)

argued for the lack of a direct correlation between multiple-frequency eustatic sea-level
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variations and meter-scale cycle stacking hierarchies.  The assumption that each

individual cycle represents a single sea-level rise explicit in using Fischer Plots as guides

to sea-level history may be flawed.  Multiple autocyclic shallowing-upward cycles may

originate during any single rise in sea level.  Elrick (1995) concluded that Fischer plots

are of limited use as a correlation tool for Devonian Great Basin carbonates.  Thus, the

gamma-ray curve provides an alternative, and practical, means for overcoming limitations

of using Fischer plots and other stacking techniques for correlations.  The value of

gamma-ray profile correlations has been repeatedly proven by oil industry geologists. 

Gamma-Ray Field Data Acquisition  Consistent gamma-ray measurements were

made by holding a scintillation counter waist high and recording the average counts per

second from the digital display (Chamberlain, 1983).  The count rate is set at one second

intervals.  I found that taking measurements at a consistent interval simplifies

construction of gamma-ray logs.  For most of my work in the eastern Great Basin, a five-

foot Jacob’s Staff, mounted with a Brunton compass (clinometer), provided a convenient

interval for measuring thicknesses of strata.  The clinometer was set to correct for tectonic

tilt of the strata and allowed measurement of the section in five-foot increments of true

stratigraphic thickness.  

Having two-man teams was helpful.  One member of the team measured the

interval, provided the tally of measured intervals and recorded the gamma-ray counts per

second.  The other described the strata in the five-foot interval.  If the sections were

reconnaissance sections, then the team could measure and record the data continuously as

they moved up through the section.  For detailed sections, as in this work, each five-foot

interval is marked on the outcrop with biodegradable tree paint.  The marked section

allows for detailed description and study of the strata.

The Scintrex BGS-4, with its digital display, was the easiest to use, and it gave

gamma-ray logs the best resolution.  The Scintrex BGS-4 is a trademark of the Scintrex
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Corporation.  Fluctuating intensity of gamma radiation makes the Mount Sopris model

with its analogue meter difficult to use.  Mount Sopris is a trademark of Mount Sopris

Corporation. The BGS-4 has a large enough iodide crystal to provide satisfactory

resolution.  For most work, only one measurement is needed.  Others prefer to average

three to five measurements (R.M. Slatt, 1997, personal communication).  The reason for

holding the scintillation counter waist high is to get an average measurement for the five-

foot interval measured with a Jacob’s Staff.  The intensity of gamma radiation from the

rocks is a mass effect.  The closer the scintillation counter is held to the rocks, the higher

the reading.  This higher reading dampens the resolution of the gamma-ray log.  Poor-

quality logs result from inconsistencies in the distance the scintillation counter is held

from the rocks.  For shorter intervals, the scintillation counter is held closer to the

outcrop.  However, gamma-ray character can be sacrificed at the expense of an attempt to

construct more accurate logs if the detector is held too close to the outcrop when

measuring greater intervals of rock.  Carefully collected, measurements can provide

enough resolution to identify cycles in a gamma-ray log if the cycles are thicker than the

interval measured.  

I have found that calibrating the scintillation counters is not necessary if

measurements are taken by the same instrument during a brief period.  The reason for this

is that only the relative changes in gamma-ray counts are necessary to create a

correlatable gamma-ray profile.  It would be necessary to calibrate the instruments if

different segments of the measured interval were measured by different scintillation

counters or if portions of the measured interval were measured between long periods.

A hand-held tape recorder simplified data collection in the field.  By this method I

could dictate a thorough description more quickly than by taking notes manually.  If

station number, a measured interval tally, gamma-ray measurement and lithologic

descriptions are systematically dictated, the data can be transcribed onto spreadsheets for

data manipulation and log construction.
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Data Analysis

Most of the data were analyzed using a computer.  Measured sections were put on

a spread sheet to aid in efficient data manipulation and presentation.  Mapping was

compiled from GPS data using a GIS to make presentation maps.  The following section

provides more detail on how the stratigraphic data were analyzed. 

Regional Correlations

Diagnostic features and water depth indicators listed in Table 3 were used to help

identify and group sets of shallowing-upward cycles into sequences in the regional

correlations.  I used significant features listed in Table 4 (Chapter 4) to identify and

differentiate sequences as I mapped.  I found these sequences to be indispensable tools for

mapping complex structures in the study area and beyond.  The TMS reference section

with its gamma-ray profile was also useful in correlating surface sections with other

surface and subsurface sections at a higher level of detail and precision than otherwise

possible (e.g., Figure 12).  Also, by correlating sections in loops, miscorrelations could

be detected and adjusted and significant sequence boundaries properly defined.  Thus, the

sequences of the Mail Summit reference section were refined.  Examples of additional

correlation charts are in the summary of Chapter 4 and in Chapter 7.

Predictable gamma-ray patterns were especially helpful in correlating the sections. 

At TMS and other sections in the Sunnyside basin, a genetic relationship between

gamma-ray inflections and rocks associated with different depositional settings seems to

occur.  Wilson and Pilatzke (1987) suggested that gamma-ray inflections were caused by

an increase of wind-blown, radioactive detrital grains that occur at the top of Devonian

Duperow cycles in the Williston Basin.  Altschuld and Kerr (1982) also noted increased

radioactivity associated with supratidal dolomite and anhydrite at the top of shallowing-

SE ROA 37104

JA_8610



88

upward cycles that cause high radioactive reading on logs.  Similarly, the Mission Canyon

Formation in North Dakota displays argillaceous and sandy dolomite marker beds, as

noted by Harris et al. (1966).  Swart (1988) showed that uranium concentrations in a core

taken from Miocene and Pliocene rocks, island of San Salvador, Bahamas, are higher at

dissolution surfaces than in adjacent strata.  Chan (1999) suggested that a surface gamma-

ray log of a paleosol in the Mahogany member of the Triassic Ankareh Formation, north-

central Utah could correlate to subsurface well logs.  She showed the sharp gamma-ray

decrease from the Mahogany member to the Gartra Grit.  She also illustrated a gamma-

ray spike at a paleosol at the top of the Mahogany member.  Similar gamma-ray spikes

occur at sequence boundaries in the Great Basin Devonian rocks.

In contrast to higher gamma radiation over dolomite caps at the top of shallowing

upward cycles, gamma radiation is typically much lower over carbonates interpreted to

have been deposited in open-marine conditions.  Because these patterns are so

predictable, it is likely that the radioactive particles were deposited during the Devonian. 

Uranium and the associated thorium mineralization in Devonian rocks of the Sunnyside

basin have not yet been detected.

Data Manipulation

Stratigraphic field data were transcribed onto a spreadsheet for further data

manipulation and preparation for graphic output.  Common spreadsheet programs such as

Excel or Lotus 1-2-3 provided a simple way to format the data.  Excel is a trademark of

Microsoft Corporation and Lotus 1-2-3 is a trademark of Lotus Corporation.  Once the

data are in a spreadsheet, statistical values for different lithologic characteristics such as

gamma-ray intensity, color, texture, weathering profile, lithologies, etc. can be easily

calculated and presented in detailed descriptions and graphics of cycles, sequences and

formations.  Statistics, such as average gamma radiation, standard deviations, etc.
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presented in detailed descriptions of the lower Guilmette Formation in Chapter 4, were

calculated in this manner.  Because all the Cedar Strat proprietary sections were prepared

in this manner, it greatly helped correlations of Devonian sequences throughout the

Sunnyside basin.

Text editor programs such as Word Perfect were used to format the data for the

graphics program, Logger.  Word Perfect is a trademark of Corel Corporation and Logger

is a trademark of Rockware Corporation.  Logger was used to make combined gamma-ray

logs and lithologic logs.  A paper printout of the measured section at a large scale (e.g.,

one inch to 10 feet) allowed detailed correlation of the gamma-ray log with the outcrop

description.  A final printout at smaller scales (e.g., one inch to 200 feet) compressed the

gamma-ray log and emphasized subtle, but significant, changes.  These helped to

discriminate sequence boundaries (Plate 2a).  The gamma-ray log is compressed much

more (e.g., one inch to 2000 feet) and the lithology greatly generalized in Figure 8.  
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CHAPTER 4

DEVONIAN SEQUENCES

The first objective of this research was to give a more detailed account of the

Devonian sequences found in the study area and identify regionally correlatable

sequences to be used to map the Timpahute Range quadrangle.  Topics in this chapter

include Devonian sequences, their relationship to the geologic map, sequence boundaries,

and mechanisms for cycle and sequence development.  It contains descriptions of each

Devonian sequence at TMS and how they correlate to other sections in the region. 

Diagenesis and the occurrence of dolomite in the section are briefly discussed at the end

of the chapter.

 Sequences

This section contains a brief discussion concerning the importance of recognizing

Devonian sequences at TMS in constructing the geologic map and it provides examples

of how sequences helped reveal overlooked geologic features.  It also contains the

framework for recognizing sequence boundaries at TMS and includes a review of some

mechanisms for cycle and sequence development.

Devonian Sequences

Recognition of stratigraphic sequences was essential for constructing an accurate

geologic map to constrain a reasonable structural interpretation of the complexly
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deformed rocks in the Timpahute Range quadrangle.  In this study, emphasis was placed

on mapping Devonian sequences, which are widespread throughout the quadrangle. 

Obscured by the massive appearance of the thick (100's feet) formations in the Timpahute

Range, many significant structural features were overlooked or misidentified.  Division of

the TMS Devonian formations into mappable sequences provided a way to enhance

structural resolution.  This higher resolution was necessary to map structural features

overlooked in previous mapping using entire formations.  Some formations were

misidentified on previous maps.

Stratigraphic Sequences and the Geologic Map Using the stratigraphic order of Paleozoic

sequences in mapping helped reveal important structural relationships.  For example, few

workers have recognized the overturned rocks in the Monte Mountain and Penoyer

Springs footwall synclines (e.g., Taylor et al., 1993).  Though Tschanz and Pampeyan

(1970) showed the overturned fold on their map, Taylor et al. (1994) did not discuss the

overturned Silver Canyon footwall syncline.  It is understandable that the overturned

rocks were overlooked because top and bottom indicators such as geopetal structures are

rare.  However, the order of shallowing-upward cycles in sequences reveals the up section

sense of the beds and could be applied to geologic mapping.  

Other subtle features were understandably overlooked.  For instance, Taylor et al.

(1993) published a geologic sketch map of the Penoyer Springs area that did not show the

strike-slip displacement of the south Penoyer Springs and Tunnel Spring faults (see Plate

1a).  In Appendix E, which contains discussions and illustrations of these faults, a map

shows that the south Penoyer Springs fault offsets the Pilot Formation 1.3 miles and the

Tunnel Springs fault offsets the Penoyer Springs thrust fault 1.4 miles.  Armstrong and

Bartley (1993) made conclusions about the lateral thrust termination in the southern

Golden Gate Range without recognizing key units and faults at the thrust termination in

Baseline Canyon discussed in Appendix E.  They mismapped West Range Limestone and
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Joana Limestone as Guilmette Formation at the Baseline Canyon fault that intersects their

thrust fault termination.  DuBray and Hurtubise (1994) reversed the thrust fault

interpretation of the Fossil Peak thrust by Tschanz and Pampeyan (1970) without

recognizing key beds involved in the faulting.  It is shown in Appendix E that they

mismapped Silurian Laketown Dolomite as Sevy Dolomite and that they did not map a

thin exposure of Eureka Quartzite in fault contact with the Laketown Dolomite.  Also,

they overlooked the Fossil Peak footwall anticline highlighted by Devonian Sequences

(Appendix E).  Martin (1987) and Tschanz and Pampeyan (1970) did not recognize key

stratigraphic and structural relationships and mistakenly changed the stratigraphic

displacement at the north end of Freiburg Mountain from Ordovician on Devonian to

Ordovician on Ordovician.  Recognition of Devonian sequences in the footwall east of

Worthington Peak improved the accuracy of the geologic map in this area.  The revised

map turns the fault eastward instead of westward and places Ordovician on Devonian

rocks (Appendix E).  Dunn (1979) interpreted the Guilmette Sequence Dgb2 breccia in

the Mail Summit 7.5-minute quadrangle as local reef talus, but did not recognize the

significance of its lateral continuity across many other ranges in the area (Warme et al.,

1993; Warme and Kuehner, 1998).  Therefore, detailed knowledge of the order,

boundaries, and genesis of Paleozoic sequences is essential to making a geologic map that

constrains structural and paleogeographic interpretations.

Sequences and Sequence Boundaries  A sequence, as used in this paper, is a bundle of

one or more conformable depositional cycles bounded by discrete bedding surfaces or

boundaries that are widely traceable (Chamberlain and Warme, 1996).  For practical

purposes, the mappable sequences were grouped together into formations to produce

Plate 1a.  Plate 6 is an example of a geologic map showing Devonian sequences at TMS. 

The sequences typically produce unique gamma-ray patterns that simplify regional

correlations.  Many preserved bedding surfaces or erosional surfaces represent significant
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unconformities or their correlative conformities (Mitchum et al., 1977).  Reid and

Dorobek (1993), and many others, used this definition to study carbonate strata.  They

suggested that sequence-bounding unconformities show evidence of subaerial erosional

truncation or subaerial exposure and represented significant depositional hiatuses.  Many

sequence bounding unconformities in TMS are karstified.  Karstification can represent

minor exposure with the removal of several inches of strata.  It can also represent a

significant drop in relative sea level resulting in karst cavities, extensive breccia,  removal

of tens to hundreds of feet of section, and freshwater phreatic diagenetic alteration 100

feet or more below the unconformity.  Only the major karst intervals or dissolution

surfaces (DIS) are illustrated in the TMS stratigraphic column (Figure 13).  

Mechanisms for Cycle and Sequence Development  The driving forces that create

stratigraphic cycles and sequences, and particularly carbonate cycles and sequences, are

not completely understood.  Earlier work (e.g., Vail et al., 1977) attributed the mechanism

for sequence generation to eustatic sea-level change.  Others argued for tectonic or other

forces (e.g., Wilkinsen et al., 1998).  Many papers deal with the driving forces of cycles at

all scales arguing all sides of the question.  For example, Yoshida et al. (1996) found no

independent evidence for eustasy controlling deposition of the siliciclastic Mesaverde

Group of the Book Cliffs, Utah.  However, the Mesaverde Group is one of one of the

best-described and best-known instances of high-frequency successions in North

America.  New evidence from Yoshida et al. (1996) suggested that tectonism involving

changes in intraplate stresses originating from thrust-belt compression may be the major

mechanism for sequence generation in foreland basins.  The researchers found no

evidence of climatically induced changes in sediment supply for the Mesaverde Group. 

They saw no need to invoke eustasy as a mechanism to control sequences.
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and Warme, 1996).  See Figure 14 for the legend.
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Figure 14  Legend for Figure 13 describing and defining Devonian sequences, features at
sequence boundaries, and symbols.  See Figure 4, Figure 9, and Plate 6 for location of TMS.

In another system in another part of the world, Satterley (1996) suggested that

Late Triassic eustatic sea-level fluctuations were ineffective in controlling sedimentation

of the Dachstein Limestone, Austria.  He suggested that vertical facies patterns are best

explained by aperiodic fault-controlled downdropping.  

On the other hand, Yang et al. (1995) suggested that Milankovitch climatic
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forcing was responsible for cycle periodicity of the Lost Burro Formation rocks in the

Panamint Range over a large, low-latitude Devonian carbonate platform.  However, in

their work on the Virgilian and Wolfcampian Cisco Group in north-central Texas, Yang

et al. (1998) pointed out the importance of distinguishing the roles of autogenic versus

allogenic processes to establish a high-resolution (meter-scale) chronostratigraphy of any

sedimentary record.  An allocyclic Cisco record in the lower platform contains abundant

autocyclic imprints because allogenic controls on cyclic sedimentation were

accomplished through local autogenic processes.  Elrick (1995) suggested that the cycles

in the Great Basin Simonson Dolomite formed in response to glacio-eustatic sea-level

oscillations.  Similarly, McLean and Mountjoy (1994) attributed parasequence cycles in

the Canadian Devonian Cairn Formation to high-frequency sea-level oscillations, but

Wilkinson et al. (1996) concluded that meter-scale cyclicity was more apparent than real. 

They also suggested that perceptions of repeated and eustatically driven platform flooding

were largely incorrect, and that much of the presumed stratigraphic order in peritidal

carbonates reflected random migration of sedimentary subenvironments.  From their work

on the peritidal Upper Cambrian and Conocoheague Formations, Virginia, Wilkinson et

al. (1998) concluded that the frequence of stratigraphic recurrence of 265 shallowing-

upward cycles is random.  They believed that in most epicratonic peritidal sequences

meter-scale variations in carbonate deposition are randomly controlled and are not related

to recurrent intrabasinal or extrabasinal mechanisms that force rhythmic sediment

accumulation.  Furthermore, Wilkinson et al. (1999) showed that Phanerozoic peritidal

sequences exhibit exponential thickness frequence distributions and that thickness

distribution is independent of facies type.  In other words, numbers, sizes, and

compositions of carbonate units in the Phanerozoic imply a less deterministic relation

between environment of accumulation that the lateral/vertical distribution of different

stratal elements in cratonic peritidal sequences.  The linkage between sea-level change

and sequence shape and size relies on deterministic conjectures.  In contrast, Gupta and

Allen (1999) speculated that high-frequency episodic fluctuations in relative sea level of
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the French Early Tertiary Alpine foreland basin are a consequence of glacioeustatic sea-

level oscillations of > 0.5 m.y. duration.  These oscillations are superimposed upon a

steady relative sea-level rise resulting from the background flexural subsidence.  Their

conclusion is based on data from which sediment supply can be eliminated as a variable. 

They analyzed the paleoshoreline features preserved along the Eocene Nummulitic

Limestone Formation basal unconformity of the basin in southeastern France.

Sami and James (1994) inferred that small, meter-scale cycles in the Proterozoic

upper Pethei Group, northwest Canada, were mainly autogenic, having formed in an

aggradational tidal island model.  They interpreted the formation-scale and decameter-

scale cycles as controlled by changes in eustasy and subsidence rates.  Along similar

lines, Goldhammer et al. (1993) claimed those cycles in the Lower Ordovician Diablo

Platform, west Texas, were probably driven by a combination of high-frequency, eustatic

sea-level oscillations and autocyclic progradation.

Rankey and Walker (1994) suggested that carbonate platform cycles on the

Cambrian Iapetan passive margin in the southern Appalachians are caused by autocyclic

aggradation and progradation unrelated to sea-level fluctuations.  In their model, the

carbonate-producing mechanism shifts laterally to a more favorable location when the

shallowing-upward cycle reaches its upper limits and the mechanism shuts off.  

Another possible mechanism for cycle development involves tectonic activity. 

McLean and Mountjoy (1994), for example, attributed episodic longer-term regional

development of Canadian Devonian sequences superimposed on a high-frequency

cyclicity to episodes of tectonic loading related to the Antler orogeny.  This hypothesis is

important for the current research because Devonian rocks in the eastern Great Basin

were deposited in the Sunnyside basin (Plate 3), next to and east of the region of the

Antler orogeny.  

In summary, agreement on the mechanisms for cycle and sequence development

has not been reached.  A combination of mechanisms could account for the cycles and

sequences in the Sunnyside basin.  Autocyclic mechanisms may have controlled
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development of cycles because cycles are not correlative throughout the basin.  Some of

these carbonate autogenic processes include variations in carbonate production and

dispersal, intensity and frequency of tropical storms and monsoons, thermohaline

circulation patterns, and ambient ocean chemistry and temperature as a control on cycles

within the sequences.  Tectonic or eustatic controls may have controlled regionally

correlatable sequences.  Tectonic pulses of the active Antler Orogeny likely affected

relative sea-level changes in the adjacent Sunnyside basin.  However, until more precise

methods of dating the emplacement of the Antler thrust sheets can be made, the driving

mechanisms for sequence development in the Sunnyside basin remain undetermined. 

Erosion at sequence boundaries precludes making useful conclusions of cycle stacking

patterns between sequences in the Sunnyside basin because much of the record is

missing. 

In this report, the Sunnyside basin is identified and interpreted as the incipient

Antler foreland basin that began to form in the Early Devonian.  Episodic tectonic pulses

of the incipient Antler orogeny may be responsible for some large-scale sequences in the

Great Basin Devonian.  Sequences defined in this study are correlatable throughout the

Sunnyside basin.  However, the composition, thickness, and number of shallowing-

upward cycles within the sequences are highly variable across the Sunnyside basin. 

Similarly, Lehmann et al. (1998) found that composition, thickness and number of meter-

scale cycles within their sequences of the Early Cretaceous carbonates and evaporites are

highly variable across the Cupido and Coahuila platforms, northeastern Mexico.  They

attributed the cycle variability to interacting processes that created variable physiographic

and oceanographic conditions across the platforms that complicated the sedimentary

record generated by Milankovitch-driven sea-level changes. 
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Devonian Sequences at TMS

 

Table 4 provides a convenient reference for the thicknesses, numbers of cycles

and significant features that locally distinguish each sequence.  Figure 13 is a composite

stratigraphic column illustrating the surface gamma-ray log, generalized lithology,

relative sea-level curve, and sequence boundary characteristics for sequence at TMS.  It

was constructed from three segments (Figure 4 and Plate 6).  Segment 1 starts in the

Sevy sequence 3 and ends at the top of the Simonson Brown Cliff Sequence.  Segment 2

starts at the top of the Brown Cliff Sequence and ends in Guilmette Sequence Dgd. 

Segment 3 starts near the top of Guilmette Sequence Dgb2 and ends in the Mississippian

“Penoyer Limestone” (Table 1).

Overlap from the top of Sequence Dgb2 to the lower part of Sequence Dgd in

segments 2 and 3 was intentional.  In segment 2, Sequence Dgb3 is a stromatoporoid reef. 

This section is called reef core herein and a letter “c” is added to the sequence

designation.  For example, Dgbc is Sequence Dgb where Dgb3 is the stromatoporoid reef. 

On the other hand, Sequence Dgb3 in segment 3 is on the reef flank.  A letter “f” is added

to the sequence designation.  For example, Dgbf is Sequence Dgb where Dgb3 is on the

reef flank.  Figure 14 is a legend for symbols and abbreviations in Figure 13, Table 4,

and Figure 28. 
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Table 4  Thickness, numbers of cycles, and significant
features of Devonian sequences in southwest Mail Summit
measured section, Timpahute Range, Nevada.

Seq.
Abbrev.

Thickness
in Feet

Cycles Significant Features

Dga2 145 8 Shallowing-upward cycles that successively deepen
upward, predominantly limestone, open-marine fauna,
ledges and slopes

Dga1 250 12 Shallowing-upward cycles that successively deepen
upward, predominantly dolomite, open-marine fauna,
ledges and slopes

Dgys 182 10 Yellow, silty dolomite, stromatolites, and cycles capped by
thin beds of very fine-grained quartz sandstone, ostracodes,
forms slopes

Dgfm 135 4 Open shelf fauna, brachiopod Stringocephalus, resistant
cliffs.

Dsiualt 285 12 Shallowing-upward cycles that successively deepen upward
giving the dolomite an alternating dark and light band
appearance, karst breccia, ledges

Dsibc 85 4 Open shelf fauna (corals, stromatoporoids), dark brown-
gray dolomite cliff

Dsilalt 265 12 Alternating intertidal-supratidal or dark and light bands of
dolomite ledges

Dsicxln 225 4 Coarsely crystalline dolomite capped by karsted interval,
light-gray to light-gray brown cliffs

Dox2 95 2 Quartz sandstone with hummocky cross-bedding at base
overlain by sandy dolomite, ledge

Dox1 100 4 Burrowed, silty dolomite with flat-pebble conglomerate at
base, light-brown slope

Dse3 240+ 12+ Light-gray, fine-grained, laminated dolomite, slopes, base
concealed

Total  4370 189+
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Table 4 Continued

Seq.
Abbrev.

Thickness
in Feet

Cycles Significant Features

MDp2 115 2 Silicified stromatolites and laminated black chert, slope

MDp1 130 2 Silty limestone capped with fossil bone-bearing sandstone,
slope

Dwr 153 4 Silty, burrowed limestone, partly covered slopes

Dgg 567 29 Carbonate cycles capped by thick (>10 feet) quartz
sandstone beds

Dgf 267 16 Slightly deeper cycles and contains more limestone than in
adjacent sequences

Dge 235 17 Carbonate cycles capped by thin (<10 feet) quartz
sandstone beds

Dgd 406 23 Amphipora dolopackstone, dark-gray ledges and cliffs

Dgc 188 6 Silty limestone with abundant gastropods & burrows, slope

Dgb3 97 3 Stromatotoporoid and coral reef facies, light-gray cliffs

Dgb2 179 1 Graded bed of carbonate breccia, open-marine fauna,
brown-gray cliffs

Dgb1 26 2 Abundant corals, stromatoporoids, and Amphipora,
limestone cliffs

Although some sequence boundaries do not exactly coincide with formation

contacts, the sequences are grouped into formations wherever possible.  Characteristics of

each formation, including lithology, weathering profile, gamma-ray character, distribution

of the formation in the study area, cycle attributes and tectonic significance, are described

in this chapter.  Then each sequence is described.  Detailed descriptions of each cycle

within each sequence are presented in Appendix B.  Photomicrographs and their

descriptions from the lower Guilmette sequences are presented in Appendix C.  
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Recorded in the measured section are three major Devonian sea-level lowstand

events (L1-L3, Figure 13) that produced regionally and economically significant karst

intervals, and six major sea-level transgressions (T1-T6, Figure 13 and Plate 2a). 

Bounding surfaces and internal features were interpreted for their relative sea-level

changes and paleoenvironmental significance, and the results were used to create a

relative sea-level curve.  Criteria used to classify sequences are presented in Table 3,

Chapter 3.

Sevy Dolomite

Three mappable sequences comprise the Sevy Dolomite in the Sunnyside basin. 

Isopach maps of the sequences suggest that the center of the Sunnyside basin in Sevy

Dolomite time was near Eureka, Nevada (see Figure 2 for location of Eureka, Nevada). 

Only 240 feet of Sequence 3 are exposed at TMS.  However the Sevy Dolomite is 980

feet thick in the Tempiute Mountain section where all three sequences are exposed (No.

53, Figure 9; Figure 12; see summary of this chapter for another correlation chart

involving the Tempiute Mountain measured section).  In the study area and areas east of

the Diamond Range, the Sevy Dolomite lies unconformably on Silurian Laketown

Dolomite.  It lies unconformably on top of the Silurian Lone Mountain Dolomite in the

Diamond Mountain vicinity (Figure 9, Nos. 14, 15, 16, 23, and 34).  

Characteristics of the Sevy Dolomite

The Sevy Dolomite is a 500 to 1,600-foot-thick, monotonously repetitive, micritic

to finely-crystalline, laminated, light-to very light-gray, dense dolomite that occurs

throughout the study area (Plate 1a).  Typically, the sequence boundary at its base occurs
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at the change from cliff-forming, dark-gray, chert-bearing, fossil-rich Silurian Laketown

Dolomite to the slope-forming, fossil-poor, laminated, light-gray Devonian Sevy

Dolomite.  Reso and Croneis (1959) reported Lower Devonian (Oriskany) fossils in the

Sevy Dolomite in the Pahranagat Range, five miles south of the study area.  Tschanz and

Pampeyan (1970) suggested that the Lower Devonian fossils occur considerably below

the Oxyoke Canyon Sandstone Member of the Nevada Formation west of Eureka.  They

occur above the Halysites-bearing dolomites of the underlying Silurian Laketown

Dolomite.  Halysites corals are marker fossils of the Laketown Dolomite.

On fresh surfaces, the color of the Sevy Dolomite varies much more than it does

on weathered surfaces.  Fresh color ranges from light gray to dark gray, to light olive gray

to light brownish gray.  The light olive gray to light brown gray is typical for most of the

section throughout most of the region.  The darker grays are generally limited to the

uppermost part of the sequence.  However, sections in Elko and northernmost White Pine

counties in Nevada and Silver Island Mountains in northwestern Utah (Figure 9, Nos. 41,

42, 45, and 47) are different.  In these sections, the darker grays are prevalent throughout

the formation.  Most of the rocks in the formation contain thin stromatolitic laminations. 

Osmond (1954) described the sequence as uniformly micritic.  The outcrops that I

observed show the average grain size to be closer to very finely crystalline.  

The Sevy Dolomite maintains its lithologic character from southern Nevada to

southern Idaho and central Utah.  It is easily recognized in the field by its micritic to very

finely-crystalline grain size, extensive laminated beds, distinctive very light

gray-weathering color and its slope-forming weathering profile (Table 4).  Figure 15 

illustrates the distribution of 68 outcrops of Sevy Dolomite covering 15.65 square miles

in the Timpahute Range quadrangle.

SE ROA 37120

JA_8626



104

T1N

115 W

T5S

R62ER57E

 N
ye

 C
ou

nt
y 

 L
in

co
ln

 C
ou

nt
y 

37.5 N

116 W
38 N

68 Sevy Dolomite outcrops on the new Timpahute Range 30' X 60' quadrangle geologic map = 15.65 sq miles

10

Miles

50

New Map

Dse

Old Map Errors

Dse

Figure 15  Distribution of Sevy Dolomite outcrops on the new geologic map of the Timpahute
Range quadrangle.  Areas erroneously mapped as Sevy Dolomite on the old geologic map are
marked in red.  Degrees N latitude and W longitude are marked at the corners of the map. 
Surveyed township and range lines are blue and section lines are yellow.

Lower Contact  As noted by Osmond (1962), the surface between the Silurian

Laketown Dolomite and the Devonian Sevy Dolomite is a regional unconformity that can

be readily recognized in some sections.  In other sections, the unconformity is obliterated

by recrystallization and dolomitization.  This lower contact is picked in the measured

sections at an abrupt decrease in fossils and bedded chert and where gamma radiation

decreases.  Locally a thin sandstone bed or sandy dolomite bed occurs at the base of the

Sevy Dolomite, as Osmond (1962) reported.  This boundary may also be subtle and occur

on partly covered slopes.

SE ROA 37121

JA_8627



105

Upper Contact  Sharp in most measured sections, the upper contact of the Sevy

Dolomite is picked at the unconformity between light-gray, supratidal, finely-crystalline

stratal dolomite and light yellow-gray beds containing the first occurrence of “Oxyoke

Formation” detrital sand grains.  This erosion contact is overlain by breccia clast beds and

sandy dolomite that is probably related to transgressive marine flooding and sedimentary

reworking.  Light gray clasts in the light yellow matrix are from the underlying Sevy

Dolomite.  A sharp increase in gamma radiation also marks the contact.  Even without an

obvious increase of siliciclastic grains in the carbonate beds, the increase in gamma

radiation at the base of the overlying “Oxyoke Formation” is generally present.

In contrast to other workers who place the second order Kaskaskia sequence of

Sloss (1963) at the base of the Sevy Dolomite, I place it at the top.  I believe the

unconformity at the top of the Sevy Sequence is the base of the Kaskaskia (Figure 10). 

The unconformity is marked by a more distinctive change in lithology and reflects a

greater facies shift than the unconformity at the base of the Sevy Dolomite.  Most of the

Devonian strata at Mail Summit are incorporated in the Kaskaskia sequence of Sloss

(1963) and as refined by Wheeler (1963).  The paucity of fossils disallows placement of

the lower Kaskaskia sequence boundary more precisely.

Gamma Radiation

 Gamma-ray logs help divide the Sevy Dolomite into three regionally correlatable

sequences: lower, middle and upper.  Gamma radiation is lower over Sevy Sequence 1

and Sequence 3 and higher over Sevy Sequence 2 (Figure 12).  Sevy Sequence 1 is

between 50 and 70 CPS (Counts Per Second) in the Tempiute Mountain measured section

and is constantly about 20 API units in the Moore McCormack well.  Sevy Sequence 2 is

mostly between 70 and 110 CPS at Tempiute Mountain and 20 to 30 API units in the
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Moore McCormack well.  Sevy Sequence 3 is mostly 60 CPS at Tempiute Mountain, 20

API units in the Moore McCormack well, and 90 CPS in the TMS.

 

Environment of Deposition

Although the occurrence of fossils in the Silurian Laketown Dolomite suggests

deposition in open-shelf conditions, I agree with Osmond (1962) who believed that the

generally fossil-poor Sevy Dolomite originated mainly as a primary evaporitic dolomite

in a supratidal setting.  Most of the Sevy Dolomite is composed of the supratidal finely-

crystalline stratal dolomite facies.  This dolomite facies and other dolomite occurrences at

TMS are described later in this chapter.  Anhydrites have not been found in measured

sections and wells listed in Table 2 and in Appendix F.  However, other characteristics

common to sabkhas such as absence of fossils, thin pebble conglomerates, stromatolitic

laminae, desiccation cracks, and other diagenetic modifications such as dolomite

replacement to form finely-crystalline stratal dolomite, tepee structures, and disrupted

bedding strongly indicate supratidal conditions and indirectly suggest hypersaline

conditions. 

The paleogeography of the eastern Great Basin during much of Sevy Dolomite

time is interpreted as a vast sabkha, extending for hundreds of miles in width and perhaps

a thousand miles or more along depositional strike.  Just west of the Diamond Range, 100

miles north of the study area, was a narrow area of intertidal conditions next to an area of

subtidal conditions (Figure 9, Nos. 14, 15).  Correlative intertidal beds include the

Beacon Peak, upper part of Lone Mountain, Wenban Limestone, Rabbit Hill, and the

upper part of Roberts Mountain Formation, as Matti (1979) pointed out (Figure 10). 

Telescoping of the section by thrusting during the Sevier orogeny in the Diamond Range

area is probably responsible for what now may be a very narrow, abrupt outer shelf

(Chamberlain and Birge, 1997).  Many workers have reported thrust faults in the area

SE ROA 37123

JA_8629



107

(Nolan, 1962; Nolan et al., 1971; Nolan et al., 1974; Roeder, 1989; Carpenter et al., 1993;

Camilleri, 1999).  Outer shelf deposits now lie next to sections with supratidal and

subtidal deposits.  Thrust fault restorations suggest that they were probably deposited

west of Sunnyside basin and have been subsequently thrust into their present position. 

Relative sea-level changed little during Sevy Dolomite time; most cycles begin in high

intertidal conditions and end in high supratidal conditions.  

In the Silver Island Mountain section (Figure 9, No. 47) in northwestern Utah, the

typical Sevy Dolomite lithotype is missing.  A local fossiliferous, medium dark-gray

weathering dolomite, similar to the Lone Mountain Formation, occurs at the same strati-

graphic interval.  The interval contains a few beds of typical Sevy Dolomite lithology just

beneath the Simonson Dolomite.  This suggests the development of a marine embayment

on the shelf.  The presence of this lithotype at this location could also be due to tectonic

transport from the west by the Sevier thrusting event.  Also it could be the result of

tectonic transport from the northwest by pre-Sevier thrusting (N. Silberling, 1998,

personal communication).  Farther north and east, at Samaria Mountain in southern Idaho

(Figure 9, No. 46), the Lower Devonian Water Canyon Formation exhibits typical Sevy

Dolomite-like stratigraphy.  Other workers have previously correlated the Water Canyon

Formation with the Sevy Dolomite (Hintze, 1988).  However, more data are needed to

better define the paleogeography of the Samaria Mountain area.  

“Oxyoke Formation”

The “Oxyoke Formation” at TMS is 195 feet thick and is composed of two

sequences.  It is a distinctive light-brown argillaceous and sandy interval between the

light-gray Sevy and medium dark-gray Simonson Formations, and thus, an important

regional marker bed.  The lower contact at TMS is sharp and is marked by a regional LSE

cut into the top of the Sevy Dolomite and merged with a TSE and associated rip-up clasts
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above the unconformity.  It is distinct at TMS where light-gray dolomite is overlain by

light-brown argillaceous dolomite of “Oxyoke Formation” Sequence 1.  Forming a

prominent brown cliff, sandstones of “Oxyoke Formation” Sequence 2 are the first

prominent occurrences of regionally distributed quartz sandstones in the Paleozoic rocks

above the Ordovician Eureka Quartzite.  Sandstones become interbedded with coarsely-

crystalline dolomite near the top of the sequence. The uppermost occurrence of quartz

sandstone marks the upper contact with the base of the Simonson Dolomite Coarsely-

Crystalline Sequence.  Sharp inflections on the gamma-ray log mark the lower and upper

contacts at TMS.  

Establishing the “Oxyoke Formation”

Inconsistencies in correlating the argillaceous and sandy interval between the Sevy

and Simonson Formations were discussed in Chapter 2.  Osmond (1962), Hurtubise

(1989), and other early workers each used different criteria to pick the contacts.  They did

not use sequence stratigraphic concepts to do so.  I have chosen to establish the “Oxyoke

Formation” as a mappable unit bounded by unconformities between the Sevy and

Simonson formations to avoid these inconsistencies.  Establishing the “Oxyoke

Formation” avoids confusion over arbitrary contacts based on facies variations. 

The “Oxyoke Formation” is not to be confused with the Oxyoke Canyon

Sandstone Member of the Nevada Formation of Nolan et al. (1956).  The type section of

the Oxyoke Canyon Sandstone Member of the Nevada Formation is in Oxyoke Canyon,

Diamond Range (Figure 9, No. 15).  It correlates with  “Oxyoke Formation” Sequence 1

in Figure 10.  However, the “Oxyoke Formation” as employed here is composed of two

sequences: Sequence 1 that correlates to the Oxyoke Canyon Member of Nolan, and

Sequence 2.  A reference section of the “Oxyoke Formation” is TMS (Figure 9, No. 51,

Table 2, and Figure 13).  
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Characteristics

The “Oxyoke Formation” is a distinctive grouping of facies assemblages and

lithologies between the Sevy and Simonson Dolomites.  It contains types of strata found

in neither the underlying Sevy Dolomite nor the overlying Simonson Dolomite.  The

“Oxyoke Formation” includes sandstone beds, sandy dolomites, and other beds above the

Sevy Dolomite unconformity and below the Simonson Dolomite Coarsely-Crystalline

Sequence.  It includes both the cherty argillaceous member and the sandy member

described by Osmond (1954), Reso (1960) and Hurtubise (1989).  At TMS and in much

of the Sunnyside basin, the argillaceous member generally corresponds to Sequence 1 and

the sandy member to Sequence 2.  However, Sequence 1 may be mostly quartz sandstone

with dolomite cement as at the type locality of the Oxyoke Canyon member of the

Nevada Formation (Figure 9, No. 15) and at other western sections.  In some eastern

sections, Sequence 2 lacks quartz sandstones.

At TMS, the lower part of the lowermost shallowing-upward cycle of the 100-foot

thick “Oxyoke Formation” Sequence 1 is a hummocky cross-stratified, light yellow-gray,

sandy, finely-crystalline dolomudstone.  Several inches of thin, light-gray Sevy Dolomite 

rip-up clasts that lie parallel to the bedding in sandy dolomudstone suggest a major

transgressive surface and mark the basal contact of the “Oxyoke Formation” Sequence 1. 

Normally, the significance of an unconformity is determined by the number of missing

faunal zones.  However, the paucity of fossils in the supratidal beds of the Sevy Dolomite

preclude identifying the unconformity based on missing fossils.  Therefore, other physical

evidence such as the transgressive lag, irregular contact, missing Sevy Dolomite cycles on

regional correlations must be used to find the significance of the unconformity.  The

transgressive intraclast packstone lag is overlain by a burrowed light yellow-brown

weathering dolomudstone with quartz sand and black chert nodules two to three inches in

diameter (Plate 2a).  Intensity of burrowing decreases upward.  Near the top of Sequence

1, the dolomites become more laminated.
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“Oxyoke Formation” Sequence 2 contains persistent quartz sand intervals that are

about five to 60 feet thick in most sections in much of the Sunnyside basin.  At TMS, a

54-foot thick quartz sandstone bed forms a prominent brown cliff in the 95-foot thick

sequence.  The sandstone weathers medium yellow-brown and is cross-bedded, fine- to

medium-grained and is poorly cemented with dolomite.  Throughout the Sunnyside basin,

quartz grain size ranges from medium sand to silt size.  Fine- to medium-grained sand is

most common.  Sandstones commonly are subordinate to quartz-sand dolomites and may

be missing altogether.  In sections that contain no distinct quartz sandstone, the “Oxyoke

Formation” is characteristically a silty dolomite bearing quartz sand grains.  At localities

where the base and top of the sequence are difficult to find, the gamma-ray log signature

is diagnostic. 

In the type locality of the Oxyoke Canyon member of the Nevada Formation or

“Oxyoke Formation” Sequence 1 (Figure 9, No. 15), the trough cross-bedded sandstone

is light olive-gray on a fresh break.  It is medium- to coarse-grained in contrast to

“Oxyoke Formation” sandstones in sections farther east.  Nolan et al. (1956) reported a

transgressive bed containing many casts of large crinoid columnals near the base of the

unit at Phillipsburg mine, 15 miles north of the type locality (Figure 9, No. 16).  Fossils

are lacking in the unit in sections farther east.

Throughout the Sunnyside basin, horizontally laminated and ripple laminated beds

are common, and these may contain dolomite interlaminations.  Many sandstone beds

have sedimentary structures such as horizontal planar laminations and hummocky cross-

stratification that suggest a lower shoreface environment.  Typically, the sandstones grade

up to fine-grained sandstones with desiccation cracks suggesting a tidal flat origin.  Near

the top of the unit, interbeds of dolomite are coarsely crystalline.  Sparse quartz-sandy

laminae and floating quartz grains occur in the upper part of many sections where

carbonate beds dominate.  The quartz grains are subrounded to rounded, well-sorted, and

fine- to medium-grained.  Laminae of quartz grains commonly appear as discrete lenses

within cross-bedded dolomite.
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Seventeen feet of upward thickening, finely-crystalline, quartz sand-bearing

dolomite beds that weather medium yellow-brown lie on top of the sandstone interbed at

TMS.  The upper contact of the “Oxyoke Formation” is marked by an irregular surface of

erosion and where sand content abruptly decreases zero.  The less radioactive Coarsely-

Crystalline Sequence of the Simonson Dolomite overlies the upper beds of the “Oxyoke

Formation” at TMS.  See Appendix B for a more detailed description of the “Oxyoke

Formation” sequences and cycles at TMS.

Thickness

The “Oxyoke Formation” is 285 feet thick at Tempiute Mountain (53), 195 feet

thick in the reference section at TMS (51), 430 feet thick at Monte Mountain (52), 285

feet thick in the Maxus Moore McCormack well (35), and 230 feet thick at Cutler

Reservoir, Pahranagat Range (38)--see Figure 9 and Table 2 for surface and subsurface

section locations.  It thickens to a maximum of about 580 feet in Oxyoke Canyon,

Diamond Range, Sec. 20 T18N R54E.  The sandy member of Hurtubise (1989) at Fossil

Peak, Sec. 30 T2S R61E, is 139 feet thick and at Timber Mountain, Sec.10 T2N R62E, it

is 101 feet thick.  Hurtubise (1989) measured 22 feet of net sand within the sandy

member at Timber Mountain section but did not provide a figure for net sand at Fossil

Peak, which probably ranges between 50 and 150 feet.  Sandy beds are absent in the

“Oxyoke Formation” of the Pequop Range (Figure 9, No. 41), Cherry Creek Range

(Figure 9, Nos. 8 and 9), Ruby Range (Figure 9, No. 45), and the Silver Island

Mountains (Figure 9, No. 47).  Nevertheless, the distinctive gamma-ray signature persists

in these sections that appear to have a higher silt and clay content than the underlying and

overlying formations.  An isopach map of the “Oxyoke Formation” and a discussion of

quartz sandstones in the Sunnyside basin are presented in Chapter 7.
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Gamma Radiation

In contrast to the smooth, nearly constant line of low radiation over the upper part

of the Sevy Dolomite, the gamma-ray log exhibits sharp fluctuations over the more

radioactive, argillaceous, and sandy “Oxyoke Formation.”  The lower contact of the

“Oxyoke Formation” is easy to pick and correlate on gamma-ray logs because of the

sharp rightward inflection caused by an increase in gamma radiation and in cuttings. 

Higher radiation is typical of the argillaceous “Oxyoke Formation.”  Figure 12 provides

an example of the correlation from surface to subsurface sections.  In the Maxus

Exploration Moore McCormack well (Figure 9, No. 35)--a well near the study area (Sec

6 T7S R58E) that penetrated Devonian rocks--the 285-foot-thick “Oxyoke Formation”

exhibits the sharp rightward gamma-ray inflection at its base.  As with the surface

gamma-ray on nearby outcrops, the “Oxyoke Formation” produces more radiation than

the underlying Sevy Dolomite and the overlying Simonson Dolomite.  It is highest over

argillaceous “Oxyoke Formation” Sequence 1 and lower over sandy Sequence 2 (Figure

12).

 The anomalously low gamma radiation of “Oxyoke Formation” Sequence 2 at

TMS is probably due to the abundance of medium to coarse quartz sand grains that dilute

the finer-grained, more radioactive particles.  Similarly, in the type locality of the Nevada

Formation Oxyoke Canyon Member at Oxyoke Canyon near Eureka, Nevada, the gamma-

ray signature of the light gray sandstone is less pronounced than in the adjacent dolomites

of the Sevy Dolomite below and Simonson Dolomite above (Cedar Strat proprietary

measured section, 1985). 

A pronounced upward decrease in gamma radiation marks the top of the “Oxyoke

Formation” in most sections (Plate 2a).  In some sections the upward decrease in gamma

radiation is gradational with the overlying Coarsely-Crystalline Sequence of the

Simonson Dolomite.  
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Sand Provenance

As stated in Chapter 2, the source of the sandstone in the “Oxyoke Formation” is

problematical.  Osmond (1954, 1962) and Poole et al. (1992) suggested an easterly source

for the sand.  However, this study proposes an alternative source area.  Introduced in

Chapter 2, the Antler forebulge was likely the source area for “Oxyoke Formation” quartz

sandstones in the western side of the Sunnyside basin.  The quartz sandstones in the

“Oxyoke Formation” coarsen and thicken westward toward the Antler forebulge where

unconformities on the west flank of the Sunnyside basin have cut out older Paleozoic

rocks including Eureka sandstones.  For example, in the Toquima Range, a window

through the Roberts Mountain allochthon of Ordovician rocks reveals that Mississippian

rocks unconformably lie on Cambrian rocks (Cedar Strat proprietary measured section). 

Measured sections of the region suggest that the Ordovician Eureka Quartzite was at least

400 feet thick about the forebulge.  Eureka sandstones eroded off the forebulge were

recycled and were redeposited in the back-bulge Sunnyside basin during the Devonian. 

The implications of the distribution of quartz sandstones in the Sunnyside basin and the

regional tectonic features affecting Devonian paleogeography are presented in Chapter 7.

Environment of Deposition

Burrows in silty dolomudstone above the hummocky cross-stratified sandy

dolomudstone at the base of Sequence 1 suggest a shallowing-upward from above storm

wave-base in open-shelf conditions to low-intertidal conditions (Plate 2a).  J. Warme

(1999, personal communication) reported Zoophycus at Six Mile Flat, nine miles

northeast of Hiko, suggesting quiet water.  The abundance of burrows decreases upward

to laminated dolomudstone.  This suggests a shallowing-upward cycle to supratidal

conditions at the top of Sequence 1.  
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Overlying the laminated dolomudstones of Sequence 1 is a cliff-forming

sandstone interbed containing hummocky cross-stratification in the lower part of

“Oxyoke Formation” Sequence 2.  The hummocky cross-stratification was probably

deposited above storm wave-base in open-shelf conditions.  These sandstones were

overlain with a clean, well-sorted, bidirectional trough cross-bedded sandstones that were

probably deposited as upper shoreface sandstones.  Above the shoreface sandstones,

tabular cross-bedded sandstones suggest beach or intertidal conditions.  Above the

sandstone interbed, quartz sand content decreases gradually upward for 35 feet to the top

of the “Oxyoke Formation.”  The upper contact of the “Oxyoke Formation,” marked by a

leftward flexure in gamma radiation, is the uppermost occurrence of quartz sandstone at

TMS.  Although bedding is obliterated by dolomitization, the higher gamma radiation at

the top of the “Oxyoke Formation” could be a result of supratidal dolomite typical of

many shallowing-upward cycles of the Devonian at TMS.

Oxyoke Formation at Tempiute Mountain and Monte Mountain

The “Oxyoke Formation” at Tempiute Mountain and Monte Mountain displays

some variability of the unit.  It is composed of four shallowing-upward cycles at Wildcat

Wash, Tempiute Mountain (Figure 9, No. 53; see Plate 1a for measured section

location), where its base is less conspicuous than at TMS because it lacks rip-up clasts at

the contact.  I place the basal contact where dark-gray weathering dolomite overlies light-

gray weathering dolomite.  It coincides with a significant increase in gamma radiation

(Figure 13).  A 52.5-foot quartz arenite occurs near the top of the “Oxyoke Formation.” 

It is pale red gray on a fresh and weathered surface.  Cemented with dolomite, its fine

sand grains are trough crossbedded.  It overlies a 60-foot bed of quartz sand-bearing

dolomite.  A sharp upper contact marks the change from sandstone to dark weathering,

laminated dolomite of the Simonson Dolomite Coarsely-Crystalline Sequence.  Gamma
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radiation is low over the sandstone and begins to increase over the dolomite above the

sandstone (Figure 13).  About a mile south of Wildcat Wash the “Oxyoke Formation” is

shattered, liquified, and jammed upward into a set of dikes and sills associated with the

cosmolite impact (Warme and Kuehner, 1998).

The “Oxyoke Formation” at Monte Mountain (No. 52, Figure 9) has one thick

(35-foot) quartz arenite and three thin (5- to 10-foot) ones near the base.  Approximately

100 feet of sandy dolomite beds occur near the top of the interval.  Eleven shallowing-

upward cycles produce a serrated gamma-ray pattern at Monte Mountain. 

“Oxyoke Formation” Sequences 

Two sequences, containing six shallowing-upward cycles, occur in the 195-foot

thick “Oxyoke Formation” at Mail Summit.  They are described briefly below and in

detail in Appendix B.  

“Oxyoke Formation” Sequence 1  “Oxyoke Formation” Sequence 1 at TMS is 100

feet thick and comprised of four of the six “Oxyoke Formation” cycles.  The lower

boundary of Sequence 1 is a merged LSE and TSE.  It separates the underlying ledge-

forming, laminated, quartz-free, light-gray Sevy Dolomite from the overlying slope-

forming, light-yellow-brown, sandy, hummocky cross-stratified, intraclast (flattened rip-

up clasts) packstone that grades upward to finely-crystalline, black chert nodule-bearing,

burrowed “Oxyoke Formation” dolomudstone.  In cuttings, the Sevy Dolomite and the

“Oxyoke Formation” could be confused unless the silty and cherty nature of the “Oxyoke

Formation” is observed.  A minor rightward gamma-ray spike followed by a prominent

leftward gamma-ray inflection marks the base of Sequence 1 (Figure 13).  All four of the

Sequence 1 cycles are shallowing-upward cycles and are interpreted as beginning in
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restricted-marine to intertidal conditions and culminating in low-intertidal to supratidal

conditions.  

“Oxyoke Formation” Sequence 2  “Oxyoke Formation” Sequence 2 is 95 feet

thick and is composed of two cycles at TMS.  The lower cycle is a light orange-brown

quartz sandstone cliff that creates a regionally recognizable but intermittent stratigraphic

marker.  Hummocky cross-stratification at the base of the cycle suggests a second major

deepening event within the “Oxyoke Formation.”  Medium yellow-brown, fine- to

medium-grained, crossbedded, poorly dolomite-cemented quartz sandstone comprises the

rest of the cycle.  Quartz sand content decreases upward, and the cycle appears to shallow

upward.  The second cycle is composed of finely-crystalline, medium dark-gray dolomite

that contains upward-thickening sandy beds.  Superficially, the transition upward from

sandy “Oxyoke Formation” beds to the overlying Coarsely-Crystalline Sequence of the

Simonson Dolomite seems gradual.  However, a significantly sharp leftward gamma-ray

inflection was used to define the boundary (Figure 12 and Figure 13).  In other sections,

the contact between the sandy, light-brown “Oxyoke Formation” and the sand-free,

medium-gray Simonson Dolomite is sharp on the outcrop and gamma-ray log.

Simonson Dolomite

The Simonson Dolomite at TMS is 860 feet thick and is composed of four

sequences (Table 4), which coincide with the four members of the Simonson Dolomite

identified by Osmond (1954): Coarsely crystalline, Lower Alternating, Brown Cliff, and

Upper Alternating.  It is characteristically banded with light-gray and dark-brown bands
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Figure 16  Distribution of Simonson Dolomite outcrops on the new geologic map of the
Timpahute Range quadrangle. Areas erroneously mapped on the old geologic map as Simonson
Dolomite are marked in red.  Degrees N latitude and W longitude are marked at the corners of
the map.  Surveyed township and range lines are blue and section lines are yellow.

that are one to tens of feet thick.  The bands represent upward shallowing cycles.  Elrick

(1995) interpreted the banded dolomites of the Simonson Dolomite as peritidal cycles. 

However, the broad shelf and the Antler forebulge probably dampened the effects of

tides. Two major karst surfaces, one at the top of the Coarsely-Crystalline Sequence and

the other at the top of the Upper Alternating Sequence, make the Simonson Dolomite a

potentially attractive hydrocarbon exploration target (Figure 13 and Stop #7, Appendix

D).  The economic potential of this interval is discussed in Chapter 8.  Pervasive

dolomitization of the Simonson Dolomite is discussed in later in this chapter.  Figure 16

shows the distribution of the 78 Simonson Dolomite outcrops that cover 17.67 square

miles in the Timpahute Range quadrangle.  
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Coarsely-Crystalline Sequence  

Comprising four cycles, the Coarsely-Crystalline Sequence is 225 feet thick at

TMS.  Recrystallization of the dolomite to a very coarsely-crystalline texture has

obliterated most primary depositional features in this basal member of the Simonson

Dolomite (Table 4).  Shallowing-upward cycles are subtle.  Regionally, the base of the

Coarsely-Crystalline Sequence appears to interfinger with the top of the “Oxyoke

Formation.”  At TMS, the base of the sequence is picked at a leftward flexure in the

gamma-ray log coincident with a significant decrease in quartz grain content as described

in the “Oxyoke Formation” section above.  The top of the sequence is marked by a

regional unconformity that separates coarsely-crystalline, karsted dolomite below from

cyclic finely-crystalline dolomite above (Figure 17).  Solution-collapse breccias and

drusy cavity fillings occur tens of feet below the top of the unconformity.  Intensity of

karsting, width of fractures filled with white coarsely-crystalline dolomite, and crystal

coarseness all increase to the upper sequence boundary, and must be related to the

exposure surface there (Figure 13).  
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Gamma Radiation  A slight rightward gamma-ray inflection marks the top of the

upper karsted surface of the sequence and correlates to other wells and sections (Plate

2a).  The gamma radiation of the sequence is generally weak and forms a smooth pattern. 

Within the sequence, gamma radiation of each cycle gradually increases upward then

abruptly decreases at the base of the succeeding cycle. 

Structural Implications  If the Monte Mountain (TMM) section in the Silver

Canyon thrust sheet is restored west of the Tempiute Mountain (TMP) section, the

thickness of the Coarsely-Crystalline Sequence thickens progressively eastward to TMS. 

The depth of karsting also increases eastward from the study area and suggests that the

Monte Mountain section was less emergent than the Tempiute Mountain section during

the sea-level drop that produced the LSE at the top of the sequence.  

In a section measured in the Meadow Valley Mountains about 50 miles southeast

of Mail Summit, karst cavities associated with the LSE penetrate downwards into the

“Oxyoke Formation” (Figure 17).  Geopetal structures containing pale-red, laminated

silty dolomite parallel to tectonic dip, the proximity of the karsting to the unconformity,

and persistence of karsting in the same beds along structural strike, all distinguish

Devonian karsting from recent karsting of this interval.  In the Meadow Valley section,

most of the Coarsely-Crystalline Sequence is missing and only 12.5 feet are remaining

due to the unconformity.  Overlying the unconformity is the Lower Alternating Sequence.

Therefore, the unconformity at the top of the Coarsely-Crystalline Sequence

progressively cuts out more of the sequence eastward and the depth of karsting below the

unconformity increases eastward.  This regular eastward thinning of the Coarsely-

Crystalline Sequence can be used to help restore thrust sheets.
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Lower Alternating Sequence

The Lower Alternating Sequence is 265 feet thick and is composed of 12 cycles

(Plate 2a).  A transgressive lag above the merged LSE and TSE marks the base of the

Lower Alternating Sequence (Figure 13).  Twelve prominent shallowing-upward cycles

form the sequence.  Each cycle is tens of feet thick and exhibits an alternating light and

dark appearance at TMS.  These cycles contain minor cycles (<10 feet thick).  Subtidal,

medium-gray to dark-gray, burrowed, medium-crystalline dolomite intervals that

commonly contain Amphipora make up the lower part of the major cycles.  They shallow

upward to supratidal, light-gray, fossil-poor, finely-crystalline dolomite, some with tepee

structures.  Successive cycles become bathymetrically deeper, and become subsequently

thinner to the middle of the sequence and then thicken to the top (Figure 13).  Gamma

radiation increases abruptly at the base of the sequence and gradually decreases upward

(Plate 2a).  Minor fluctuations superimposed on the upward decrease in gamma radiation

roughly track the twelve shallowing-upward cycles, with each cycle marked by a subtle

decrease at the base and a gradual increase upward. 

Gamma Radiation  A sharp increase in gamma radiation marks the base of the

sequence and a sharp decrease in gamma radiation marks the top of the sequence (Plate

2A).  Generally, the base of each of the ten cycles that comprise the sequence is marked

by a sharp decrease in gamma radiation.  Gamma radiation gradually increases upward

within the cycles.  A gamma-ray spike at the top of cycle 8 is higher (> 80 cps) than any

other gamma-ray measurement in the Simonson Dolomite.
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Brown Cliff Sequence

The Brown Cliff Sequence is 85 feet thick and comprised of four cycles.  It lies

above a regionally significant, undulating surface that cuts into the top of the Lower

Alternating Sequence.  The surface represents a merged LSE and TSE.  This lower

sequence boundary is directly overlain by an MFS.  Recrystallization has largely masked

a transgressive lag in the Brown Cliff Sequence above the erosional surface (Plate 2a). 

The Brown Cliff Sequence was probably deposited in more open marine conditions than

any of the Simonson Dolomite sequences above or below.  It is the first sequence above

the Silurian to contain abundant marine fossils such as corals, large stromatoporoids and

brachiopods.  Though the Brown Cliff Sequence at TMS does not contain large reefs,

Devonian reef building peaked during the Givetian worldwide (Webb, 1998).  However,

in other parts of the Sunnyside basin, Lower Givetian reefs were formed in the Brown

Cliff Sequence.  Givetian reefs are found in the Limestone Hills, 60 miles northeast of the

study area and in the Meadow Valley Mountains, 40 miles south-southeast of the study

area (Cedar Strat proprietary measured sections, 1985).  Fossils are scarce in sequences

between the Brown Cliff and the base of the Guilmette Formation at TMS. 

Gamma Radiation  The Brown Cliff-Forming Sequence contains more open-shelf

fossils and exhibits weaker gamma radiation than any other sequence in the Simonson

Dolomite.  A sharp gamma-ray leftward inflection at the base of the sequence is

regionally correlatable (Figure 13).  Typically, gamma radiation decreases over

fossiliferous, thickly bedded, darker-gray carbonates at cycle bases interpreted to be

deposited in more open-shelf conditions.  Gamma radiation increases toward cycle tops

that consist of thinly-bedded, lighter-gray, fossil-poor carbonates interpreted to be

deposited in more restricted to supratidal conditions.  Slight increases in overall gamma

radiation from base to top follows the same pattern of shallowing-upward cycles in other
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parts of the TMS.  Thus, the gamma-ray pattern calibrated with fossil distributions

suggests that the Brown Cliff-Forming Sequence is a shallowing-upward sequence.

Upper Alternating Sequence

The Upper Alternating Sequence is 285 feet thick and consists of 12 cycles at

TMS (Table 4).  A merged LSE and TSE marks its base (Plate 2a).  Thin sections

display ghosts of intraclasts near the base of the sequence, suggesting a TSE lag.  Above

the TSE, a pronounced lack of open-shelf fossils and increase in gamma radiation

abruptly occurs.  Depositional environments of this sequence are similar to the Lower

Alternating Sequence.  Amphipora in the lower, darker part of some cycles suggests

intertidal conditions.  Lighter-gray, fossil-poor, and the more finely crystalline upper parts

of the cycles suggest supratidal conditions.  

Gamma Radiation  A sharp increase in gamma radiation marks the base of the

Upper Alternating Sequence (Plate 2a).  The general decrease in gamma radiation of each

succeeding cycle upward supports the upward-deepening interpretation made from

changes in lithology and biofacies (Figure 13).  Gamma-ray spikes at the tops of internal

shallowing-upward cycles may be due to concentrated, wind-blown radioactive detritus. 

A gamma-ray spike at the top of the sequence at TMS is probably caused by radioactive

debris concentrated along the karsted interval.  

Regional Simonson Dolomite Unconformity  Extensive karsting at the top of the

Simonson Dolomite marks the most persistent exposure surface of the Great Basin

Devonian section (Figure 13).  The regional unconformity, marked by karsting hundreds

SE ROA 37140

JA_8646



124

of feet deep, separates the calcareous Guilmette Formation from the underlying dolomitic

Simonson Dolomite.  However, the lower Guilmette that lies on the unconformity can be

dolomitized as in the Meadow Valley Mountains where the unconformity cuts down into

the Simonson Dolomite Brown Cliff Sequence (Figure 17).  This LSE at the top of the

Simonson Dolomite occurs in most outcrops and wells of Devonian rocks in eastern

Nevada and western Utah (Figure 9).  

The light and dark bands of the Upper Alternating Sequence become faded

upward toward bleached dolomites below the unconformity.  The bleached karsted

Simonson Dolomite contrasts sharply with the darker gray limestones of the Fox

Mountain and younger sequences on aerial photographs and outcrops.  The karsted upper

Simonson Dolomite is 55% dark-gray, 30% light-gray, and 15% medium-gray in contrast

to 69% dark-gray carbonates in the overlying Guilmette Formation. Pervasively

dolomitized, the Simonson Dolomite is easily distinguished from overlying limestone

beds of the Guilmette Formation.  Furthermore, the karsted, porous, and permeable

Simonson Dolomite weathers into partly covered slopes and ledges whereas the Fox

Mountain and younger sequences form ledges and cliffs (Plate 2a, Table 5).  

Evidence for karsting includes karst breccia, drusy dolomite-lined cavities,

dolomite crystal coarseness increasing upward, white dolomite spar-filled fractures that

widen upward, bleaching, and geopetal structures filled with laminated yellow-gray, silty

dolomite (Stop #7, Appendix D).  At TMS, some karst cavities in the Simonson Dolomite

are filled with Guilmette limestone that suggest that the transgression of the Guilmette

sea must have been rapid.  Some karst cavities, filled with dolomite breccia, occur as

deep as 200 feet below the karst surface at TMS.  The basis for separating the Simonson

Dolomite from the overlying Guilmette Formation at its Deep Creek Range, Utah, type

locality is presented in Chapter 2.  
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SEQUENCE GAMMA RADIATION
Counts Per Second

PROFILE 
PERCENT(%)

AVE MAX MIN STD CLF LDG PCS CS

SEQUENCE Dgcc 46 53 41 3.3 0 0 22 78

SEQUENCE Dgcf 46 64 36 8.8 0 31 43 26

SEQUENCE Dgb3c 24 41 18 5.4 44 49 7 0

SEQUENCE Dgb3f 38 57 28 7.2 3 92 5 0

SEQUENCE Dgb2 27 34 21 3.3 100 0 0 0

SEQUENCE Dgb1 30 37 24 3.9 60 20 10 10

SEQUENCE Dgbc 26 41 18 4.9 72 23 4 1

SEQUENCE Dgbf 33 57 32 7.3 65 32 2 1

SEQUENCE Dga 43 64 22 10.0 36 46 7 21

SEQUENCE Dga2 32 53 22 6.5 50 40 8 2

SEQUENCE Dga1 49 64 36 6.4 32 42 9 17

YELLOW SLOPE 62 74 48 5.5 0 26 49 25

FOX MOUNTAIN 53 70 37 7.6 13 58 27 2

Key: AVE: Average;  MAX: Maximum; MIN: Minimum;  STD: Standard Deviation;  CLF: Cliff; 
LDG: Ledge;  PCS: Partly Covered Slope; CS: Covered Slope

Table 5 Gamma radiation and weathering profile for the lower Guilmette Formation at
TMS.  For gamma radiation, the average, maximum, minimum, and standard deviation in
counts per second are presented.  The average weathering for each sequence is presented
from most resistant (cliff) to least resistant (covered slope).  Note that the Yellow Slope
Sequence emits the highest average radiation and that Sequence Dgb2 is more cliffy than
the other sequences.  The method for determining sequence values is explained in
Chapter 2.

Guilmette Formation

Of the five TMS Devonian formations, the Guilmette Formation, which is 2,677

feet thick and consists of nine sequences and five subsequences, is the most lithologically

variable (Table 2).  It contains limestone, dolomite, siltstone, sandstone, reefs, and
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breccia.  For convenience it was divided into two parts.  The lower Guilmette Formation

is composed of the Fox Mountain and Yellow Slope Sequences and Sequences Dga, Dgb,

Dgc, and the upper Guilmette Formation is composed of Sequences Dgd, Dge, Dgf, and

Dgg.  All nine sequences are present at TMS (Figure 13), though the Fox Mountain

Sequence is missing at Monte Mountain, and Sequence Dgb lies directly on the Simonson

Dolomite at Tempiute Mountain.  

Superficially, the Guilmette appears to be a massive carbonate with little internal

character.  However, a detailed analysis of the Guilmette sequences reveals a unit with

enough internal character that it can be used to unravel complex structural relationships. 

Each sequence contributes an important part of the stratigraphic and structural picture. 

For example, the thickness of the Fox Mountain sequence suggests where within the

Sunnyside basin each section was deposited before they were dislocated by Mesozoic

thrusting.  Sections with a thick Fox Mountain sequence such as at TMS and the

Worthington and Golden Gate ranges were deposited near the center of the Sunnyside

basin.  In contrast, in the Silver Canyon thrust sheet, the Fox Mountain sequence is absent

in the Monte Mountain (TMM) section and very thin at the Down Drop Mountain section

deposited on the west edge of the Sunnyside basin.  It is also thin in the Meadow Valley

section (Figure 17) deposited on the east side of the basin. 

Some Guilmette sequences are excellent marker beds and help delineate structural

features.  A good Guilmette marker bed in eastern Nevada is the nonresistant Yellow

Slope Sequence (Plate 2a).  It is easily recognized in the field and on areal photographs. 

Above the Yellow Slope Sequence are the well-developed, preserved and exposed cycles

of Sequence Dga.  Their upward shallowing nature helps restore deposition orientation in

structurally complex areas.  

Sequence Dgb, containing reefs and breccia, is easily identified in the field

because it weathers into massive cliffs, whereas Sequence Dga and the rest of the

Guilmette weathers into ledges and slopes.  The unique concentric nature of the

distribution of the Sequence Dgb2 impact breccia constrains restoration of thrust sheets
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containing the breccia.  Above Sequence Dgb at TMS, the section is mostly shallow-

water, cyclic carbonates that are predominantly dolomite with some limestone and minor

sandstone beds higher in the section.  These post-impact beds also constrain restoration of

thrust sheets.  Equivalent beds are predominantly quartz sandstone at Monte Mountain

and deeper-water, thin-bedded limestone at Tempiute Mountain.  The distribution of

these post-impact sequences makes little sense without the thrust reconstruction presented

in Chapter 5.  Therefore, the Guilmette sequences in the Timpahute Range 30' X 60'

quadrangle hold important keys to understanding this part of the Sevier fold-and-thrust

belt.  Figure 18 illustrates the locations of 142 Guilmette outcrops that cover 89.07

square miles in the Timpahute Range quadrangle. 

In this study, the lower Guilmette at TMS is described in more detail than other

parts of the Devonian because it contains the impact breccia of Sequence Dgb2. 

Therefore, an understanding of the depositional setting immediately before and after the

emplacement of the distinctive carbonate breccia is a primary focus of this study.  Also,

the shallowing-upward cycles in the lower Guilmette are unaltered (not pervasively

dolomitized), well-exposed, and were overlooked in previous studies.  They provide an

unusual opportunity to study carbonates and carbonate environments.  They provided the

opportunity to test the usefulness of surface gamma-ray logs in cycle and sequence

analysis.  As a result, they were used to calibrate surface gamma-ray patterns in other

sections throughout the Sunnyside basin.  Microfacies analysis of thin sections from the

lower Guilmette cycles and sequences provided additional detail and further calibrated

the TMS cycles and sequences (Plate 5).  Therefore, TMS is the reference section of

Devonian sequences in the Sunnyside basin.  

This section summarizes and compares the characteristics of the lower Guilmette

sequences.  These characteristics consist of general descriptions of weathering profile,

color, gamma-ray patterns, lithology and texture, sequence and cycle thicknesses, fossil 

occurrences, and thickness patterns of cycles and are graphically presented in Tables 5-8

and Figures 20-22.  Percentages were calculated from the number of measured increments
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quadrangle geologic map.  Areas erroneously mapped as Guilmette on the old geologic map are
marked in red.  Degrees N latitude and W longitude are marked at the corners of the map.

of a particular characteristic divided by the total number of measured increments in the

sequence (Chapter 2).  Following this section summarizing the lower Guilmette

sequences, a description of each Guilmette sequence is presented.  Descriptions of each

cycle within each sequence can be found in Appendix B.
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Weathering Profile

Whereas the 135-foot-thick Fox Mountain Sequence is mostly cliffs (71%) and

ledges, nearly 75% of the 182-foot-thick Yellow Slope Sequence weathers into covered

and partly-covered slopes.  Where present, the resistant Fox Mountain forms prominent

ledges and cliffs (Plate 2a, Table 5).  Ledges and cliffs make up 82% of the 395-foot-

thick Sequence Dga, 95% of the 420-foot-thick Sequence Dgbc (reef core), and 97% of

the 302-foot-thick Sequence Dgbf (reef flank).  Sequence Dgc forms a 45-foot-thick slope

above Dgbc and at Dgcf, forms a 188-foot-thick interval of ledges, partly covered slopes,

and covered slopes above Dgbf (Figure 4).  Table 5 summarizes the weathering profiles

of the lower Guilmette sequences.  

Lithology and Texture

Table 6 summarizes thicknesses and lithologies of the lower Guilmette Formation

sequences.  Except the Yellow Slope Sequence and Sequence Dga1, limestone

predominates in the lower Guilmette sequences.  The percent of limestone in each

sequence increases upward from the Yellow Slope Sequence to Sequence Dgc.  The

distribution of dolomite in the lower Guilmette sequences is significant because most of

the dolomite occurs as finely-crystalline caps on the shallowing upward cycles. 

Sequences that contain a greater proportion of supratidal dolomite caps, such as the

Yellow Slope Sequence, contain more dolomite than those composed mostly of open-

marine carbonates such as Sequences Dgb1, Dgb3f, and Dgcc that contain almost no

dolomite.  
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SEQUENCE THICKNESS in
FEET

LITHOLOGY PERCENT (%)

LS DOL SS BRC SLTS

SEQUENCE Dgcc 45 100 0 0 0 0

SEQUENCE Dgcf 188 72 20 3 0 5

SEQUENCE Dgb3c 228 90 10 0 0 0

SEQUENCE Dgb3f 97 100 0 0 0 0

SEQUENCE Dgb2 179 0 0 0 100 0

SEQUENCE Dgb1 26 100 0 0 0 0

SEQUENCE Dgbc 420 52 5 0 43 0

SEQUENCE Dgbf 302 41 0 0 59 0

SEQUENCE Dga2 145 75 25 0 0 0

SEQUENCE Dga1 250 50 50 0 0 0

SEQUENCE Dga 395 59 41 0 0 0

YELLOW SLOPE 182 39 58 3 0 0

FOX MOUNTAIN 135 93 7 0 0 0

KEY: LS: LIMESTONE;  DOL: Dolostone;   SS: SANDSTONE; 
        BRC: BRECCIA;      SLTS: SILTSTONE

Table 6  Thicknesses and gross lithologies of the lower Guilmette Formation sequences. 
The method for determining the gross lithology percent is explained in Chapter 2. 
Sequence Dgb3c is thicker than Sequence Dgb3f.  The greater thickness could have been
caused by accelerated growth and reef development at Dgb3c and lack of reef
development at Dgb3f.  Data in the table indicate that the percent of dolomite decreases
upward from the Yellow Slope Sequence.

A histogram of dolomite percentages in each cycle of the lower Guilmette

Formation illustrates the distribution of dolomite in the section (Figure 19).  Lithologies

vary from 100% dolomite in Yellow Slope Sequence Cycle 7 and Sequence Dga1 Cycle

5, to 100% limestone in Fox Mountain Sequence Cycle 4 (Table 6).  Dolomitization of

58% of the Yellow Slope Sequence is probably associated with early peritidal
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dolomitization.  This finely-crystalline stratal dolomite contrasts with the medium- to

coarsely-crystalline pervasive dolomite of the underlying Simonson Dolomite that is

probably related to the regional unconformity at the top of that formation.  The

occurrences and significance of dolomite at TMS are discussed in more detail in later in

this chapter. 

Five sets of cycles in which the percentage of dolomite decreases upward occur in

the lower Guilmette sequences (Figure 19).  They are Fox Mountain Sequence Cycles 1

through 4, Yellow Slope Sequence Cycles 3 through 5, Yellow Slope Sequence 9 through

Sequence Dga1 Cycle 3, Sequence Dga1 Cycles 5 through 11, and Sequence Dga2 Cycles

2 through 4.  Two sets of cycles in which the percentage of dolomite increases upward

include Yellow Slope Sequence Cycles 5 through 7 and Sequence Dga2 cycles 4 through

7.  Repeated patterns of dolomite content in the histogram suggest that most of the

dolomite in the reference section be related to selective early dolomite diagenesis at cycle

tops.  Most of the dolomite forms finely-crystalline stratal dolomite caps on shallowing

upward cycles.  These occurrences of dolomite contrast to later dolomitization associated

with unconformities, faulting and porous zones. 

Other than a small percent of sandstone in the Yellow Slope Sequence and in

Sequence Dgcf, lower Guilmette sequences lack sandstone.  Siltstone is a minor

constituent in Sequence Dgcf, but is lacking in the other lower Guilmette sequences.  
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Figure 19  Histogram of percent dolomite within each cycle of the lower Guilmette
Sequences at TMS where Sequence Dgb3 is a stromatoporoid reef illustrates the
abundance of dolomite in the Yellow Slope and Dga1 Sequences and the lack of dolomite
in the Fox Mountain, Dgb, and Dgc Sequences.

Table 7 summarizes the depositional textures of the lower Guilmette Formation

Sequences.  Texture coarsens upward from 72% mudstone in the Yellow Slope Sequence

to 2% mudstone in the overlying Sequence Dgbc.  Packstone predominates in five of the

13 lower Guilmette sequences listed in Table 7.  Wackestone predominates in four of the

sequences, mudstone in three of the sequences and boundstone in two of the sequences.
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Color

Table 7 summarizes the colors of the lower Guilmette sequences.  The percent of

dark-gray carbonates increases upward from 55% in the Simonson Dolomite to 69% in

the Fox Mountain.  In contrast, only 21% of the Yellow Slope is dark gray.  However, the

percent of dark-gray carbonates increases upward again from 36% in Sequence Dga to

45% and 62% in Sequence Dgbc and Dgbf respectively.  Light-gray carbonates increase

upward from 35% in Sequence Dga to 43% in Sequence Dgb reef core but decrease to 9%

in Sequence Dgb reef flank.  Medium-gray carbonates decrease from 29% in Sequence

Dga to 12% Sequence Dgbc and 28% Dgbf.

Percentage of Limestone

A histogram of the percentage of limestone in each cycle illustrates the higher

concentration of calcium carbonate in the Fox Mountain Sequence and in Sequences Dgb

and Dgc with respect to the other sequences (Figure 20).  Three sets of cycles in which

the percent limestone increases upward occur.  They are Fox Mountain Sequence Cycles

1 through 4, Yellow Slope Sequence Cycle 7 through Sequence Dga1 Cycle 4, and

Sequence Dga1 Cycle 5 through Sequence Dga2 Cycle 5.  One set of cycles shows an

upward decrease in percentage of limestone from Sequence Dga2 Cycle 4 through

Sequence Dga2 Cycle 7.  Sequences Dgb and Dgc are all limestone except local non-

stratal dolomite associated with fractures and porous zones.  The cyclic pattern of the

percentage of dolomite and the percentage of limestone suggests that dolomitization at

the tops of shallowing-upward cycles occurred penecontemporaneously with deposition

(Figure 21).  Because dolomite-rich zones at the top of cycles occur at the same interval

in other sections, it is likely that the zones were selectively dolomitized before Mesozoic

thrusting and Cenozoic extension of the eastern Great Basin.
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SEQUENCE COLOR 
PERCENT (%)

TEXTURE 
PERCENT (%)

LGY MGY DGY PYB MU
D

WAC PAC GRN BND

SEQUENCE Dgcc 71 0 29 0 100 0 0 0 0

SEQUENCE Dgcf 42 40 18 0 74 36 0 0 0

SEQUENCE Dgb3c 86 7 7 0 0 2 3 5 90

SEQUENCE Dgb2 14 18 68 0 2 0 98 0 0

SEQUENCE Dgb1 0 50 50 0 0 21 79 0 0

SEQUENCE Dgbc 43 12 45 0 0 2 53 2 43

SEQUENCE Dgb3f 2 42 53 3 0 10 5 17 68

SEQUENCE Dga2 12 38 50 0 24 39 33 4 0

SEQUENCE Dga1 48 25 27 0 31 47 17 5 0

SEQUENCE Dga 35 29 36 0 28 44 23 5 0

YELLOW SLOPE 21 14 21 44 72 14 5 6 3

FOX MOUNTAIN 0 31 69 0 13 82 4 1 0

KEY: LGY: Light Gray; MGY: Medium Gray; DGY: Dark Gray; PYB: Pale Yellow Brown;
MUD: Mudstone; WAC: Wackestone; PAC: Packstone; GRN: Grainstone; BND:
Boundstone

Table 7  Color and texture of lower Guilmette Formation sequences expressed as percent
of the sequence.  The table indicates the unique abundance of pale yellow-brown rocks in
the Yellow Slope Sequence and the muddy nature of the Yellow Slope Sequence and
Sequence Dgc.

Fossils

Table 8 summarizes the occurrences of fossils in the lower Guilmette Formation. 

Fossil content changes from predominantly corals at the top of the Simonson Dolomite to

brachiopods and gastropods in the Fox Mountain Sequence.  Ostracodes, calcispheres and

stromatolites commonly occur in the Yellow Slope Sequence.  Amphipora and corals are
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Figure 20  Histogram of percent limestone within each cycle of lower Guilmette
sequences at TMS where Sequence Dgb3 is a stromatoporoid reef.  The highest
percentages of limestone occurs in the Fox Mountain Sequence and in Sequence Dgb.

more common in Sequence Dga.  Tabular and bulbous stromatoporoids are more

common in Sequence Dgb.  Sequence Dgc is heavily burrowed, contains abundant

gastropods, and contrasts sharply with the Amphipora-bearing beds of Sequence Dgd in

the upper Guilmette Formation.

Bedding

Bedding in the five basal sequences of the Guilmette Formation varies from

massive for the sedimentary breccia and reef in Sequence Dgb to stromatolitically
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Dgcc N N N R R R C N N N C C

Dgb3f C A C C R C R R R R R R

Dgb3c C A A A R C R R R C R R

Dgb2 C C C C R C R R R N R R

Dgb1 C C R C R C R R R N R R

Dgbf C A A A R C R R R R R R

Dgbc C A A A A R C R R R R R

Dga2 C C R C R C C R R N C R

Dga1 C C R C R C C R R R C R

YS N N N R C R R C C N R C

FM R R N C R C C R R C C R

A =Abundant, C = Common, R = Rare, N = None
FM = Fox Mountain, YS = Yellow Slope, 

Table 8 Fossil occurrences in the lower Guilmette sequences at TMS ranked by
abundance.  Data in the table indicate that the abundance of fossil assemblages with an
affinity for open-marine conditions increased from the Yellow Slope Sequence to
Sequence Dgb3 at TMS.

laminated for the Yellow Slope Sequence.  Sequence Dga is characterized by prominent

shallowing-upward cycles whereas the Fox Mountain Sequence is characterized by subtle

shallowing-upward cycles.  Burrowed limestone beds help distinguish Sequence Dgc

from the adjacent sequences.
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Cycles

Four major shallowing-upward cycles and two minor cycles compose the Fox

Mountain Sequence.  Three of the cycles are limestone with a dolomite cap.  It appears

that open-marine limestones truncate intertidal carbonates.  Perhaps serving as a dolomite

cap of a large-scale cycle involving the Fox Mountain Sequence, the Yellow Slope

Sequence is made of at least ten shallowing-upward cycles.  Because open-marine fauna

is lacking in the Yellow Slope Sequence, it is likely that the bases of the cycles are no

deeper than intertidal.  However, the tops of the cycles contain mudcracks filled with

quartz sand grains characteristic of supratidal conditions.  Two of the cycles are capped

by very fine-grained quartz sandstones.  

The lower parts of most of the 20 cycles of Sequence Dga contain open-marine

fauna.  Most of the cycles are capped by laminated, unfossiliferous dolomite.  Only two

minor shallowing-upward cycles occur below the sedimentary breccia in Sequence Dgb1. 

The sedimentary breccia or Dgb2 and overlying reef or Dgb3c form the rest of Sequence

Dgb in the reef core measured section.  All of Sequence Dgb appears to have been

deposited in open-marine conditions.  Karsting at the top of the Sequence Dgb3c marks

an LSE between Sequences Dgb and Dgc.  A pale red paleosol occurs at the unconformity

and in some karst cavities 20 feet below the unconformity.  Geopetals of laminated

dolomitic siltstone within some karst cavities have the same attitude as strata above and

below suggesting they were deposited before Mesozoic tilting.  Burrowed, slope-forming

limestone of Sequence Dgc lies above Sequence Dgb and marks another sequence of

restricted-marine conditions.
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Cycle Thicknesses

A histogram of thickness and content of cycles of the lower Guilmette Formation

Sequences (Figure 21) provides insight into the nature of bundling of the cycles.  It

reveals a pattern in which groups of cycles thicken upward from the base of the Fox

Mountain Sequence to Cycle 10 of Sequence Dga (UTK1, UTK2, UTK3, and UTK4). 

An exception to the upward thickening pattern is an upward-thinning pattern from Yellow

Slope Sequence Cycle 3 to Yellow Slope Sequence Cycle 8 (UTN1).  Above Sequence

Dga Cycle 10, two groups of cycles thin upward to the top of Sequence Dgc.  One group

begins with Sequence Dga1 Cycle 10 (UTN2) and the other group begins with Sequence

Dga2 Cycle 7 (UTN3).  Admittedly, the trend lines marking bundles of upward

thickening and thinning cycles are subjective and may be grouped and interpreted

differently by other workers.  If bundle thicknesses are related to sequence boundaries,

perhaps they could be changed to reflect that relationship.  However, the histogram show

that there is no relationship.

An upward increase in cycle thickness or upward thickening probably represents

an increase of accommodation space caused by an increase in the rate of relative sea-level

rise.  A comparison of the percentage of dolomite in Figure 19 with the set of upward

thickening Fox Mountain Sequence Cycles 1 through 4 illustrates that the percentage of

dolomite decreases as cycle thickness increases upward.  As the rate of relative sea-level

rise increases, more accommodation space becomes available for open-marine carbonate

deposition.  Apparently this leaves less time for the formation of supratidal dolomite caps

before the next transgression.

A major facies shift occurs at the base of the Yellow Slope Sequence with a

greater percent (62%) of dolomite in Cycle 1 than any of the Fox Mountain cycles.  The

sequence is mostly composed of a set of upward-thinning cycles in which dolomite

predominates.  An upward decrease in cycle thickness or upward thinning suggests an

upward decrease in accommodation space cause by a decrease in the rate of a sea-level
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Figure 21  Histogram of cycle thickness and content of lower Guilmette Formation
suggest possible upward thickening (UTK) and upward thinning (UTN) trends at TMS
where Dgb3c is a stromatoporoid reef. The sedimentary breccia (Dgb2) and reef (Dgb3c)
were truncated at 60 feet to emphasize the other cycles in the lower Guilmette Sequences. 
.

rise.  A slower rate of relative sea-level rise should provide a greater proportion of

supratidal dolomites at the top of shallowing-upward cycles. 

Two other facies shifts marking sequence boundaries are seen in the histogram of

cycle thicknesses (Figure 21).  Much of Sequence Dga1 is composed of a set of upward

thickening cycles (UTK4) in which the percent of dolomite also increases.  Another facies

shift occurs at the base of Sequence Dga2, which is mostly a set of upward thinning

cycles (UTN2).  A greater facies shift occurs at the base of Sequence Dgb1.  Sequence

Dgb and Dgc cycles never shallow enough to preserve supratidal finely-crystalline stratal

dolomite caps. 
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Gamma Radiation

Table 5 summarizes the gamma radiation and weathering profile for lower

Guilmette Formation sequences.  Gamma radiation increases from about 38 CPS over the

Simonson Dolomite Upper Alternating Sequence to an average of 53 CPS over the Fox

Mountain Sequence.  The radiation continues to increase to an average of 62 CPS over

the Yellow Slope Sequence and then decreases to an average of 43 CPS over Sequence

Dga and an average of 26 CPS over Sequence Dgbc or 33 CPS over Sequence Dgbf. 

Karsting at the top of the Sequence Dgb3 reef marks an LSE that merges with a TSE at

the base of Sequence Dgc.  Bioturbated and silty Sequence Dgc forms a regional

rightward gamma-ray inflection that can be correlated with outcrops and wells throughout

eastern Nevada and western Utah.  Over Sequence Dgc, average gamma radiation

increases to 46 CPS.  

Guilmette Sequences

The general characteristics and features of the lower Guilmette sequences were

described above.  All nine Guilmette sequences are described individually and in detail in

this section.  Again, emphasis is on the lower Guilmette sequences.  Additional

descriptions of each cycle and sequence are presented in Appendix B and Plate 2a.

Each sequence is composed of one or more cycles.  Though cycle boundaries are

marked by unconformities or hiatuses, almost no facies shift occurs at the cycle

boundaries.  On the other hand, major facies shifts mark sequence boundaries. 

Regionally correlatable gamma-ray log patterns accompany the sequence boundaries. 

However, gamma-ray patterns of cycles are not regionally correlatable.  

Under each sequence described in this section a description may include color,

texture, weathering profile, fossils, cycle thicknesses and patterns, and other features. 

SE ROA 37157

JA_8663



141

Next, the gamma-ray patterns of the sequence are described.  Finally, for some sequences,

a brief interpretation of depositional conditions is presented.

Fox Mountain Sequence  

Overlying the regional unconformity at the top of the karsted, light brown-gray

Simonson Dolomite is the transgressive 135-foot-thick cliff-forming Fox Mountain

Sequence comprising four cycles that consist of medium dark-gray limestone and (Figure

13 and Plate 2a).  It represents the first occurrence of a significant amount of

undolomitized limestone on the eastern Nevada Devonian shelf.  Where the Fox

Mountain Sequence is missing, by erosion or by nondeposition on adjacent topographic

highs as at other measured sections, younger sequences overlie the Simonson Dolomite

unconformity (see correlation charts that compare Timpahute Mountain with Mail

Summit sections in the discussion in this chapter and in Chapter 7).

An abrupt deepening of the Fox Mountain Sequence above the Simonson

Dolomite unconformity is illustrated by the relative sea-level curve in Figure 13 and

Plate 2a.  The sequence is composed of four shallowing-upward cycles, mentioned above

and described in Appendix B.  The lower parts are composed of open-marine, medium

dark-gray, burrowed, brachiopod, echinoderm, gastropod lime wackestones and upper

parts of supratidal, medium-gray to light-gray, laminated dolomites.  The lower two

cycles have more open-shelf limestone than the upper two cycles.  A regional LSE at the

top of the Fox Mountain is marked with a pale-red siltstone paleosol, desiccation cracks,

and a change from open-marine to restricted-marine fossils.  As Figure 13 shows, gamma

radiation generally mirrors the relative sea-level curve.  Open-shelf limestones of Fox

Mountain cycle bases emit less gamma radiation than their supratidal dolomite tops.  
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Summary of Descriptions Tables in the previous section summarize some

characteristics of the Fox Mountain Sequence.  Table 5 shows that the Fox Mountain

sequence weathers into mostly ledges with some partly covered slopes.  The table also

shows that the gamma radiation over the Fox Mountain is lower than over the Yellow

Slope Sequence but higher than the rest of the lower Guilmette sequences.  Generally, the

cycle bases are more resistant than the cycle tops.  The weathering histogram in Plate 2a

illustrates the weathering profile of the ledgy Fox Mountain Sequence.  Table 6 shows

that the sequence is 135 feet thick and is predominantly limestone.  Table 7 shows the

wackestone texture and the dark-gray appearance of the Fox Mountain Sequence. 

Texture descriptions were refined by thin-section analysis (Appendix C).

Brachiopods, crinoids, and gastropods typically occur at the base of the Fox

Mountain cycles whereas the cycle tops generally lack fossils (see Appendices B and C). 

Amphipora is rare (Table 8).

Fox Mountain, a Guilmette Formation Sequence  The controversy over whether to

place the Fox Mountain Sequence in the Simonson Dolomite or Guilmette Formation was

presented in Chapter 2.  As explained in Chapter 2, the Fox Mountain Sequence is

different from the Fox Mountain Formation proposed by Sandberg et al. (1997).  They

propose that their Fox Mountain Formation be composed of two members.  Their lower

member is composed of karsted dolomite that grades downward to the upper alternating

member of the Simonson Dolomite.  Their upper member is composed of open-marine

limestone.  I place the lower contact at the Simonson unconformity sequence boundary. 

The karsted interval below the unconformity may be the same as the lower dolomitized

and karsted Fox Mountain member of Sandberg et al. (1997).  Because this karsted

interval is a diagenetic front, it has no definite boundary with the unaffected part of the

Upper Alternating Sequence of the Simonson Dolomite.  At TMS, the Fox Mountain

Sequence is composed of four upward shallowing cycles.  The lower parts of the cycles
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contain crinoids, corals, and brachiopods deposited in open-marine conditions.  The upper

parts of the three lower cycles consist of finely-crystalline stratal dolomite deposited in

supratidal conditions.  My upper sequence boundary is marked by desiccation cracks and

a thin exposure interval or paleosol on the uppermost Fox Mountain Sequence.  Strata

above this unconformity are rich in restricted-marine to supratidal fossils such as

ostracodes and stromatolite bed.  Sandberg et al. (1997) include part of the lower Yellow

Slope Sequence into their Fox Mountain Formation.  I regard the Fox Mountain Sequence

as lower Guilmette Formation because: 1) the most pronounced regional sequence

boundary in the Devonian occurs at the top of the Upper Alternating Sequence of the

Simonson Dolomite; 2) the regional exposure surface separates fine-grained Fox

Mountain limestones from underlying coarsely-crystalline, karsted, and pervasively

dolomitized Simonson Dolomite carbonates;  3) the inconsistent occurrence of the Fox

Mountain Sequence, which may be hundreds of feet thick in some sections near the

middle of the Sunnyside basin and absent in others on the edges of the basin (Figure 13;

see correlation charts in the discussion near the end of  this chapter and in Chapter 7);

and, 4) the pronounced geomorphic expression of the Fox Mountain cliffs (where

present) above karsted Simonson Dolomite slopes and ledges are easily recognized in the

field and on aerial photographs. 

Fox Mountain Sequence Cycles  The lower three Fox Mountain Sequence cycles

are capped by laminated, light-gray dolomite that represents supratidal conditions (Figure

22).  Cycle 1, a 20-foot-thick cycle, begins in open-shelf conditions and ends in

restricted-shelf conditions.  The lower 27 feet of Cycle 2 are composed of medium-dark

limestone that contains an open-shelf fauna.  A sharp decrease (leftward inflection) in

gamma radiation marks the base of Cycle 2.  Cycle 3, the thickest of the shallowing-
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upward cycles (50 feet), forms a complete (i.e., an open-marine base and supratidal cap)

cycle as do Cycles 1 and 2.  The lower parts of the cycles were probably deposited in

partly restricted open-shelf conditions whereas their upper parts were deposited in

peritidal conditions.  

An erosional surface and missing facies (i.e., the supratidal cap is missing)

suggest that the top of Cycle 4 was truncated by erosion before deposition of the Yellow

Slope Sequence.  Average thickness of the cycles is 34 feet (Table 6).  Cycle thickness

increases from 19 feet for Cycle 1 to 49 feet for cycle 2 and 52 feet for cycle 3.  A

histogram of cycle thicknesses illustrates the upward cycle thickening (Figure 22, Plate

2a).  If the cycles are of similar duration and if no strata are missing, then the histogram

suggests an upward increase of accommodation space or an increase in the rate of relative

sea-level rise.  This increase in the rate of relative sea-level rise is repeated at least four

times, to the middle of Sequence Dga (UTK1-4, Figure 21).  A relative sea-level

lowering at the top of the Fox Mountain Sequence could have resulted in erosion of the

top of Cycle 4 (base of UTK2, Figure 21).  In other sections, karst cavities occur tens of

feet below the Fox Mountain unconformity.  In Chapter 9, it is suggested that an isopach

map of the depth of karsting could provide a rough estimate of paleotopography at the

end of Fox Mountain time. 
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Figure 22  Histogram of cycle thicknesses and content, Fox Mountain Sequence shows a
pattern of upward thickening cycles and could be a clue to the amount of section missing
at the unconformity a the top of the sequence.

Distinguishing features of the Fox Mountain Sequence  The Fox Mountain can be

distinguished from earlier Devonian rocks in the study area because it is the first mainly

limestone formation above the Ordovician Eureka Quartzite, except the limey Ordovician

Ely Springs Dolomite in the Silver Canyon thrust sheet.  Also, the Fox Mountain

limestones are finely crystalline whereas the underlying Simonson Dolomite is medium to

coarsely crystalline.  Fox Mountain Sequence Cycles can be distinguished from cycles of

younger Guilmette sequences by their resistance to weathering and distinctive fauna

(Table 4).  Two cycles in the cliff-forming Fox Mountain Sequence typically contain

crinoids.  Crinoids are rare in the rest of the Guilmette Formation.  Crinoids occur in the

Fox Mountain Sequence of the study area as a thin bed in Cycle 3 and as Middle
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Devonian two-holed crinoid columnals in Fox Mountain Cycle 2.  However, crinoid

columnals do occur locally above the Dgb2 breccia in the Hiko and Pahranagat ranges. 

Crinoids occur throughout the Guilmette equivalent rocks in the Reveille Range, Sec. 35,

T2N R51½ E.  Elrick (1986) reported crinoids in the Guilmette in the Goshute Range,

T30N R68E.  Besides crinoids, the highest known occurrence of the distinctive

brachiopod Stringocephalus occurs in the Fox Mountain Sequence.  It also occurs in the

Simonson Dolomite Brown Cliff Sequence.  Because of the affinity of Stringocephalus-

bearing beds, Hurtubise (1989) and Tschanz and Pampeyan (1970) assigned the Fox

Mountain limestone to the Simonson Dolomite. 

Fox Mountain cycles are thicker than some Sequence Dga cycles (34 feet vs. 20

feet).  Fox Mountain cycles thicken upward.  They are more radioactive than the

underlying Simonson Dolomite but are less radioactive than the overlying Yellow Slope

Sequence.  Changes in radioactivity occur at the two regional unconformities that bound

the Fox Mountain sequence.  Besides the sharp increase in radiation, a paleosol that partly

fills mudcracks at the top of the Fox Mountain separates the sequence from the overlying

Yellow Slope Sequence at TMS and in the Worthington Range.  The Fox Mountain

unconformity cuts out most of the Fox Mountain at Downdrop Mountain, 16 miles south-

southeast of Monte Mountain, and all of the Fox Mountain Sequence at Monte Mountain

and the Meadow Valley Mountains (45 miles southeast of Hiko).

Gamma Radiation  Average gamma radiation over the sequence is 53 CPS with a

maximum of 70, a minimum of 37, and a standard deviation of 7.6 (Table 5).  In contrast,

average gamma radiation over the upper Simonson Dolomite is 41 CPS with a maximum

of 61, a minimum of 25, and a standard deviation of 8.7.  Intervals of higher gamma

radiation reflect concentrations of windblown siliciclastic detritus.  Typically, sand grains

that occur with siltstone at the top of some upward shallowing cycles are frosted and

trough-cross bedded.  Desiccation cracks provide evidence that the beds were periodically
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subaerially exposed.  Devonian supratidal flats in Nevada could have concentrated wind-

blown siliciclastics.  A potential source area could have been the Antler forebulge uplift,

parts of which were subaerially exposed during lower Guilmette time (Chapters 2 and 8).

Other possibilities for increased windblown siliciclastic detritus include a change

in prevailing wind direction or a more narrow shelf.  However, no evidence of a change in

the ocean-land shape resulting in a change of prevailing wind direction is found.  Because

the Guilmette is more widespread than the underlying Simonson Dolomite, it seems

unlikely that the exposed shelf suddenly became reduced with time.  Most likely the

radioactive dust is from the Antler forebulge, the same area that eventually served as the

source for mature quartz sandstones in the upper Guilmette Formation and was probably

the source for the “Oxyoke Formation” sandstone below.

Interpretation of the Fox Mountain Sequence  The Fox Mountain at Mail Summit

was probably deposited in a topographic low near the center of the Sunnyside basin where

marine limestone predominated.  Other sections in the study area that lie near the center

of the basin include the Golden Gate and Worthington ranges.  In contrast, sections

deposited on the edges of the Sunnyside basin either lack the Fox Mountain sequences

such as at Monte Mountain or an unusually thin Fox Mountain Sequence as in the

Meadow Valley Mountains (Figure 17). 

Downdrop Mountain and Monte Mountain both lie within the Silver Canyon

thrust sheet.  The structural model presented in Chapter 5 and Devonian paleogeography

presented in Chapter 7 suggests that the Silver Canyon thrust sheet was deposited on the

west side of the Sunnyside basin and west of Tempiute Mountain.  Thin Fox Mountain

Sequence at Downdrop Mountain and no Fox Mountain Sequence at Monte Mountain

suggest an eastward thickening of the Fox Mountain Sequence toward the center of the

Sunnyside basin. 

SE ROA 37164

JA_8670



148

Similarly, thin Fox Mountain Sequence in the Hiko Range and in the Meadow

Valley Mountains suggest an eastward thinning of the Fox Mountain Sequence (Figure

17).  Probably more of the Fox Mountain Sequence was cut out by the Fox Mountain

Sequence unconformity on the flanks of the Sunnyside basin than in the center of the

basin.  However, it is possible that more Fox Mountain Sequence was deposited in the

center of the basin than on the basin flanks.  Thin sections from the lower parts of TMS

Fox Mountain cycles contain open-marine fauna including echinoderms, brachiopods,

and corals (Appendix C).  Therefore, the lower parts of Fox Mountain Sequence cycles in

the center of the Sunnyside basin are interpreted to be deposited in open-shelf conditions

(Appendix B).  The upper parts of the cycles are fossil-poor, burrowed, and are composed

of stratal finely-crystalline dolomite.  They are interpreted to be deposited in low-

intertidal conditions.

Yellow Slope Sequence

The Yellow Slope Sequence, 182 feet thick at TMS and comprising 10 cycles, is

easily identified on aerial photographs and in the field (Table 4, Figure 23,  Plate 2a).  It

erodes into a conspicuous, yellow slope between dark-gray cliff- and ledge-forming

sequences above and below.  It is predominantly (44%) pale-yellow brown (Table 7). 

The supratidal, silty dolomite cycles of the Yellow Slope Sequence mark an abrupt facies

shift from predominantly open-shelf limestones of the Fox Mountain (Plate 2a).  The

TSE at the base of the Yellow Slope Sequence merges with a mud-cracked LSE at the top

of the Fox Mountain Sequence.  Figure 13 illustrates the decrease in the rate of relative

sea-level rise and the increase in gamma radiation at the sequence boundary (Plate 2a). 
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Figure 23  Histogram of cycle thickness and content, Yellow Slope Sequence.  Most of the sequence is
set of upward thinning cycles.  Limestone content also decreases upward.

  Another significant facies shift occurs at the sequence boundary that marks the top

of the Yellow Slope Sequence.  The TSE at the base of Sequence Dga represents the first

major transgression within the Guilmette.  Here medium-dark-gray, burrowed, intraclast,

brachiopod, pelletal lime bioclastic wackestone overlies medium-gray, laminated, lime

mudstone.  Barren, pale yellow-brown to light-gray, silty, laminated dolomudstone lies
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just below the mudstone whereas coral lime wackestone lies just above the wackestone. 

As seen on Plate 2a and as discussed in the section on gamma radiation, a sharp leftward

inflection on the gamma-ray profile marks the Dga1 transgression.

Marker Beds  The Yellow Slope Sequence is a prominent marker bed of the lower

Guilmette Formation in southeastern Nevada (Table 4, Plate 2a).  Early location of this

marker bed helped in mapping and planning measured sections.  At TMS, it is comprised

of ten shallowing-upward cycles presented in more detail in the section on lithology and

texture hereafter (Figure 23). 

Although tops of other shallowing-upward cycles in other sequences are marked

by yellow-gray, silty, laminated dolomudstone, beds of large, digitate stromatolites occur

only in Yellow Slope Sequence Cycle 2 at TMS.  Cycle 2 stromatolite beds serve as

prominent regional marker beds within the Yellow Slope Sequence, as noted by

Hurtubise (1989).  He chose the base of a stromatolite bed as the base of Guilmette

Formation as presented in Chapter 2.  However, several stromatolite beds occur in many

sections and at different levels above the base of the Yellow Slope Sequence.  Therefore,

although columnar stromatolites serve as excellent marker fossils for the Yellow Slope

Sequence, the base of a stromatolite bed serves as a poor boundary between mappable

units.  Much of the sequence is laminated, but the stromatolites in Cycle 2 are uniquely

diagnostic at TMS.  Columnal stromatolites are thought to have formed by mucilaginous

surfaces of cyanobacterial mats selectively trapping sediments (Ginsburg, 1991).  At

TMS, they form dark-gray, cyanobacterial boundstones with some columns reaching three

to four feet high.  Ostracodes and calcispheres are more abundant in the Yellow Slope

Sequence than in any other Guilmette sequence (MI-316, Appendix C).  The presence of

the unique stromatolites alone is not adequate evidence for an intertidal zone or restricted

circulation conditions because stromatolites can be found in normal marine settings

(Ginsburg, 1991).  However, no open-marine fossils such as crinoids, corals, or
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stromatoporoids have yet been detected in the Yellow Slope Sequence, which contains

desiccation cracks at the tops of finely-crystalline stratal dolomite caps.  Therefore, the

sequence is interpreted to represent restricted subtidal to supratidal conditions.  The lower

parts of these cycles contrast with open-marine conditions of the lower parts of cycles in

adjacent sequences, because they lack open-marine fossils.

Cycle Thicknesses  Thickness patterns reveal that the average thickness of the ten

Yellow Slope cycles is 18 feet in contrast with 34 feet for average cycle thickness in the

underlying Fox Mountain and 21 feet for average cycle thickness in the overlying

Sequence Dga1.  Generally, cycles at the lower and upper parts of the sequence are

thicker, and their bases were deposited in deeper water than cycles in the middle of the

sequence.  A histogram of cycle thickness versus cycle number shows that the first three

Yellow Slope Sequence Cycles thicken upward (Figure 23).  Thickening upward

suggests an increase in accommodation space that in turn reflects an acceleration of

relative sea-level rise (UTK2, Figure 21).  The last three cycles, combined with the first

three cycles of Sequence Dga, show another upward thickening trend (UTK3, Figure 21). 

Hematite/goethite/limonite(?) stains in fractures and stylolites have been detected in

seven of the ten cycles (Appendix C).  

Lithology, Texture, Erosional Profile, and Cycles  The Yellow Slope Sequence

can be readily differentiated from the underlying Fox Mountain and the overlying Dga1

Sequence based on lithology and texture.  Yellow Slope Sequence Cycle 1 is a

shallowing-upward cycle of limestone with a dolomite cap.  It contains abundant

ostracodes and rare large calcispheres in contrast to the brachiopod wackestone of the

underlying Fox Mountain Sequence.

Most of the Yellow Slope Sequence eroded into covered slopes (25%) and partly-

covered slopes (49%).  Only 26% of the sequence forms resistant ledges (Table 5). 
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Seven of the Yellow Slope Sequence Cycles are capped by supratidal, fossil-poor,

laminated, silty and sandy, pale yellow-brown to yellow-gray dolomudstone.  Several

exhibit desiccation cracks (Plate 2a).  Nine of the ten cycles have a transgressive

limestone base that is commonly marked by a leftward inflection in the gamma-ray log. 

These transgressive limestones are medium- to dark-gray, intertidal, calcisphere lime

mudstone.  Thin (less than 5 feet thick), yellow-gray, fine-grained, dolomitic, quartz

sandstone interbeds cap the sixth and eight cycles in the section and contain intertidal

ostracode lime mudstones (MI-316, Appendix C).  

These thin beds of sandstone are the first occurrence of conspicuous quartz grains

above the “Oxyoke Formation,” as noted by Chamberlain and Warme (1996). 

Concentrations of quartz siltstone and sandstone in the Yellow Slope Sequence are

probably due to wind-blown detrital grains trapped by moisture on peritidal flats.  Except

sparse, scattered quartz grains, the next occurrence of quartz sandstone in the section is at

the tops of several shallowing-upward cycles in Sequence Dgd, nearly 1,000 feet above

the Yellow Slope Sequence (Plate 2a). 

Gamma Radiation  The Yellow Slope Sequence emits higher gamma radiation

than other Devonian sequence at TMS (Plate 2a).  Its average gamma radiation is 62 CPS

(Table 5).  It ranges from a minimum of 48 to a maximum of 74 CPS.  This is possibly

due to wind-blown silt and sand. 

The standard deviation of 5.5 CPS is lower than that of the adjacent sequences. 

The standard deviation radiation of the Sequence Dga of 10.0 CPS and that of the Fox

Mountain is 7.6 CPS.  At the base of the sequence, gamma radiation increases sharply

above the LSE at the top of the Fox Mountain Sequence.  An equally sharp decrease in

gamma radiation occurs at the TSE marking the base of Sequence Dga above.  Plate 2a

illustrates these changes in gamma radiation.
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Yellow Slope Sequence Interpretation  Desiccation cracks, stromatolites, and

abundances of ostracodes suggest that the Yellow Slope Sequence was deposited in

shallow water.  Most of the Yellow Slope Sequence is composed of stratal finely-

crystalline dolomite caps interpreted to be deposited in supratidal conditions.  On a larger

scale, the Yellow Slope Sequence is a shallow-water, dolomite cap on the shallowing-

upward Fox Mountain Sequence with the Dga1 Sequence boundary marking the

overlying transgression.  

Though the thickness of the Fox Mountain varies greatly depending on its position

in the Sunnyside basin, the thickness of the Yellow Slope Sequence remains nearly

constant throughout the basin.  It is 182 feet thick at TMS, 140 in the Golden Gate and

Worthington ranges, and 150 at Monte Mountain.  Apparently the Fox Mountain

unconformity leveled the Devonian paleogeography making it possible for the supratidal

Yellow Slope Sequence to be distributed uniformly over much of the Sunnyside basin. 

The uniform thickness of the Yellow Slope Sequence even persisted over the Monitor-

Uinta arch, an east-west positive feature that affected deposition of all the Devonian

sequences (Chapter 7).  Forming a vast sabkha that extended from western Utah to central

Nevada (120 miles unrestored) and most of the length of Nevada (250 miles), the Yellow

Slope Sequence was deposited in similar conditions as the Sevy Dolomite.  The main

differences are that the Yellow Slope cycle bases are typically limestone, some cycles

contain fossils including ostracodes, and two cycles are capped by thin sandstone units.

Sequence Dga

Sequence Dga is 395 feet thick and contains 20 shallowing-upward cycles

grouped into two subsequences in the TMS, but the subdivision was not always

recognized in other sections (Figure 9).  Sequence Dga1 is predominantly dolomite and
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Sequence Dga2 is predominantly limestone (Table 6, Plate 2a).  The sequence boundary

at the base of Sequence Dga is marked by a conspicuous facies shift from predominantly

yellow-weathering ostracode-bearing dolomite to cycles of multifauna coral, Amphipora,

stromatoporoid lime wackestones and light-gray dolomicrites.  Another facies shift from

multifauna coral, Amphipora, stromatoporoid wackestones to single-fauna

stromatoporoid wackestones and a regional gamma-ray spike marks the top of the

sequence. 

Gamma Radiation and Weathering Profile  A regionally correlatable leftward

gamma-ray inflection marking a TSE over an LSE separates the sequence into two

subsequences Dga1 and Dga2.  A regionally correlatable slight decrease in gamma marks

the top of the sequence.  Average gamma radiation over Sequence Dga is 43 CPS (Table

5).  It decreased from 49 CPS over Sequence Dga1 to 32 CPS over Sequence Dga2. 

Sequence Dga becomes more resistant upward from the Yellow Slope Sequence

that is 74% covered and partly covered slopes (Table 5) to Sequence Dgb that is 95%

cliffs and ledges.  Sequence Dga1 lies between the covered and partly covered slopes of

the Yellow Slope Sequence below and the cliffs and ledges of Sequence Dgb above.  It is

74% cliffs and ledges whereas Sequence Dga2 is 90% cliffs and ledges (see weathering

histogram on Plate 2a).

Color, Texture, and Lithology  Table 7 summarizes the color and texture of the

lower Guilmette sequences at TMS.  The average dolomite content decreases from 58%

in the underlying Yellow Slope Sequence to 41% in Sequence Dga and to 5% in

Sequence Dgb above (Table 6).  Limestone predominates in Sequence Dga (59%). 
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Subsequences Dga1 and Dga2 also reflect this upward decrease in dolomite content. 

Sequence Dga1 is 50% dolomite whereas Sequence Dga2 is only 25% dolomite (Figure

19).

Typical Sequence Dga Cycle  The lower part of a typical shallowing-upward cycle

in Sequence Dga is a coral-stromatoporoid open-shelf, medium dark-gray limestone

above a TSE/LSE.  It grades upward to a supratidal, laminated, light-gray dolomudstone

facies bounded by an LSE at the top.  Amphipora is an important constituent between the

basal limestone and the dolomite cap.  

Sequence Dga Cycles  Depending on the amount of strata removed at the next

TSE, some cycle tops are composed of light-gray, laminated dolomudstone.  Eight of the

12 cycles in Sequence Dga1, but none of the cycles in Sequence Dga2, shallow up to

light-gray, rarely mud-cracked, laminated dolomicrite facies.  Either a TSE\LSE truncated

supratidal strata or transgression occurred before the shallowing-upward sequence was

completed in the partial cycles.  Incomplete cycles in Sequence Dga2 are probably due to

general deepening, and cycles only shallowed to intertidal environments before the next

transgression.  However, a histogram of cycle thickness for Sequence Dga1 and Dga2

illustrates that after Sequence Dga1 Cycle 9, cycles get thinner upward until Sequence

Dga2 Cycle 6 (Figure 21).  This thinning upward suggests an upward decrease in

accommodation space caused by a decrease in the rate of relative sea-level rise.  A similar

decrease in accommodation space or a decrease in the rate of relative sea-level rise occurs

from Sequence Dga2 Cycle 7 to Sequence Dgb3 Cycle 2 reef (see UTN2 and UTN3 in

Figure 21).  
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Dolostone and Cycle Thicknesses  A histogram of the dolomite percentage for

each cycle of Sequences Dga1, Dga2, and Dgb1 provides some interesting patterns

(Figure 19).  Figure 24 illustrates two sets of thickening upward cycles in Sequence

Dga1.  Cycles 1, 2, and 3 thicken upward.  Figure 19 illustrates that the percent of

dolomite in these cycles progressively decreases upward.  Cycles 5 through 9 also thicken

upward and the percent of dolomite decreases upward.  The percent of dolomite continues

to decrease upward to Sequence Dga2 Cycle 1 where no dolomite is preserved.  The

uppermost cycles in Sequence Dga1 and most of the Cycles in Dga2 form a set of upward

thinning cycles (UTN2 on Figure 21).  Dolomite percent decreases in Cycles 2 to 4 and

increases from 4 to 7.  This increase in percentage of dolomite is abruptly truncated at

Sequence Dga2 Cycle 8, above which no supratidal dolomite occurs in cycles of

Sequences Dga or Dgb.  Sequences Dgc and Dgd lack shallowing-upward cycles with

supratidal caps such as those in Sequence Dga1.  An increase in dolomite thickness from

the base of Sequence Dga to Cycle 9 is partly caused by an increase in accommodation

space resulting from an increase in the rate of relative sea-level rise (UTK4 Figure 21). 
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Figure 24  Histogram of cycle thickness and content, Sequence Dga1.  Two sets of
upward thickening limestone cycles with dolomite caps characterize the sequence (cycles
1-3 and cycles 5-10).  The first set is part of the upward thickening trend that begins with
cycle 8 in the Yellow Slope Sequence (UTK3 in Figure 21) and the second is UTK3 in
Figure 21.  Cycles 11 and 12 are part of the upward thinning trend that continues to cycle
6 in Sequence Dga2 (UTN2 in Figure 21).

A decrease in the rate of sea-level rise resulted in less accommodation space and

thinner cycles upward in Sequence Dga1 Cycle 10 through Sequence Dga2 Cycle 6

(UTN2 Figure 21).  Less dolomite was preserved as dolomite caps in Sequence Dga

because of the facies shift from predominantly supratidal environment to more open-

marine environment at the top of the Yellow Slope Sequence.  A cycle thickness increase

from Sequence Dga1 Cycle 5 to Sequence Dga1 Cycle 10 reflects another increase in the

rate of relative sea-level rise.  However the percent of dolomite decreases upward

suggesting that, although accommodation space was available, deepening occurred faster
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than carbonates could build up to supratidal conditions, or at least more deposition in

open-marine conditions took place than in supratidal conditions.  As a result, less

supratidal dolomite is preserved at the top of the cycles.  This pattern of decreasing

amounts of dolomite preserved as dolomite caps continues upward to Sequence Dga2

Cycle 8 where no dolomite is preserved.  This upward decrease in dolomite content may

represent a local, deepening event superimposed on a general shallowing-upward pattern

(UTN2 and UTN3 Figure 21).  

Microfacies analyses and megascopic fossils show an overall deepening of cycles

within Dga (compare photomicrograph descriptions for Wilson’s (1975) microfacies in

Appendix C with Plate 5).  This deepening includes the sedimentary breccia Dgb2 and

stromatoporoid reef Dgb3.  Supratidal dolomite cycle caps of equivalent age (i.e., within

the same sequence) are found shoreward in the Sunnyside basin.  Correlative beds could

have been the source for light yellow-gray, laminated dolomite clasts within the overlying

Sequence Dgb2 sedimentary breccia.  These dolomite caps are not preserved in beds next

to the Dgb2 breccia at TMS.  A thin lens of breccia associated with the overlying Dgb2

breccia sequence was emplaced or liquidized as a single bed and will be discussed later in

this chapter. 

Subsequence Dga1  Subsequence Dga1 is 250 feet thick and is composed of 12

cycles (Plate 2a, Figure 24).  A conspicuous facies shift separates the ostracode- and

calcisphere-bearing Yellow Slope Sequence from the coral-, stromatoporoid-, and

brachiopod-bearing Sequence Dga1 (Figure 23).  Generally, the lower parts of the

sequence cycles are composed of open-shelf, medium dark-gray to medium-gray,

burrowed stromatoporoid, coral, brachiopod, Amphipora lime wackestone.  Supratidal,

light-gray, laminated dolomudstones with rip-up clasts cap most of the Sequence Dga1

cycles.  Plate 2a illustrates the cycle thicknesses and contents.  With few exceptions,

Sequence Dga1 cycles exhibit a general upward-deepening trend from supratidal Yellow
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Slope Sequence Cycles to open-shelf Sequence Dga2 cycles and a general upward

decrease in gamma radiation from the underlying Yellow Slope Sequence (Figure 13).  

A sharp leftward gamma-ray inflection marks the TSE/LSE at the base of the

sequence.  Within the sequence, each cycle begins with a sharp leftward gamma-ray

inflection at the limestone base followed by a gradual increase in gamma radiation and

dolomite content to the cycle top (Plate 1a, Figure 13).

Subsequence Dga2  Subsequence Dga2 is 145 feet thick and comprised of eight

cycles.  A TSE/LSE at the base of Sequence Dga2 separates equal amounts of dolomite

and limestone strata containing common open-shelf fossils of Sequence Dga1 from the

overlying predominantly limestone strata characterized by abundant open-shelf fossils

(Table 6, Plate 2a).  Figure 25 illustrates cycle thicknesses and composition of Sequence

Dga2.  A thin (1-2 foot) bed of distinctive Dgb2 carbonate breccia occurs 20 feet above

the base of Sequence Dga2 and 392 feet from the top of Dgb2.  It will be discussed later.
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Figure 25 Histogram of cycle thickness and content of Sequence Dga2 shows two sets of
possible upward thickening cycles from cycle 2 to 4 and from cycle 5 to 8.  However,
cycle thicknesses and contents are probably random.  Except for cycle 7, dolomite content
tends to decrease as the cycles become thicker.  Compare with Table 9 which shows the
percent of dolomite increasing from cycle 4 to cycle 7.  The only dolomite from cycle 8 to
Sequence Dgd is late diagenetic dolomite associated with fractures or porous parts of the
Dgb2 breccia matrix. 

Each shallowing-upward cycle in Sequence Dga2 shows a more pronounced

change from the base to the top than in underlying Guilmette sequences.  Generally, the

base of each cycle is marked by an open-shelf, medium dark-gray to medium-gray,

stromatoporoid, coral, brachiopod lime wackestone to packstone.  Seven of the eight
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cycles are capped with subtidal, laminated, commonly burrowed, light yellow-gray, fossil-

poor dolomite (Plate 2a).  Two cycles are capped by an extensively burrowed, medium-

gray, lime fossil wackestone of a restricted-shelf environment.  

A regionally correlative abrupt decrease in gamma radiation occurs at the base of

Sequence Dga2 (Figure 13).  The weak gamma radiation is interpreted to be caused by

carbonate dilution of radioactive detritus in open-shelf conditions.  Gamma radiation

continues to decrease upward to a distinctive gastropod lime wackestone at the top of

Sequence Dga2, above which gamma radiation abruptly increases.

 Sequence Dgb

Though Sequence Dgb can be correlated to more remote outcrops such as the

Egan Range (Figure 9), a sedimentary breccia, Subsequence Dgb2 restricted to the

Timpahute region, divides the 301 foot-thick sequence into three subsequences, Dgb1,

Dgb2 and Dgb3 at TMS (Plate 2a).  Figure 26 illustrates cycle thicknesses and

composition of Sequence Dgb and overlying Sequence Dgc cycles where Sequence Dgb3

is a stromatoporoid reef.  The distinctive sedimentary breccia (Dgb2) forms the middle

part of Sequence Dgb.  It provides an excellent marker bed in the Timpahute area.  At

TMS, Subsequence Dgb2 consists of an apparently single graded bed of sedimentary

packstone megabreccia.  It contains huge clasts up to hundreds of feet long at the base and

mudstone at the top (Warme et al., 1993).  Employing the grain-size classification of Blair

and McPherson (1999), grain size decreases from “blocks” and “slabs” in the lower part

to clay in the upper part.  A thin layer of the megabreccia occurs tens of feet below the

graded bed near the base of Sequence Dga2 at or just above the Dga2 gamma-ray marker

bed at TMS and at other localities.  It is described in a later section. Two shallowing-

upward cycles below the sedimentary megabreccia comprise Sequence Dgb1.  Two

thinner cycles and the thick stromatoporoid reef cycle above the megabreccia comprise
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Figure 26  Histogram of cycle thickness and content of Sequences Dgb and Dgc where
Dgb3 is a stromatoporoid reef at TMS.  The reef and Dgb2 breccia comprise most of
Sequence Dgb and only two Sequence Dgc cycles overlap the reef.  Cycles in the
Sequence Dgb2 interval were obliterated by the Dgb2 breccia event and were replaced
with breccia of the shattered cycles.

Sequence Dgb3 (Plate 2a).  Prominent rightward gamma-ray inflections at the base and

top of Sequence Dgb are regionally correlative (Figure 9, Figure 13).  Sequence Dgb

emits less radiation, as low as 21 CPS, than any other sequence in the TMS.  Except for

the gamma-ray spike between Sequences Dgb2 and Dgb3, radiation increases steadily

from the base to the top of Sequence Dgb (Plate 2a).

Weathering Profile  Table 5 and Figure 28 summarize the weathering profile of
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Dgbc and Dgbf.  Most of the cliffy Dgbc profile is due to the 179-foot-thick Sequence

Dgb2 breccia that forms 100% cliffs.  It is also due to the 215-foot-thick Sequence Dgb3

measured on the reef core that forms 93% cliffs and ledges. 

Lithology, Color and Texture  Figure 26 illustrates the thickness and composition

of cycles in Sequence Dgbc and Figure 27 illustrates the thickness and composition of

cycles in Dgbf.  Table 6 and Figure 28 summarize the lithologic components of the

sequences.  

Color of Sequence Dgb is summarized in Table 7.  Sequence Dgb2 is another

useful marker bed in the Timpahute region.  Its dark gray cliff typically separates dark and

light-gray cyclic beds of Sequence Dga and light-gray, cliff-forming reefy beds of

Sequence Dgb3c.  The lateral variability in color could be a pitfall to correct mapping and

interpretation.  For example, beds equivalent to the light gray reef are medium gray about

a mile away and could be mistaken for a different sequence.

Significant lateral textural variations in Sequence Dgb occur between the two

TMS sections.  Textures for Sequence Dgb are summarized in Table 7.  The lack of

mudstone in Sequence Dgb suggests that it was deposited in a higher energy environment

than sequences above or below.
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Figure 27  Histogram of cycle thickness and content, Sequences Dgbf and Dgcf.  Six cycles, four of w
against the reef, comprise Sequence Dgc on the reef flank (see Figure 28).

Gamma Radiation  Commonly, gamma radiation is higher over mudstones that

contain more fine-grained detritus and less over higher energy boundstones and

grainstones.  This is the case with Sequence Dgb (Plate 2a).  Gamma-ray response

generally reflects the particle size of the matrix being measured.  Because Sequence Dgb

lacks mudstone with fine-grained detritus, it emits little gamma radiation.  Average
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gamma radiation over Sequence Dgbc is thus only 26 CPS, less than that of any of the

lower Guilmette sequences.  In contrast, Dgbf has an average of 38 CPS.  On the reef

flank, increased percentages of fine-grained matrix results in higher gamma-ray intensity. 

Gamma radiation over Dgb1 is higher than over the rest of Sequence Dgbc and reflects

higher content of mud-size matrix.  Gamma radiation for Sequence Dgb is summarized in

Table 5.  

A low-intensity and featureless gamma-ray pattern over most of Sequence Dgb2

suggests that the entire sequence was deposited under uniform conditions.  Average

gamma radiation over Dgb2 is 27 CPS.  Compositionally, Sequence Dgb2 is the most

homogeneous of any of the Guilmette sequences.  Therefore, the composition of its

radioactive components remains uniform.  B2 has the lowest standard deviation (3.3 CPS)

of the three b subsequences.  However, the  texture of Sequence Dgb2 is highly

heterogenous.  A gamma radiation spike at the top of the sequence may reflect settling of

impact dust after the event responsible for the megabreccia. 

The Dgb2/Dgb3 contact is marked by a gamma-ray radiation decrease from the

Dgb2 breccia to the overlying reefy Dgb3 strata in both the reef and reef flank segments

of the measured section (Figure 28).  The blocky, low-intensity, surface gamma-ray log

response over the Dgb3 Cycle 3 in both sections is typical of an open-shelf depositional

environment.  However, the gamma-ray pattern for the reef is nearly a straight line

whereas the reef flank facies produces a more undulating gamma-ray signature over

shallowing upward cycles. Gamma radiation in both segments increases upward (Figure

13).  A sharp, rightward gamma-ray inflection at the top of the Dgb3 Cycle 3 reef marks

an LSE and a paleosol zone manifested on the outcrop as yellow-gray beds of silty

dolomite.  Above this unconformity, higher background radiation persists through

Sequence Dgc up to the base of Sequence Dgd.  This increase in background radiation is

seen in surface and subsurface sections throughout the region (Figure 9 and Figure 13).  
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Subsequence Dgb2  Dgb2 breccia is a unique rock body in the study area that

deserves special treatment.  In this section the evolution of understanding the breccia is

presented along with a brief description of the breccia and its contacts.  The distribution

of the unique rock body has application to thrust reconstruction.  Its unique origin

provides a classic opportunity to study the effects of a cosmolite impact on a carbonate

shelf.

Evolution of Understanding the Dgb2 Breccia  Previously described by Reso

(1960), Estes (1991) and Yarmanto (1992)  in the Pahranagat Range, Dunn (1979) at

TMS, Cedar Strat geologists (1985) at Tempiute Mountain, and in the Golden Gate,

Grant, and Worthington ranges, and Hurtubise (1989) and Ackman (1991) in the

Worthington Range, Guilmette Subsequence Dgb2 breccia is a unique unit in the southern

part of the Sunnyside basin.  Its close association with reefs in the Pahranagat and Mount

Irish ranges caused Reso (1960), Dunn (1979), and Estes (1992) to conclude that it is reef

talus.  Cedar Strat geologists first recognized the regional distribution of the breccia and

concluded that it was caused by slumping of steep carbonate banks into an intrashelf basin

(Devonian Reservoir Study 1996, a Cedar Strat proprietary study).  Warme et al. (1993)

concluded that it was caused by a cosmolite impact.  Warme and Sandberg (1995)

developed a classification scheme to describe the breccia.  Their A unit was the obviously

graded matrix near the top of the unit consisting of boulder, in some places to mud size

grains.  B is the main body of the breccia matrix consisting of cobble to boulder size

clasts with a matrix of finer breccia.  C consists of large clasts or slabs near the base of the

breccia separated from the underlying strata by their Unit D, a megabreccia sill of

fluidized carbonate rocks.  Not all these elements are present in all sections.  Chamberlain

and Warme (1996) recognized the cyclic nature of the gamma-ray patterns and illustrated

four subtle cycles in the breccia.  Kuehner (1997) recognized subtle graded beds in the

breccia.  Some of his graded beds may be the same as the gamma-ray fluctuations and
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sea-level changes on Figure 13 and Plate 2a that represent subtle cycles.  Sandberg et al.

(1997) formalized the breccia as the Alamo Breccia Member of the Guilmette Formation. 

Warme and Kuehner (1998) suggested that the breccia exhibits up to five subtle graded

beds and proposed that each formed by a tsunami generated by the impact.  Chamberlain

(1999) used the distribution of the breccia to reconstruct the Sevier fold-and-thrust belt in

the Timpahute Range 30' X 60' area.  

Description and Fossils of the Dgb2 Breccia  In the distance, the cliffy, dark gray

nature of the breccia is easily recognized in many locations.  Up close the breccia matrix

is typically composed of  medium gray clasts in a light gray matrix.  At TMS, the dark-

gray, massive cliffs of Sequence Dgb2 contrast sharply with the cyclic or banded

sequences below and the light-gray stromatoporoid reef above (Figure 11 in Chamberlain

and Warme, 1996).  As reported by Warme et al. (1993), the breccia appeared to consist

of a single graded bed of sedimentary packstone megabreccia.  It contains huge clasts

exceeding one thousand feet in length at the base and grades to mud at the top.  Clasts are

typically light-gray to medium light-gray limestone, in contrast to the commonly

dolomitized fine-grained matrix that gives the outcrop a dark-gray appearance (Figure 10

in Chamberlain and Warme, 1996).  The clasts are fragments of shallowing-upward

sequences entrained into the breccia.  If the strata between the thin breccia sill of

Sequence Dga (Unit D of Warme and Sandberg, 1995) and the main breccia mass are

included, then some clasts may be several miles long.

Fossils present in the Dgb2 breccia clasts at TMS include colonial corals, solitary

corals, brachiopods, and clasts and matrix contain abundant stromatoporoids including

Amphipora.  MI-407 (two feet from the base of the cycle) is partially dolomitized (30%)

coral, brachiopod, intraclast lime grainstone (See Appendix C for photomicrograph and

descriptions of thin sections).  MI-408 (seven feet from the base of the cycle) is

dolomitized (80%) coral, intraclast, Amphipora, stromatoporoid, brachiopod packstone. 
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In the middle of the breccia, a chaotic interval of medium dark-gray, stromatoporoid,

coral, and intraclast lime grainstone (open-marine) is medium brown-gray, with

increasing stromatoporoids, corals, and intraclast matrix dolograinstone upward. 

Stromatoporoids are less abundant, and some clasts are flat.  MI-421 (72 feet from the

base of the breccia mass) is a brachiopod, calcisphere, coral, pelletal lime grainstone. 

MI-429 (112 feet from the base of the breccia mass) is an intraclast coral, gastropod,

pelletal lime grainstone.  

Lower Contact of Dgb2 Breccia  The base of Sequence Dgb2 varies from section

to section due to its catastrophic nature of emplacement.  It is generally defined as the first

occurrence of a megabreccia matrix above shallowing-upward carbonate cycles of

Sequence Dga.  The base of the breccia is an erosional, undulating surface regionally and

locally.  At TMS the lower part of the breccia matrix (Sequence Dgb2) is a chaotic

sequence of a medium dark-gray, dolomitized matrix, abundant coral, and Amphipora

lime grainstone.  However, a thin (1 to 10-foot) bed or a sedimentary “fluidized zone” of

megabreccia, genetically related to Dgb2, commonly occurs tens of feet below Dgb2.  It

may represent a potential surface-of-detachment for the Sequence Dgb2 sedimentary

megabreccia and is designated as Unit D by Warme and Sandberg (1995).  It is a

carbonate diamictite of fluidized bedrock.  If it is fully detached, then all of Sequences

Dga2 and Dgb1 above this level are a great clast of the megabreccia at TMS.  It would be

classed as a medium to coarse monolith (Blair and McPherson, 1999).  At southwest Mail

Summit (TMS), this unusual megabreccia bed occurs at or above the Dga2 gamma-ray

marker bed, 20 feet above the base of Sequence Dga2, or 392 feet below the top of Dgb2. 

Apparently, the megabreccia “fluidized zone” was either fluidized or liquified at this

horizon by the same catastrophic event responsible for the formation of Dgb2

megabreccia.  Its sequence boundary is neither an LSE nor a TSE but is a DSE, a new

term herein.  As defined in Chapter 3, a DSE is a Disturbed Surface of Erosion caused by
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other processes other than changes in relative sea-level.  Because the liquified zone does

not look like the surrounding bedrock, it is likely that the clasts within the zone were

“loosed” and “transported,” and thus, satisfy the definition of erosion (Bates and Jackson,

1987).  Zones of fluidized or liquified carbonates are described in thin sections from the

top of Sequence Dga (MI-401, Appendix C), Sequence Dgb1 (MI-405 and MI-406,

Appendix C), and from the base of Sequence Dgb2 (MI-407, Appendix C).  An unusual

abundance of circular structures in MI-400, MI-401, MI-402, MI-403, and MI-425 could

be impact-related spherules described by Warme and Kuehner (1998).  The liquified

carbonates could have been caused by liquefaction processes briefly reviewed by Warme

and Kuehner (1998). 

At Monte Mountain, ten miles west of TMS, Dgb2 lies on a thin (145feet)

Sequence Dga.  The thin megabreccia fluidized zone or liquified carbonate also occurs at

Monte Mountain.  Farther west, at Tempiute Mountain, the Dgb2 breccia cuts down into

the top of the Simonson Dolomite.  The thin liquified layer is missing there.

Kuehner (1997) reported an anomalously thin (20 feet thick) Dgb2 breccia at Six

Mile Flat.  However, in a section less than two miles northwest of his section (Sec 10,

T7N R61E), a thin layer of Dgb2 liquified carbonate lies about 200 feet below the top of

the main breccia body.  It is likely that the breccia fluidized zone was overlooked at Six

Mile Flats.

Upper Contact of the Dgb2 Breccia   A karstified surface of dissolution marks the

upper contact of Sequence Dgb2 in some sections.  It is characterized by silty terra rosa

filling fractures and cavities found in the upper 20 feet of the sequence.  The size and

number of the fractures and cavities decrease downward.  Attitudes of some strata within

some cavity fillings are parallel to tectonic dip caused by Mesozoic folding.  MI-440 (167

feet from the base of the sequence) is dolomitized (95%) intraclast packstone containing

subvertical and subhorizontal fractures partially filled with coarsely-crystalline white
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dolomite and calcite.  This regional exposure surface at the top of the Dgb2 breccia

suggests that the event responsible for the breccia was followed by a period of local

exposure and carbonate dissolution.  Open-marine carbonates above the karsted interval

show that the exposed areas were drowned under the transgressive sea.

Distribution and Thickness of the Dgb2 Breccia  This lithologically unique rock

body is distributed over more than 10,000 square miles in western Lincoln County, east-

central Nye County and northern Clark County, Nevada.  After palinspastic thrust fault

restoration, this breccia could have been distributed over more than 20,000 square miles. 

In sections beyond the breccia occurrence, Sequence Dgb is a more ordinary succession of

carbonate shelf strata (Figure 9, Table 2, and Plate 3).  

The Tempiute cosmolite created the 160-mile diameter Tempiute basin that is

assumed to be concentric about Tempiute Mountain before Mesozoic thrusting

(Chamberlain, 1999).  Warme et al. (1993) noted that it is thickest at the west end of the

greater Timpahute Range.  It thins radially.  It is 510 feet thick at Tempiute Mountain

(Cedar Strat proprietary measured section, 1985).  In the Forest Home hanging wall thrust

sheet (Figure 2), eastern Grant Range, 50 miles north of Tempiute Mountain, it is 20 feet

thick (Cedar Stat proprietary measured section, 1985; No. 28, Figure 9).  Guilmette

Sequence Dgb2 at TMS is 179 feet thick from the base of the matrix to the graded bed at

the top.  It is 392 feet thick from a liquified interval near the base of Guilmette Sequence

Dga2 to the top.  

Origin of the Dgb2 Breccia  Warme and Sandberg (1995) recounted mounting

evidence that the Dgb2 megabreccia is a massive debris slide triggered by a Late

Devonian cosmolite impact.  That model assumed that the Tempiute Mountain section is

on the shelf edge.  However, as shown in Chapter 7, after thrust restoration the Tempiute

Mountain section is interpreted to be deposited in the southern end of the Sunnyside basin
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and to contain depositional environments that become shallower westward toward the

Antler forebulge.  The depositional environment of the breccia is problematical, but the

thickness of the unit and the size and grading of clasts suggest open-marine conditions.  I

believe the impact of the Tempiute cosmolite created the Tempiute basin and was

responsible for the distribution of Dgb2 breccia.  Warme and Kuhner (1998) summarized

evidence for the Late Devonian cosmolite impact including shocked quartz, iridium

anomalies, ejecta spherules, and disturbed shallowing-upward sequences including

intrasequence folding, brecciation, carbonate liquefaction, and graded bedding

Clasts within the breccia are fragments of shallowing-upward cycles of Sequence

Dgb.  Evidence of earlier Devonian sequences being involved in the breccia only occur at

Tempiute Mountain.  No evidence suggests that earlier Paleozoic rocks were involved in

the breccia other than Ordovician conodonts reported by Warme and Sandberg (1996).  I

believe it likely that the conodonts are part of the recycled insoluble residues eroded from

early Paleozoic carbonates on the Antler forebulge and redeposited in the Sunnyside

basin.  T. Hutter (1998, personal communication) found recycled early Paleozoic

microfossils in Devonian rocks throughout the Sunnyside basin.  The Antler forebulge

and Sunnyside basin are discussed in Chapter 7.

Reef Core vs. Reef Flank  Figure 28 compares the overlapping sections where

Sequence Dgb3 is a stromatoporoid reef (reef core) and where it is composed of reef flank

facies (reef flank).  The middle segment on Figure 4 and Plate 6 was measured where

Subsequence Dgb3 is mostly a stromatoporoid reef (Figure 26, Plate 2a ).  Sequences

Dgb and Dgc and Subsequence Dgb3 in the middle reef section are designated Dgbc,

Dgcc and Dgb3c respectively in Table 5, Table 6 and Table 7.  The upper segment on

Figure 4 was measured where Subsequence Dgb3 is composed of off-reef facies (Figure

27, Plate 2b).  Sequences Dgb and Dgc and Subsequence Dgb3 in the upper off-reef

segment are designated Dgbf, Dgcf, and Dgb3f respectively in Table 5, Table 6 and
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Table 7.  Correlative strata of the two sections exhibit different thicknesses, and erosional

and weathering characteristics (Figure 28).  Whereas the reef facies is a massive

recrystallized body, the Dgb3f facies is more cyclic and less recrystallized.  Also, the

gamma-ray pattern for the reef is nearly a flat line whereas the reef flank facies produces a

more undulating gamma-ray signature over shallowing upward cycles.  Sequence Dgbc is

420 feet thick (Plate 2a).  Sequence Dgbf is 302 feet thick (Plate 2a).  

Sequence Dgb3c  Sequence Dgb3c is 228 feet thick at TMS and is composed of

three cycles (Figure 28).  The base is marked by an LSE overlain by a transgressive lag

that makes a sharp contact with the underlying Sequence Dgb2.  Cycles 1 and 2 contain

corals, crinoids and other open marine fossils (see Appendix B for more details).  The

uppermost cycle, Cycle 3, is a coral-stromatoporoid boundstone reef and is much thicker

than the lower two cycles (Figure 28).  The reef is a classic lens-shaped, open-shelf,

stromatoporoid reef with associated flank beds (Figure 11 in Chamberlain and Warme,

1996).  It is composed of recrystallized limestone with some dolomite patches and forms a

prominent, light-gray cliff above the medium-gray Dgb2 megabreccia cliffs.  The exposed

thickness of the lenticular reef is 165 feet thick in the center.  It can be traced laterally for

about 500 feet.  

At the base of the reef, stromatoporoids are tabular and are up to six feet in

diameter whereas in the middle and upper part of the reef stromatoporoids are bulbous,

decreasing in diameter upward (12 inches to two inches diameter).  A photomicrograph

shows MI-456 is light-gray, dolomitized (<1%), recrystallized, stromatoporoid lime

boundstone with tiny authigenic quartz crystals.  A subvertical stylolite provides no visual

porosity but shows evidence of lateral compression.  MI-479 is a light-gray, recrystallized,

stromatoporoid, lime boundstone.  Details of the reef architecture and biostratigraphy

have previously been documented by Dunn (1979).
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Figure 28  Correlation chart comparing Guilmette cycles of Sequences Dgb3 and Dgc on a reef
(Dgbc and Dgcc) with cycles on the reef flank (Dgbf and Dgcf) at TMS (i.e., middle and upper
segments of TMS on Figure 4).  Photographs suggest that the contact between the reef and reef
flank beds is smooth (see Chamberlain and Warme, 1996, Figure 11).
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Terra rosa and karst pockets characterize the LSE exposure surface at the top of

the reef and at the top of Sequence Dgb3 on the reef flanks (Figure 13).  Some karst

cavities just below the exposure surface contain pale yellow-gray, laminated

dolomudstone.  The structural attitude of the dolomudstone is parallel to tectonic dip

caused by Mesozoic folding.

Other stromatoporoid reefs of Sequence Dgb3, such as the one at Mail Summit,

occur in the study area (Stop 16, Appendix D).  They could serve as economically

important hydrocarbon reservoirs in the region.  Economic considerations are presented in

Chapter 8.

Sequence Dgb3f  Sequence Dgb3f is 97 feet thick and is composed of three cycles

in the upper segment of TMS (Figure 4 and Figure 28).  Cycles 1 and 2 at the reef flank

are similar to those in the middle segment of the measured section at the reef core.  Cycle

3 is a 77-foot-thick shallowing-upward cycle of medium dark-gray, stromatoporoid coral

lime packstone at the base (open-shelf) that becomes a burrowed, gastropod wackestone

at the top (restricted shelf from 2,305 to 2,307 feet, Plate 2a).  It is correlative with the

165 foot-thick stromatoporoid reef Guilmette Sequence Dgb3c, Cycle 3.  The upper

sequence boundary separates burrowed Sequence Dgcf rocks that lack marine fossils from

underlying Sequence Dgb3f rocks that are rich in gastropods and other marine fossils.

Sequence Dgc  

Two sections were measured TMS to compare and contrast Sequence Dgc strata

deposited above the two different Dgb3 facies (Figure 28).  Dgcf was measured in the
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upper segment at TMS where Dgb3 is reef flank facies (Figure 4, Plate 6).  Dgcc was

measured in the middle segment where Dgb3 is stromatoporoid reef facies.  Sequence

Dgcf is 188 feet thick and comprised of six cycles.  Dgcc is 55 feet thick and comprised

of two cycles. 

Sequence Boundary  The unconformity marked by a paleosol on a dissolution

surface at the top of Sequence Dgb3 forms the major sequence boundary between Dgb3

and overlying Sequence Dgc (Figure 13).  Above the unconformity, a TSE marks the base

of Sequence Dgc, a silty, burrowed, gastropod lime wackestone (Table 7, Plate 2a).

Except for the uppermost part, the base of each shallowing-upward cycle in

Sequence Dgc begins with sediments deposited in shallower water than the base of each

previous cycle.  The lower part of most of the cycles is composed of medium-gray,

burrowed limestone.  The upper part of each cycle consists generally of fossil-poor,

medium to light-gray limestone, which was deposited in shallow-water conditions.  Each

successive cycle has more fossil-poor, light-gray limestone (Figure 28, see Appendix B

for more details).

Gamma Radiation  An abrupt gamma-ray increase at the base of Sequence Dgc is

conspicuous and is correlatable on measured sections and well logs throughout the eastern

Great Basin (Figure 13, Figure 9, and Table 2).  The average gamma radiation of

Sequence Dgc, 46 CPS, is almost twice that of the average gamma radiation of Sequence

Dgb with an average of 26 CPS.  The distinctive gamma-ray rightward inflection occurs

because Sequence Dgc is more silty than adjacent sequences.  Gamma radiation intensity

increases upward from the open-shelf to slightly restricted-shelf bases to the more

restricted-shelf tops of the shallowing-upward cycles.  Gamma radiation of Sequence Dgc

in the middle and upper segments of TMS is summarized in Table 5. 
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Depositional Indicators  The most characteristic features of Sequence Dgc rocks

are the intensity of burrowing and the abundance of gastropods (Table 4).  Sequence Dgc

rocks lack open-marine fossils such as corals, stromatoporoids, and brachiopods and lack

supratidal dolomites typical at the tops of shallowing-upward cycles of Sequence Dga

below and Sequences e through g above.  A dolomite cap on Cycle 5 of Sequence Dgcf is

an exception and was probably deposited in supratidal conditions.  The sandy limestone

on dolomite and siltstone at the top of Sequence Dgc Cycle 2 was deposited in low-

supratidal conditions.  

Erosional Profile, Lithologies, Sequence Thicknesses, Textures, and Colors 

Sequence Dgc tends to erode into a weathering profile of partly-covered to covered slopes

(Plate 2a and Table 5).  Typically, Sequence Dgc forms a saddle between the limestone

cliffs of Sequence Dgb below and the dolomite ledges of Sequence Dgd above.  Table 5

summarizes the weathering profiles.

All of Sequence Dgcc is limestone and Dgcf is 72% limestone, 20% dolomite, 5%

terrigenous siltstone, and 3% quartz sandstone (Table 6).  Though the cumulative

thickness of Sequence Dgb3 and Sequence Dgc in the two sections is similar, there is,

nevertheless, a striking difference in the thickness of Sequence Dgc (Plate 2a, Figure 26

and Figure 27).  Cumulative thickness of Sequences Dgb3c and Dgcc is 260 feet and that

of Dgb3f and Dgcf is 285 feet.  Sequence Dgcc is only 45 feet thick.  However, Dgcf is

188 feet thick.  

Sequence Dgcc is 100% mudstone and Sequence Dgcf is 74% mudstone and 26%

wackestone.  Sequence Dgc mudstone contrasts with Amphipora wackestone of Sequence

Dgd above and stromatoporoid packstones and boundstones of Sequence Dgb below. 

Table 7 summarizes the sequence colors.  
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Cycle Thicknesses  There are only two cycles in Sequence Dgcc.  In contrast, six

cycles with an average thickness of 31 feet make up Sequence Dgcf, approximately a mile

away (Figure 28, Figure 26, and Figure 27).  The thickest Sequence Dgcf cycle is 42.5

feet and the thinnest cycle is 13.5 feet.  Similarly, Sequence Dgcc cycles average 28 feet

thick, ranging from a maximum of 45 feet to a minimum of 10 feet.  Cycle thickness can

be used to distinguish Guilmette sequences.  For example, the average Sequence Dgcf

cycle is thicker (31 feet) than the average cycle of Sequence Dga (20 feet).

Figure 27 illustrates that Sequence Dgcf cycles become thinner from Cycle 1

(43.5 Feet) through Cycle 4 (15 feet) and then thicken at Cycle 5 (42.5 feet).  If the

upward-thickening trend continued to Cycle 6, then erosion at the top of Cycle 6 could

have removed 20 or 30 feet of supratidal dolomites.  Because Sequence Dgcc is mostly

(78%) a covered interval, it is unclear if it consists of more than two cycles (Plate 2a). 

All six cycles of Sequence Dgcf may merge into the two cycles of Sequence Dgcc.  If they

do, they thin over the reef core.  Otherwise, Cycles 1 through 4 are missing over the reef

core by onlap and Cycles 5 and 6 on the reef flank correlate to Cycles 1 and 2 on the reef

core as shown in Figure 28.  Cycles 1 through 4 on the reef flank represent a period of

shallowing-upward or slowing of relative sea-level rise that would result in less

accommodation space.  Cycles 5 and 6 on the reef flank and Cycles 1 and 2 on the reef

core represent a period of  accelerated sea-level rise, creating more accommodation space

upward.  A deepening of sea level at the top of the shallowing upward Cycle 6 (reef flank)

resulted in a merged LSE/TSE responsible for truncating the upper part of Cycle 6 on the

reef flank and Cycle 2 on the reef core.

Sequence Dgd

Sequence Dgd is 406 feet thick and comprised of 23 cycles.  Amphipora-rich

dolowackestone-packstone characterizes Sequence Dgd (Table 7).  The medium dark-
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gray to medium brown-gray Amphipora wackestone-packstone facies suggests deposition

in a restricted-shelf lagoon environment, an interpretation that concurs with Niebuhr

(1979).  A merged LSE/TSE marks the sharp basal contact of this sequence.  Above the

transgressive lag deposit associated with the TSE is an oncolite-bearing bed.  Except for a

few minor (10 feet thick or less) limestone intervals and several thin (less than 5 feet

thick) quartz sandstone beds, 90% of Sequence Dgd is an Amphipora-rich dolopackstone

that generally shallows upward (Plate 2a). 

Quartz Sandstone  Most of the cycles in Sequence Dgd are capped by thin,

laminated, light-gray dolomite (Plate 2a).  Four of the cycles are capped by thin sandstone

beds less than five feet thick.  The light-gray, medium-grained, well-sorted, dolomite-

cemented, quartz sandstones are trough crossbedded.  Commonly the crossbedding shows

a prevailing southwest current direction.  Some sandstones have desiccation cracks. 

Other than a few scattered medium-sized quartz grains and rare thin (1' thick) sandstone

beds in the Yellow Slope Sequence, sandstone in cycle 16, near the middle of Sequence

Dgd, contains the first occurrence of medium-grained quartz sand above the “Oxyoke

Formation” sandstone.

Though quartz sandstone makes up a small part of the Guilmette at TMS, it

predominates in the Monte Mountain Section above the Dgb2 breccia (Figure 9, No. 52). 

One massive sandstone unit, truncated at the base by the Monte Mountain thrust fault, is

at least 700 feet thick (Stop 14, Appendix D).  Net sandstone for the formation at Monte

Mountain is 1,070 feet.  The sandstone bodies are composed of well-sorted, well-rounded,

frosted, fine to medium quartz grains (Chapter 7).

Gamma Radiation  A prominent, regionally persistent, gamma-ray leftward

inflection marks the base of Sequence Dgd, which lies on the unconformity at the top of
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Sequence Dgc.  Figure 13 illustrates a slight increase in gamma radiation from the base to

near the middle of the sequence.  The gamma-ray pattern is generally smooth over the

sequence except local inflections at cycle tops caused by concentrations of wind-blown

radioactive dust.  A regionally persistent gamma-ray leftward inflection occurs in the

middle part of the sequence.  

Sequence Dge

Sequence Dge is 235 feet thick and comprised of 17 cycles.  Whereas Sequence

Dgd is predominantly dolomite, Sequence Dge is a mixture of dolomite, limestone, quartz

sandstone, and siltstone (Plate 2a).  Denoting another merged LSE and TSE sequence

boundary, the dolomite at the base of Sequence Dge directly overlies an unconformity at

the top of Sequence Dgd.  In some sections north of the study area, the unconformity cuts

out much of Sequence Dgd.

Gamma Radiation  A regionally correlatable gamma-ray rightward inflection

marks the base of Sequence Dge (Figure 13).  Cycles within the sequence are marked

with a leftward gamma-ray inflection at the base and a gradual gamma radiation increase

toward the top.  Gamma-ray spikes are common where terrigenous grains are concentrated

at the tops of some cycles.  

Sequence Dgf

Sequence Dgf is 267 feet thick and comprised of 15 cycles.  The sharp basal

contact of Sequence f occurs where an LSE truncates the uppermost light-gray, laminated
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dolomite of Sequence Dge and is merged with a TSE.  A six-inch lag deposit of light-

gray, finely-crystalline dolomite clasts in medium dark-gray dolomite overlies the TSE. 

The sequence is predominantly limestone, except the uppermost 65 feet, which is

composed of predominantly dolomite (Table 6).  Medium-gray to medium dark-gray,

medium to thin-bedded, locally Amphipora-bearing, lagoonal, burrowed limestones form

the lower part of most cycles.  Many cycles are capped by either supratidal, light-gray,

laminated dolomudstone with tepee structures or one- to two-foot thick supratidal, light

yellow-gray, fine-grained quartz sandstone beds.  Many supratidal caps contain intervals

of desiccation cracks.

The sequence is erosionally nonresistant, because 61% is partly-covered slopes,

15% are covered slopes and only 24% are ledges.  Light colors dominate as 33% of the

sequence is medium light-gray, 26% is light-gray, 4% is pale yellow-gray, 13% is

medium-gray, and only 24% is medium dark-gray.

The rightward gamma-ray inflection at the base of Sequence Dgf is regionally

correlative (Figure 13).  As observed in other cycles, gamma radiation is generally higher

over light-gray, unfossiliferous, laminated, finely-crystalline dolomite interpreted to have

been deposited in supratidal conditions.  Gamma radiation is lower over thick-bedded,

open marine fossil-bearing limestone interpreted to have been deposited in open-shelf

conditions.  However, cycles 9, 10, and 11 not only provide the highest gamma-ray

responses in the sequence, but also contain the uppermost occurrences of open-marine

fauna in the TMS section including corals, bulbous stromatoporoids, and brachiopods. 

The higher gamma-ray response associated with open-marine carbonates is probably due

to a higher influx of detrital material.  Above cycle 9, the detrital material shut off the

carbonate factory.  Detrital influx from the incipient Antler orogeny and more restrictive

circulation is probably responsible for the paucity of abundant open-marine macrofossils

observed between Sequence Dgf cycle 11 and the Mississippian Joana Limestone at TMS.
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Sequence Dgg

Sequence Dgg, with its 567-foot-thickness and its 29 cycles, is the most variable

sequence of the Guilmette Formation in cycle lithologies and thicknesses.  At TMS, the

section is 59% dolomite, 24% quartz sandstone, and 17% limestone.  

A regionally correlatable leftward gamma-ray inflection (lower gamma radiation)

marks the base of Sequence Dgg (Figure 13).  Otherwise, the contact between the light

brown-gray dolomite of Sequence Dgf and that of Sequence Dgg is indistinguishable in

the field.  Indicators of a sequence boundary or unconformity are yet to be found in the

covered interval.  The covered interval probably formed on a nonresistant paleosol

developed on the top of Sequence Dgf.

The top of the Guilmette Formation in many sections on the edge of the Sunnyside

basin is marked by a prominent sandstone bed, representing the uppermost part of the

uppermost cycle.  This sandstone probably correlates to the Cove Fort Sandstone in other

sections of western Utah.  Hintze (1988) showed the Cove Fort Sandstone at the top of the

Guilmette Formation in western Utah sections.

Weathering Profile and Color  Most (57%) of Sequence Dgg is resistant and forms

ledges.  Nevertheless, 39% of the sequence erodes into partly-covered slopes and 4% is

covered.  In contrast to earlier sequences, Sequence Dgg lacks cliffs.  The sequence

weathers to shades of gray and brown-gray.  It is 42% light-gray, 36% medium-gray, 11%

brown-gray, and 11% light brown-gray.  

Gamma Radiation  The sequence has a variable gamma-ray log response.  It has a

standard deviation of 10.3 CPS, higher than the standard deviation of Sequence Dga

(Table 5).  Average gamma radiation of the sequence is 49 CPS.  It ranges from a
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minimum of 32 CPS to a maximum of 92 CPS.  The abrupt decrease in gamma radiation

at the base of the sequence provides a leftward inflection that is regionally recognizable. 

Another regionally correlative gamma-ray spike occurs at the top of the sequence. 

Gamma radiation intensity in Sequence Dgg is low compared with subjacent Sequence

Dgf (average of 49 in Dgg versus 61 CPS in Dgf) and superjacent West Range Limestone

Sequence (average of 49 CPS in Dgg versus 82.6 CPS in West Range Limestone (Figure

13).  

 The Uppermost Occurrence of Amphipora  The uppermost occurrence of

Amphipora in TMS Devonian occurs in the lower part of Sequence Dgg Cycle 25 (see

Plate 2a).  The last occurrence of rugose corals at TMS occurs in Sequence Dgf Cycle 11

and the last occurrence of stromatoporoids occurs in Sequence Dgf Cycle 5 (Appendix B). 

The lack of reef-building stromatoporoids and corals and the last occurrence of

Amphipora could represent the Frasnian-Famennian boundary.  Sandberg et al. (1997)

also placed the Fransian-Famennian above the cyclical carbonate rocks and within the

sandy member in their time-rock chart of the north Pahranagat Range and Mount Irish

Range.  They place it much lower in their Tempiute Mountain section.  However, if their

top of the Dgb2 breccia is the same as TMS herein, then using their thicknesses, the

boundary is in Sequence Dgd.  Either the measured thicknesses are different or Sequences

Dgc-Dgg are unusually thin at TMS and the section needs to be recorrelated.  It would

have been most helpful if Sandberg et al. (1997) would have added a surface gamma-ray

log to their chart so that the sections could be correlated directly.  It is recommended in

Chapter 9 that conodont zones of the region be tied to surface gamma-ray logs to tighten

and refine sequence correlations of the region.  The extinction of most reef-building

stromatoporoids and corals at the Frasnian-Famennian boundary correlates to the collapse

of North American stromatoporoid-dominated reefs (Webb, 1998).  Amphipora does not

occur in the uppermost cycles of Sequence Dgg in other sections throughout the
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Sunnyside basin where the uppermost part of the sequence is preserved.  Therefore, the

Frasnian-Famennian boundary probably occurs at the top of Sequence Dgg Cycle 25.

West Range Limestone

The West Range Limestone is 153 feet thick at TMS and comprised of one

sequence and four cycles (Plate 2a).  The basal contact of the sequence is marked by a

transgressive erosional surface over the unconformity at the top of Sequence Dgg.  In

some sections north of the study area, the unconformity cuts out much of Sequence Dgg. 

The West Range Limestone consists of intertidal lime mudstones.  They overlie the

uppermost intertidal to supratidal quartz sandstone bed of Sequence Dgg (Figure 13). 

The West Range Limestone is readily eroded into recessive, partly-covered slopes.  It is

typified by light-gray, burrowed lime mudstone that contains few macrofossils.  It is

commonly mottled or burrowed, silty, argillaceous, partly laminated, and thin-bedded.  

If the Monte Mountain (TMM) section is restored to west of Tempiute Mountain

(TMP) as proposed in Chapter 5, then the West Range Sequence regularly thins westward. 

It is 153 feet thick at TMS, 125 feet thick at TMP, and 58 feet thick at TMM.

The West Range Limestone has a higher gamma-ray intensity than the underlying

Guilmette.  The highest gamma-ray count in the West Range Limestone is 106 CPS and

the lowest is 61 CPS.  The average is 82.6 CPS.  The standard deviation is 10.7 CPS.  A

sharp, distinct, rightward gamma-ray inflection marks the base of the sequence on surface

and subsurface logs (Figure 13).

The top of the West Range Sequence herein is defined by a sequence boundary

with a sharp rightward gamma-ray inflection.  It is different from the lithologic formation

boundary by Sandberg and Ziegler (1973) who did not employ principles of "sequence

stratigraphy" to their measured section at Bactrian Mountain.  They included the upper

part of the West Range Sequence in their Pilot Formation.
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Pilot Formation

The Pilot Formation is 245 feet thick and comprised of two sequences at TMS. 

Plate 7  illustrates the distribution of 91 Pilot Formation outcrops in the Timpahute Range

30' X 60' quadrangle that cover 5.85 square miles.  The poorly exposed Mississippian-

Devonian Pilot Formation occurs above the cyclic Devonian carbonates (Plate 2a, Figure

13).  The Mississippian-Devonian boundary lies within the Pilot Formation.  The

sequence boundary could be the unconformity at the top of Sequence 1.  Sandberg and

Ziegler (1973) pointed out that erosion at the unconformity cuts out eight conodont zones

in the Pilot Formation at Bactrian Mountain, on the north end of the Pahranagat Range,

seven miles south of the TMS section.  The Pilot Formation manifests a unique gamma-

ray signature with the highest radioactivity of all the Devonian system.  It has a high clay

content and probably high concentrations of radioactive potassium.  In measured sections

and well cuttings of the Mississippian Antler clastic shales, those which exhibit higher

radiation are also higher in Total Organic Carbon or TOC (Chamberlain, 1988c). 

Similarly, the high organic carbon in the siliceous stromatolites and black siltstone is

probably the source of the high gamma radiation in the Pilot Formation.

At the beginning of this chapter, it was proposed that the sequence boundary at the

top of the Sevy Dolomite is probably the base of the Kaskaskia sequence of Sloss (1963)

and the Piankasha Holostrome of Wheeler (1963).  The Kaskaskia or Piankasha is one of

several major continental sequences bounded by continent-wide unconformities.  It began

in the Early Devonian and ended in the Late Devonian.  The top of the Kaskaskia or

Piankasha may correspond to the sequence boundary between Pilot Formation Sequences

1 and 2.  Wheeler called the missing interval at the unconformity the Acadian Hiatus. 

Most of the sequences described in this chapter lie in the Kaskaskia sequence (Figure 10). 

Sandberg and Ziegler (1973) reported 426 feet of Pilot Formation at Bactrian

Mountain in the study area, 60 miles south of the southern edge of the Pilot basin of

Sandberg et al. (1988).  Pilot Sequences are thickest (815 feet) in the Confusion Range
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(No. 11, Figure 9), are absent in the Forest Home footwall thrust sheet (No. 27, Figure

9), and 233 feet thick in the Forest Home hanging wall thrust sheet (No. 28, Figure 9). 

Pilot Sequences in the Pancake Range, near the Pilot basin of Sandberg et al. (1988), are

365 feet thick (Cedar Strat files).  The sequences thin over the Monitor-Uinta arch and

thicken to 230 feet at Pearl Peak (No. 45, Figure 9) and 275 feet in the Pequop Range

(No. 41, Figure 9) north of the arch (Cedar Strat files).  Sandberg et al. (1988) neither

show the thinning of the Pilot Formation over the Monitor-Uinta arch, nor do they

mention the shuffling of sections caused by Sevier thrusting.  Therefore, their

paleogeographic maps may be misleading.

Correlation charts in Chapter 6 illustrate the thicknesses of Pilot Sequences in

different thrust sheets in the Timpahute Range.  It is 300 feet thick at Tempiute Mountain,

117 feet thick at Monte Mountain, and 245 feet thick at TMS.  If the Silver Canyon thrust

sheet is restored to west of Tempiute Mountain, then a consistent thinning of the Pilot

Sequences occurs from near the center of the Sunnyside basin at Tempiute Mountain to

Monte Mountain on the west and TMS on the east.

Pilot Formation Sequence 1

Pilot Formation Sequence 1 at TMS is 130 feet thick and is comprised of two

cycles (Plate 2a).  It consists of most of the West Range Limestone upper unit and all of

the Pilot Shale lower unit of Sandberg and Ziegler (1973).  It lies in the lower marginifera

conodont zone (Figure 10).  The base of Sequence 1 occurs where recessive limestones of

the West Range Limestone abruptly give way to mostly covered intervals.  These slopes,

bearing fragments of light-gray, silty limestone, produce an increased gamma-ray

measurement.  The top of the sequence is marked by a thin, ferruginous, fossil fish plate-

bearing quartz sandstone only five to ten feet thick that overlies ten feet of pale-yellow,

calcareous siltstone.  This may be correlative with the planar, crossbedded, coarse-
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grained, quartz sandstone, containing abundant abraded fish bones and teeth, conodonts,

and phosphatic pellets between sequences three and four of Giles (1994) in the Confusion

Range, western Utah.  However, Giles (1994) placed a regional unconformity below the

sandstone. 

The Pilot Formation Sequence 1 is more radioactive than the underlying West

Range Limestone.  Furthermore, two of the highest gamma-ray spikes in the TMS occur

in Pilot Formation Sequence 1 (Figure 13).  The first occurs at the base of Cycle 1, and

the second occurs near the top of Cycle 2 in the ferruginous sandstone.  Although thick

cover commonly masks the base of the sequence, the contact can be picked on the surface

gamma-ray log where an abrupt gamma-ray intensity increase occurs.  This provides an

example of the usefulness of surface gamma-ray logs for interpreting changes in lithology

otherwise hidden by scree or soil.

Pilot Formation Sequence 2

Pilot Formation Sequence 2 at TMS is 115 feet thick and comprised of 2 cycles. 

As mentioned above, the major unconformity that cuts out eight conodont zones in the

Pilot Formation at Bactrian Mountain (Sandberg and Ziegler, 1973) may be the sequence

boundary between Sequences 1 and 2.  The ferruginous quartz sandstone at the top of

Sequence 1 is overlain by the pale-red, cherty siltstone of Sequence 2.  Its base lies in the

Middle costatus conodont zone of Sandberg and Ziegler (1973) at Bactrian Mountain

(Figure 10).  Black, laminated, silicified stromatolite beds of cycle 1 are capped by a 2.5-

foot-thick bed of bioturbated sandstone (Table 6).  The second cycle is a silty limestone

that is commonly covered.

The ferruginous sandstone at the top of Sequence 1 produces a gamma-ray peak in

contrast to the abrupt gamma-ray leftward inflection at the base of Sequence 2 (Figure

13).  The gamma-ray spike mentioned in the first paragraph of this section on the Pilot

SE ROA 37203

JA_8709



187

Formation is associated with silicified stromatolites that occur at the top of Cycle 1. 

Gamma radiation abruptly decreases at the base of Cycle 2, and continues to decrease

gradually to the base of the overlying Joana Limestone where a distinct gamma-ray

leftward inflection at a sharp erosional break occurs (Plate 1a).

Joana Limestone

The Mississippian Joana Limestone (note that only the base of the formation is

shown in Plate 2a) represents a major transgression over the uppermost Pilot Formation

Sequence 2 Cycle 2.  The Joana Limestone contains abundant bedded chert and open-

marine fossils including crinoids and corals in contrast with the uppermost Pilot

Formation that lacks bedded chert and open-marine fossils.  Joana Limestone sequences

from the base to the top include: (1) ledge-forming, silty lime wackestone; (2) prominent,

cliff-forming crinoid grainstone; (3) prominent, cliff-forming crinoid grainstone banded

with chert; and (4) cliff-forming crinoid grainstone.  The formation is mostly a medium-

gray weathered, massively bedded crinoid packstone.  Figure 29 illustrates the

distribution of 101 Joana Formation outcrops in the Timpahute Range 30' X 60'

quadrangle that cover 40.25 square miles.  

Although the Joana Limestone-Pilot Formation contact is generally covered with

scree from the from overlying Joana Limestone, it can be picked at a pronounced decrease

in gamma radiation.  This gamma-ray shift is an abrupt change to some lowest values

measured in the TMS (Figure 13).  The leftward gamma-ray inflection at the erosional

break is interpreted to be a merged LSE and TSE that separates Pilot Formation slopes

from overlying Joana cliffs.  Gamma radiation generally increases upward to the top of

the Joana Limestone. 

SE ROA 37204

JA_8710



188

T1N

115 W

T5S

R62ER57E

 N
ye

 C
ou

nt
y 

 L
in

co
ln

 C
ou

nt
y 

37.5 N

116 W
38 N

101 Joana outcrops on the new Timpahute Range 30 X 60' Quadrangle geologic map = 40.25 sq. miles

1050

Miles

New Map

Mj

Old Map Errors

Mj

Figure 29  Distribution of Joana Formation outcrops on the new geologic map of the Timpahute
Range 30' X 60' quadrangle.  Areas erroneously mapped on old map as Joana are marked in red. 
Degrees N latitude and W longitude are marked at the corners of the map.  Blue lines are
surveyed townships and ranges and the yellow lines are surveyed sections.  

Discussion

Devonian sequences at TMS serve as a reference section for the rest of the

Sunnyside basin and fulfill the first objective of this research, namely to give an account

of the 21 mappable Devonian sequences at TMS (Figure 13).  These regionally

correlatable sequences at TMS were correlated to more than 500 other Great Basin

surface and subsurface sections measured and described in Nevada and western Utah

(Figure 9, Plate 3).  However, Table 2 and Appendix F lists only those sections and

wells where the complete Devonian interval is represented or where no Devonian rocks
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were deposited.  All Cedar Strat sections listed in the tables were measured at the same

scale and detail as TMS.  They all contain surface gamma-ray logs for correlating. 

Cuttings from most of the wells listed in the tables were described by Cedar Strat.  These

descriptions, combined with gamma-ray logs, were used for correlations.  Many other

sections are described in the literature or in proprietary studies.  Though they lacked the

detail and surface gamma-ray logs, less exact correlations based on lithologic and fossil

descriptions were made using these other sections.  They did provide additional control

points.  Most of the surface and subsurface sections are composed of only parts of the

Devonian interval because of faulting, cover, erosion, or not drilling deep enough.  A

spreadsheet of all the data points, sequence thicknesses, thicknesses of sandstones and

other information provided a method of organizing the data set.  Every section that

contained one or more sequences was added to the spreadsheet.  Data from the

spreadsheet were used to construct isopach and isolith maps presented in Chapter 7.  As

each isopach map of each of the 21 sequences was made, errors in correlation were

detected and corrected.  The final product was an isopach map of the total Devonian

(Chapter 7, Figure 9, Plate 3).  Viewed in order, the 21 isopach maps reveal the evolution

of the Sunnyside basin.  This evolution aided in inferences and interpretations.  For

example, unconformities cut out some sequences over the Monitor-Uinta arch.  These

unconformities provided some basis for determining the sequence boundaries at TMS. 

However, a detailed analysis of the evolution of the Sunnyside basin is beyond the scope

of this study.

Facies of sequences in most sections and wells throughout the Sunnyside basin are

similar to TMS.  However, abrupt contrast occurs in facies of post Guilmette Sequence

Dgb2 in sequences from different thrust sheets in the greater Timpahute Range.  For

example, post Sequence Dgb2 facies at TMS are composed of limestone to dolomite

shallowing upward cycles.  Correlative rocks in the Silver Canyon thrust sheet are

uniquely predominantly quartz sandstones and those in the Tempiute Mountain thrust

sheet are uniquely predominantly thin-bedded limestones.  The contrasting facies are
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illustrated by an east-west correlation chart (Figure 30).  Gamma-ray log patterns of the

sequences allow correlation of these sequences of different facies.  Concentrations of

greater amounts of wind-blown radioactive dust were not facies sensitive and left their

chronostratigraphic imprints in the rock record.  These imprints, much like bentonite beds

in the Cretaceous Rocky Mountain seaway, mark the sequences with unique gamma-ray

patterns that are regionally correlative.  Because these patterns are not facies sensitive,

sequences with sharply contrasting facies can be correlated between the thrust sheets.

Small, meter-scale, shallowing-upward cycles at TMS were probably controlled by

local depositional systems involving autocyclic aggradation.  These small-scale cycles can

be traced laterally only locally.  Cycle thicknesses and stacking patterns seem random and

unpredictable.  In contrast, the sequence and formation-scale cycles were probably

controlled by changes in eustasy and subsidence rates.  They are predictable and can be

traced regionally.  Some sequence boundaries are subtle on the outcrop but all the

boundaries have recognizable gamma-ray signatures.  Other sequence boundaries such as

the change from light-gray dolomudstone to argillaceous dolomite at the Sevy

Dolomite/“Oxyoke Formation” contact are more obvious on the outcrop.  The

unconformity at the top of the Simonson Dolomite is a regionally correlatable sequence

boundary.  

The upper parts of most of the cycles that make up the Guilmette sequences are

dolomudstone and all the sequences below the Simonson Dolomite unconformity are

pervasively dolomitized.  However, thin-bedded limestones above the Dgb2 breccia in the

Timpahute Mountain (west Pahroc) thrust sheet are not dolomitized.  Less dolomite

occurs in the sandy Silver Canyon thrust sheet than in the reefy east Pahroc thrust sheet. 

The dolomite occurrences and possible dolomitization mechanisms are the subject of the

next section.  
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Figure 30 Correlation of three measured sections in the greater Timpahute Range
separated by Mesozoic thrust faults which shows the three contrasting facies above
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Figure 31 Generalized diagenetic sequence for dolomites at TMS.  Micrite caps on
shallowing-upward cycles were probably diagenetically altered to stratal finely-crystalline
dolomite penecontemporaneously.  Porous zones created by subaerial dissolution during
low sea-level stands channeled dolomitizing fluids resulting in medium to coarsely-
crystalline dolomite.  Regional burial and tectonism resulted in later-stage stylolitization.

Dolomite at TMS

Much of the Devonian section in the study area has undergone diagenetic

transformation to dolomite, particularly in the Sevy and the Simonson formations.  

However, classifying Devonian dolomite types in the study area is limited to dolomite

fabrics, field relationships, and limited petrography.  Using these data, a paragenetic

sequence is suggested (Figure 31).  Fabric refers to size and mutual relationships of

crystals, whereas texture refers to shape of crystals (Friedman and Sanders, 1967).  Other

workers have developed crude paragenetic sequences based on limited data.  Fischer

(1988) classified dolomites of the Cambrian Metaline Formation, northwest Washington,

based on crystal fabric.  
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At least four types of dolomite or dolomite facies occur in the study area.  They

are: 1) finely-crystalline stratal, 2) coarsely-crystalline stratal, 3) pervasive, and 4) non-

stratal dolomite.  All four types are considered to be replacement dolomites. 

Dolomitization of the cycle caps to finely-crystalline stratal dolomite probably occurred

penecontemporaneously and the other types occurred later.  Besides the dolomite bodies,

Devonian sandstones discussed in Chapter 7 are cemented with dolomite.  The four

principal types of dolomite fabrics or dolomite facies at TMS are summarized in Table 9.

Pervasive dolomite is most important below the Simonson unconformity.  TMS

was intentionally picked to avoid secondary dolomitization and alteration associated with

faults. Therefore, finely-crystalline stratal dolomite is most important in the Guilmette

cycle caps above the Simonson unconformity.  

Finely-Crystalline Stratal Dolostone (Type 1)

Most of the Sevy Dolomite and much of the Simonson Dolomite is composed of

finely-crystalline, stratal dolomite.  However, some of it has been modified to fine- to

coarsely-crystalline fabrics.  In the Guilmette Formation, finely-crystalline stratal

dolomite is mostly restricted to the upper part of many shallowing-upward cycles.  The

finely-crystalline fabric provides some light on the diagenetic sequence.  Shukla (1988)

suggested that penecontemporaneous dolomites are more finely crystalline than diagenetic

dolomites.  Fischer (1988) also interpreted his finely-crystalline fabric type A dolomite as

a penecontemporaneous dolomite formed by supratidal processes.
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Table 9 Dolostone types, characteristics, distribution, inferred timing, and examples at
TMS and in other parts of the study area.

TMS dolomite
type

Characteristics Distribution Timing Example

1. Finely
crystalline stratal
dolomite

Finely crystalline,
laminated, unfossiliferous,
upper part of shallowing-
upward cycles.

Restricted to
upper parts
of local
carbonate
cycles 

Very early- syn-
depositional.

Cycle tops in the
Guilmette,
Simonson
Dolomite, and
Sevy Dolomite

2. Coarsely
crystalline stratal
dolomite

Coarsely crystalline, crystal
coarseness and size of
fractures filled with
coarsely-crystalline
dolomite increase upward
toward sequence
boundaries.  Unaltered
patches of limestone. 
Commonly contains zebra
dolomite.

Local (not
correlative
with other
sections in
the basin) to
regional
(correlative
with other
sections in
the basin)

Intermediate,
restricted to
sequence
boundaries
suggesting
dolomitization
before
deposition of
overlying unit.

Dolostone zones
below some
Guilmette Dgd,
Dge, Dgf, and
Dgg sequence
boundaries

3. Pervasive
dolomite below
the Simonson
Dolomite
unconformity at
upper contact of
the Simonson
Dolomite

Finely to coarsely-
crystalline dolomite,
dolomitization complete
Associated with karst
breccia and coarse
dolomite-filled fractures
that increase in abundance
and thickness upward to
major sequence boundaries.

Regional,
associated
with major
LSE and
karsting

Intermediate, 
restricted to
below the
Simonson
Dolomite
unconformity 
suggesting
dolomitization
before Guilmette
deposition

All carbonate
rocks below the
Simonson
Dolomite
unconformity and
above the upper
Pogonip Group
limestones except
in the Silver
Canyon thrust
sheet.

4. Non-stratal
dolomite

Frequency of zebra
dolomite and fractures
filled with sparry, saddle?
dolomite crystals and
coarseness of crystals
increase toward faults.

Local, near
faults or
selective
porous
zones

Very late, cuts
across all other
dolomite types
and sequence
facies.

Dolostone
associated with
the Silver Canyon
thrust fault and
some normal
faults and porous
intervals that have
no obvious
association with
faults
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Sevy Dolomite Finely crystalline Stratal Dolostone  The Sevy Dolomite is

composed of finely-crystalline dolomite that I interpret to have been deposited in mostly

supratidal conditions at TMS (Chapter 4).  Evidence of supratidal conditions includes lack

of fossils, laminated dolomudstone, light-gray color (suggesting an oxidizing

environment), tepee structures, desiccation cracks, and fenestral textures.  The Sevy

Dolomite is composed of many shallowing-upward cycles.  Bases of the cycles were

deposited in low tidal flat conditions and the tops of cycles were deposited in high

supratidal conditions.  The dolomite in the Sevy Dolomite cycles is similar to the finely-

crystalline stratal dolomite in the Guilmette cycle caps.

Simonson Dolomite Finely crystalline Stratal Dolostone  The succession of

alternating light and dark layers (1-10's feet thick) that form the cycles within the

Simonson Dolomite gives it a banded appearance.  The banded layering is interpreted as a

repetition of the alternating lower and upper parts of shallowing-upward cycles.  Rarely

Amphipora occurs in the darker, coarser-crystalline dolomite in the lower part of the

shallowing-upward cycles.  Amphipora suggests open-shelf to restricted marine near-

shore conditions.  The upper part of the shallowing-upward cycles consists of

unfossiliferous, light-gray, fine- to medium-crystalline dolomite.  Tepee structures and

fenestral texture suggest that it was probably deposited in highly restricted to supratidal

conditions.  The dolomite was probably penecontemporaneously altered to finely-

crystalline stratal dolomites in supratidal conditions.  Capillary upward movement of sea

water becomes concentrated by evapo-transpiration in supratidal environments (Friedman

and Sanders, 1967). 

Finely crystalline stratal dolomites probably occurred in the upper parts of

shallowing-upward cycles of the Coarsely-Crystalline Sequence between the “Oxyoke

Formation” and the Lower Alternating Sequence.  Primary bedding and sedimentary

structures in this interval have been obliterated by dolomitization and recrystallization. 
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The alteration may be associated with an unconformity at the top of the Coarsely-

Crystalline Sequence.  Upward-shallowing cycles in this sequence are similar to the

Lower and Upper Alternating Sequences above the unconformity.  The main difference is

that they are recrystallized to coarsely-crystalline dolomite below the unconformity and

they are not recrystallized to coarsely-crystalline dolomite above the unconformity.  The

unconformity apparently separates an earlier diagenetic event from a later one.

Guilmette Finely-Crystalline Stratal Dolostone  Most of the upward-shallowing

cycles in the Guilmette at TMS are capped by finely-crystalline stratal dolomite.  An

example of a shallowing-upward cycle with a dolomite cap is Cycle 9 in the Guilmette

Yellow Slope Sequence (Appendix B).  Three feet above the base of the cycle is an

intraclast, ostracode, pellet lime packstone (see MI-317, Appendix C).  At the top of the

20-foot cycle is a silty, laminated dolomudstone (see MI-320.95, Appendix C).  This is an

unfossiliferous, silty, light-gray dolomite that weathers gray-yellow.  Based on evidence

for desiccation and subaerial exposure, calcium carbonate was probably deposited in

sabkha conditions and penecontemporaneously converted to dolomite in this and other

shallowing-upward cycles.  Evidences for supratidal conditions are listed in Table 3.  

Some workers favor evaporative processes for diagenetic transformation to

dolomite.  Friedman and Sanders (1967), Sun (1994), and Friedman (1995) concluded

that most dolomite in the rock record formed under hypersaline conditions.  Though

evidence of hypersalinity is sparse in the Devonian rocks in Nevada, Niebuhr (1979)

found evidence of pseudomorphs after salt crystals in the finely-crystalline stratal

dolomites of the Guilmette 75 miles north of the study area.  However, indirect evidence

such as exposure and deflation surfaces, solution-collapse breccias, zebra dolomite, tepee

structures, desiccation cracks, and replacement chert nodules suggest that elevated salinity

was likely at the time of deposition or shortly afterwards.
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Zebra dolomite and tepee structures at TMS look like those illustrated by Beales

and Hardy (1980) in the Mississippi Valley-type ore deposits.  Zebra dolomite that is

parallel to bedding and associated with the upper part of shallowing-upward cycles could

be associated with dissolved evaporite deposits as discussed by Beales and Hardy (1980). 

However, the creation of zebra dolomite by evaporative processes was not proven by

Beales and Hardy (E. Mountjoy, 1998, personal communication).  Zebra dolomite that is

closely associated with non-stratal dolomite near faults is most likely to have formed

under hydrothermal burial processes.

Examples of dolomudstone forming the upper parts of shallowing-upward cycles

at TMS include MI-329.8, MI-334, MI-342, MI-344, and MI-383.6 in Appendix C.  These

photomicrographs exhibit common wispy laminations, mud-size grains, 100% dolomite,

absence of fossils, and sparse burrows. 

Coarsely-Crystalline Stratal Dolostone (Type 2)

The same processes may be responsible for both coarsely-crystalline stratal

dolomite (Type 2) and pervasive dolomite (Type 3).  They differ in the intensity of

dolomitization.  No limestone remnants occur in the pervasively dolomitized rocks below

the Simonson Dolomite unconformity.  Limestone remnants commonly occur in coarsely-

crystalline stratal dolomites in the Guilmette above the unconformity.  Several intervals at

TMS are composed of stratally confined coarsely-crystalline dolomite.  They include:

from oldest to youngest 1) Guilmette Sequence Dgd cycles 3, 7, 9, 10, 14, 17, 22, and 23;

2) Guilmette Sequence Dge cycles 3, 12, and 13; 3) Guilmette Sequence Dgf cycle 7; and

4) Guilmette Sequence Dgg cycles 9, 20, and 23.  Zebra dolomite is common in these

intervals of coarsely-crystalline stratal dolomite and is probably genetically related to it. 

Zebra dolomite consists of bands of white sparry dolomite separated by bands of dark-

gray finely-crystalline dolomite.  Cavities lined with drusy dolomite in the white sparry
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dolomite are common (see Beales and Hardy, 1980, Figures 2E and 3A-E, for examples

of zebra dolomite).  These intervals typically occur just below dissolution surfaces in the

upper parts of sequences and cycles that contain karst breccia. 

Typically, coarsely-crystalline drusy dolomite crystals line karst cavities, many of

which are partly open.  Terra rosa and hematite staining at cycle boundaries provide

additional evidence of exposure and indirectly suggest periods of erosion.  These periods

of erosion could result in elevated salinity of ephemeral pools trapped on a low-relief

exposure surface.  If evaporite minerals formed in these pools, then the residual fluids

could contribute to the dolomitization of the underlying karst zone. 

Dunham and Olson (1980) provided evidence that dolomitization of the

Ordovician Hansen Creek Formation carbonate platform was an early diagenetic process

related to the Ordovician-Silurian paleogeography of the region.  As with the Hansen

Creek Formation, the shallowing-upward cycles in the Guilmette represent transgressions

and regressions of the shoreline that controlled the western limit and seaward extent of the

freshwater phreatic aquifer system.  Similar to the Hansen Creek example, dissolution

surfaces or karst zones developed at some Devonian sequence boundaries.  Therefore,

based solely on field evidence, I propose a similar model for the coarsely-crystalline,

strata-bound dolomite at TMS.  Dolomitization by brines resulted in intervals of coarsely-

crystalline, strata-bound dolomite. 

Coarsely-crystalline stratal dolomite intervals in the Guilmette commonly are

associated with several feet of breccia and zebra dolomite.  Breccias associated with cycle

and sequence boundaries are likely karst breccias.  They are regionally correlative.  Other

strata-bound breccia bodies may be a result of solution collapse.  The solution collapse

breccia occurs locally, is not associated with unconformities, and is not regionally

correlative.  Coarsely crystalline stratal dolomite intervals associated with cycle and

sequence unconformities contain white, sparry dolomite that fills most of the fractures and

voids in the karst zone.  Open voids are lined with drusy dolomite.  Subvertical fractures

in the karst zone widen upward and are truncated by the unconformity.  They do not
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continue into the base of the overlying cycle.  The coarseness of the dolomite crystallinity

increases upward to the unconformity.  Primary structures become more obliterated

upward to the unconformity.  Without fluid inclusion work, the origin of the coarsely-

crystalline stratal dolomite is unknown.

Pervasive Dolostone below the Simonson Dolomite Unconformity (Type 3)

Carbonate rocks between the top of the Ordovician Pogonip Group and the

regional unconformity at the top of the Simonson Dolomite were pervasively dolomitized

in the Fossil Peak and Tempiute Mountain thrust sheets (see Table 1 for Paleozoic

nomenclature).  In the Silver Canyon thrust sheet, carbonate rocks are pervasively

dolomitized from the top of the Ordovician Ely Springs Dolomite to the top of the

Simonson Dolomite.  The significance of the anomalous occurrence of undolomitized

limestone in the Ely Springs Dolomite of the Silver Canyon thrust sheet is discussed

under structural interpretations in Chapter 6.  The Silver Canyon thrust juxtaposed an Ely

Springs limestone facies with a dolomite facies that probably experienced different

paleogeographic and diagenetic histories.  

The Simonson Dolomite unconformity truncates the Upper Alternating Sequence,

which consists of shallowing-upward cycles that resemble those found in the overlying

Guilmette.  Pervasively dolomitized rocks below the top of the Simonson Dolomite are

more coarsely crystalline and occur more regionally than finely-crystalline stratal

dolomite cycle caps of the Guilmette Formation.  Vuggy, coarsely-crystalline dolomite

occurs in the karsted interval below the unconformity at the top of the Simonson

Dolomite (Stop 7, Appendix D; Chamberlain and Warme (1996) Figure 4).  Dolomites

occur in the Guilmette above the unconformity.  However, the pervasively dolomitized

rocks differ from coarsely-crystalline stratal dolomites of the Guilmette in that no

limestone remnants are preserved below the Simonson Dolomite unconformity.  This
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section on pervasive dolomite contains discussions including: 1) pervasive dolomite in

Paleozoic rocks at TMS; 2) karsted Simonson Dolomite unconformity; 3) possible

sources for dolomitizing fluids; and, 4) timing of dolomitization.

Pervasive Dolomite in Paleozoic Rocks at TMS  The Simonson Dolomite

unconformity divides the Paleozoic section at TMS and Tempiute Mountain and most

sections in the Sunnyside basin from predominantly dolomite below (at least down to the

top of the Pogonip) to predominantly limestone above the unconformity. 

Ely Springs Dolomite (Table 1) is correlative with the Ordovician Hansen Creek

and Vinini Formations in the Eureka area.  Because of the lack of associated evaporite

minerals or their traces, Dunham and Olson (1980) concluded that models involving

hypersalinity were inadequate to account for the origin of regionally extensive

replacement-dolomite formations.  They provided evidence that dolomitization of the

carbonate platform was an early diagenetic process related to the Ordovician-Silurian

paleogeography of the region.  Finney, et al. (1999) noted that the embayed platform

margin Hansen Creek Formation in the Monitor Range (35 miles southwest of Eureka) is

composed of lime mudstone rich in a diverse open-marine fauna.  It lies in a facies

between off-platform to basin Vinini Formation shales and limestones at Roberts

Mountains (40 miles north-northwest of Eureka) and the shallow-marine pervasively

dolomitized Hansen Creek Formation at Lone Mountain (25 miles west-northwest of

Eureka).  Similarly, dolomitization of the Ordovician-Devonian carbonate platform was

also likely an early diagenetic process related to the paleogeography of the Timpahute

region.  

The Simonson Dolomite unconformity marks the last regionally extensive,

pervasive, replacement- coarsely-crystalline Paleozoic dolomite (Type 3) in this part of

the Great Basin.  Its regional occurrence contrasts with the irregularly distributed late

diagenetic products in the Western Canada Sedimentary Basin.  These products include
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coarse-crystalline replacement dolomites, minor occurrences of late-diagenetic saddle

dolomite, and thermochemical sulfate reduction products formed during intermediate to

deep burial (Mountjoy et al., 1997).

Karsted Simonson Dolomite Unconformity  A regional major zone of

karstification occurs immediately below the post-Simonson Dolomite unconformity

(Chapter 4).  This 20 to 100-foot thick zone is characterized by bleaching, karst breccia,

upward thickening fractures filled with a dolomite spar and lined with coarsely-crystalline

drusy dolomite crystals, and laminated cave deposits (Stop #7, Appendix D).  Typically,

the laminated cavity-filling cave deposits are pale-red, silty dolomite with angular

carbonate fractures, and contain some small-scale cross bedding.  Because the bedding of

most of these cavity-filling sediments is parallel to the present-day tectonic dip, they must

have been deposited before Mesozoic folding.

Simonson Dolomite unconformity karst differs from the zone of hydrothermal

dissolution vugs, caverns, and breccia that host Mississippi Valley-type ore deposits in

Devonian rocks at Pine Point, Northwest Territories, Canada.  The Simonson Dolomite

karst zone does not contain saddle dolomites, sulfide minerals, late-stage calcite, or

pyrobitumen that Qing and Mountjoy (1994) attribute to hydrothermal fluids.  At Pine

Point, the hydrothermal dissolution zone follows a regional conduit and occurs both

above and below the Watt Mountain unconformity.  In contrast, the regional Simonson

Dolomite unconformity karst zone is restricted to the strata immediately below the

unconformity.  Some karst cavities near the top of the Simonson Dolomite contain

unaltered limestone from the overlying Fox Mountain Sequence.  Furthermore, the

Sulphur Point Formation below the Watt Mountain unconformity comprised of reef and

shallow subtidal packstones, grainstones, floatstones and boundstones that could have had

5 to 10% porosity before dolomitization (Qing and Mountjoy, 1994).  In contrast, the

shallowing-upward cycles of the Upper Alternating Sequence below the Simonson
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Dolomite unconformity are composed of wackestones and mudstones.  They probably had

very little porosity before karsting and dolomitization.

Some karst breccias in this interval extend several hundred feet below the

unconformity.  The upward thickening fractures filled with a dolomite spar and the

coarsely-crystalline dolomite are truncated at the unconformity in most sections in the

Sunnyside basin.  Laminated cave deposits, described above, occur throughout the karsted

zone.  Bleached dolomites in the karst zone are distinct on the outcrop and on aerial

photographs.  The 100-200 foot bleached zone grades downward into the darker,

underlying, non-karsted dolomites.  Fluids moving through the well-developed pore

system created in karsted carbonates is postulated to be related to the pervasive

dolomitization below the unconformity.  Large-scale and basin-wide process(es) involved

in the dolomitization of the pre-Guilmette strata in the Great Basin could be similar to the

processes involved in dolomitization of the Leduc in western Canada as discussed by Dix

(1993).

Sources of Dolomitizing Fluids  Almost no evaporite minerals occur in the

Devonian carbonate section of the eastern Great Basin.  Only two reports suggest

anhydrite in Devonian rocks and both occur as cement in two wells: the Shell Oil

Company Sunset Canyon #1 Unit well (Sec 21 T22S R4W, Millard County, Utah) and

Tide Petroleum Baseline Canyon Unit #2 well (NE SW SW Sec 21 T1N R59E, Lincoln

County, Nevada; Cedar Strat well files). 

To the northeast of the Great Basin region, however, thick evaporite

accumulations of the Prairie Formation were deposited in the Elk Point basin of western

Canada and the Williston basin, Montana and North Dakota (Loucks, 1977).  Also, a salt

(halite) unit in the upper Duperow (Frasnian), the Flat Lake Evaporite, is locally preserved

in northeast Montana and in southern Saskatchewan (Burke and Stefanovsky, 1984;

Weinzapfel and Neese, 1986).  It may have been deposited over a much wider area and
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then subsequently removed.  Similarly, the cycle cap breccias at the top of Guilmette

cycles may be evidence of evaporites removed.  No direct evidence of evaporites has been

found.  However, indirect evidence of removed evaporite minerals includes zebra

dolomite at the top of shallowing-upward cycles, desiccation cracks, tepee structures, and

salt casts in finely-crystalline dolomite. 

The Williston basin Middle Devonian evaporites were deposited about the time of

deposition and dolomitization took place in the Simonson Dolomite. The Simonson

Dolomite is Emsian to Givetian (Johnson et al., 1989) and the Prairie Evaporite is Eifelian

to Givetian according to the northern Rockies/Williston basin Region COSUNA chart by

the American Association of Petroleum Geologists. The southwestern depositional edges

of the Prairie Evaporite basin are not preserved because of periodic episodes of subsurface

salt dissolutions from Late Devonian to the present (Horita et al., 1996).  Thus, the

Simonson Dolomite could have also contained evaporites that were not preserved.

Timing of Dolomitization  There is an abrupt lithologic change across the

Simonson Dolomite/Guilmette unconformity regionally.  This abrupt change from

pervasive dolomite to predominately limestone above the unconformity suggests that

pervasive dolomitization in the Simonson Dolomite occurred before deposition of the

overlying Guilmette.  Unaltered limestone infiltration from the overlying Fox Mountain

limestone into the aquifer provides the key to timing of dolomitization.  The Fox

Mountain lies between the karsted aquifer of the upper Simonson Dolomite and the

aquitard of the Guilmette Yellow Slope Sequence.  If dolomitization of the Simonson

Dolomite occurred after deposition of the Guilmette Fox Mountain Sequence, then

dolomitizing fluids should have also altered the overlying Fox Mountain limestones,

provided they were porous and permeable.  Preferential Cenozoic karsting of the Fox

Mountain suggests that the limestone is still porous and permeable.  Leviathan Cave in

the Worthington Range is a good example of selective Cenozoic karsting of the Fox

SE ROA 37220

JA_8726



204

Mountain limestone.  Simonson Dolomite unconformity dolomitizing fluids should have

been confined to carbonates below the Yellow Slope Sequence aquitard.  In most

stratigraphic sections of the Sunnyside basin, the Fox Mountain is limestone and not

dolomite.  This suggests that the dolomitizing fluids responsible for pervasive regionally

correlatable dolomitization must have been restricted to Simonson Dolomite carbonates

and older carbonates.  Most dolomites in Devonian rocks above the unconformity occur

locally as finely-crystalline stratal dolomite caps on upward shallowing cycles or as non-

stratal dolomite associated with faults.  Some dolomites, above the unconformity, occur

as coarsely-crystalline stratal dolomite associated with minor unconformities.

The extensive, pervasive dolomite below the Simonson Dolomite unconformity

occurs regionally throughout the Sunnyside basin.  Similarly, extensive replacement

dolomitization affected much of the Western Canada Sedimentary Basin during shallow

burial and resulted in early-diagenetic porous matrix dolomites (Mountjoy, et al, 1997). 

In contrast to the regionally distributed pervasive dolomite below the Simonson Dolomite

unconformity, the other three types of dolomite are more irregularly distributed.  

Non-stratal Dolostone (Type 4)

In the Guilmette Formation, non-stratal dolomite occurs locally in zones from

several feet to tens of feet wide.  It occurs near major faults and fractures.  Typically it

cuts across strata.  Commonly, this Type 4 dolomite exhibits “zebra” structures or zebra

dolomite near faults.  Zebra dolomite is an altered rock that exhibits alternating light and

dark bands.  The light bands are composed of coarsely-crystalline dolomite crystals or

dolomite spars and the dark bands are composed of finely-crystalline dolomite crystals. 

Zebra dolomites in non-stratal dolomites are the most intensely altered carbonates at

TMS.  Similarly, Fischer (1988) also noted that zebra dolomite is found in his intensely

altered fabric D dolomite of the Metaline Formation, northeast Washington.  In the
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Metaline Formation, Zebra dolomites occur in association with lead-zinc mineralization. 

Fischer (1988) interpreted it as an advanced diagenetic alteration.  Emsbo et al. (1999)

also noted that the Roberts Mountains Formation is pervasively dolomitized adjacent to

vertical faults and that the resulting dolomite exhibits zebra texture.  They suggested that

basinal brines moved upward along synsedimentary faults where they dolomitized the

Silurian-Devonian Roberts Mountains Formation and deposited barite and base-metal

sulfides in fractures and cavities.  Similarly, the non-stratal dolomite at TMS is probably

attributable to a late stage hydrothermal alteration event.  Some early-formed, east-west

faults in the Silver Canyon footwall sheet are mineralized with jasperoids and are

associated non-stratal dolomite containing zebra dolomite.  The intensity of alteration

along these faults decreases to no observable alteration about a mile from the Silver

Canyon thrust fault.  Intensity of dolomitization and abundance of zebra dolomite

decreases away from the faults.  Non-stratal dolomites are interpreted to be caused by late

dolomitization along Mesozoic and Cenozoic fractures and faults.  Dissolution or

alteration of calcite and replacement by dolomite was the result of hydrothermal fluids or

deep-basin brines moving along the fractures.  

A non-stratal style of local dolomitization is evident in the outcrops of the

Guilmette at Timber Pass, Seaman Range (Hurtubise, 1989), and in the northern Pahroc

Range.  Hurtubise (1989) suggested that dolomitization was related to the east-west

Tertiary Timber Pass fault.  Hurtubise and Dubray (1988) suggested that secondary

dolomitization along this fault is evidence for a deep-seated crustal structure they called

the Silver King lineament.  They showed that the intensity of dolomitization in the

Guilmette decreases away from the fault.  Similarly, local dolomitization of the Guilmette

limestones in the northern Pahroc Range, seven miles east of the study area, is probably

related to the Late Mesozoic Pahroc thrust fault (Chapter 5 and Appendix E).  Non-stratal

dolomite also occurs in the Joana Limestone near a thrust contact at Hancock Summit,

two miles south of the study area (Stop 6, Appendix D).  This type of dolomite also

occurs near Hiko Narrows (Plate 1a) where much of the Guilmette Formation is
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dolomitized near faults.  The intensity of dolomitization decreases away from the faults. 

Dolomitization may extend 100's of feet from larger faults such as at Hiko Narrows and

only 5-10 feet from minor faults in the Hiko Range.

Much of the late dolomitization along fractures and faults in the Mail Summit

section could be related to mineralization of the Pahranagat (Mount Irish) mining district. 

Mineralization probably occurred about the time of Late Mesozoic Sevier compression

and before Early Tertiary volcanism.  Mineralized veins and fractures in dolomitized

carbonates along the Silver Canyon thrust do not penetrate the overlying Tertiary volcanic

rocks.  Devonian carbonates in the fault bounded overturned western limb of the Silver

Canyon syncline are pervasively dolomitized but they are not pervasively dolomitized in

the upright, eastern limb (Appendix E).

Most of the thin sections in this study were taken from lower Guilmette sequences

at TMS (Appendix C).  All of them were stained with potassium ferricyanide.  None of

them developed a bluish hue typical of iron-rich crystals. TMS was selected to avoid

faults.  Therefore, the section lacks non-stratal dolomite except the dolomitized matrix of

the lower part of Sequence Dgb2 breccia that may have been fed from nearby faults. 

Furthermore, none of the thin sections exhibit saddle dolomite that might be found in

dolomite-filled fractures associated with non-stratal coarsely-crystalline dolomite.  Also,

the lack of pyrite in the thin sections suggests that bacterial sulfate reduction did not play

a major role in the origin of dolomites in the section, a criterion used by Holail et al.

(1988) for dolomite in the Upper Cretaceous of Egypt.

Summary

At least four types of dolomite occur in the Devonian section at TMS.  Finely

crystalline stratal dolomite (Type 1) at the top of  shallowing-upward cycles is the most

common type of dolomite in the Devonian rocks at TMS.  The abundance of finely-
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crystalline stratal dolomite decreases upward from the Sevy Dolomite to the Guilmette

Formation.  Finely crystalline stratal dolomite forms most of the Sevy Dolomite, about

half the Simonson Dolomite, and is restricted to the upper parts of shallowing-upward

cycles in the Guilmette Formation. 

Stratal dolomite (Type 2) occurs locally below cycle boundaries that are not

regionally correlatable.  The upper part of Cycle 3, Guilmette Sequence Dgd at TMS is an

example.

Pervasive dolomites below the Simonson Dolomite unconformity (Type 3) are

widespread and predictable.  The unconformity marks a major sequence boundary and a

major lithologic change from pervasive dolomite below to predominately limestone

above.  Unaltered (undolomitized) limestone infiltrating into aquifer cavities from the

overlying Fox Mountain Sequence shows that regionally correlative pervasive

dolomitization below the unconformity took place before deposition of the Fox Mountain

limestones.

Non-stratal dolomites (Type 4) are associated with faults.  Their occurrence is

irregular and they are not regionally correlatable.  Dolomitized Guilmette in the fault-

bounded overturned west limb of the Silver Canyon syncline is an example of this type of

dolomite.

These four dolomite types can be roughly separated into penecontemporaneous

dolomite and diagenetic dolomite.  Penecontemporaneous dolomites are enriched in Sr

and are more finely crystalline than diagenetic dolomite (Nichols and Silberling, 1980;

Shukla, 1988).  Type 1 or finely-crystalline stratal dolomite is penecontemporaneous and

is probably more enriched in Sr than the other three types that are diagenetic dolomites. 

However, Sr analysis is beyond the scope of this study.  Of the different processes or

models of dolomitization discussed below, penecontemporaneous dolomites were likely

formed from either primary precipitation, evaporative processes, marine water pumping,

or seepage reflux.  Diagenetic dolomites could have resulted from either mixing

processes, large-scale basin-wide processes, burial compaction, tectonics and sedimentary
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loading, or hydrothermal processes. 

Conclusions

Many processes of dolomitization could explain the four dolomite fabric types at

TMS.  Capillary compaction is most likely the dolomitization process forming the finely-

crystalline stratal dolomite upward-shallowing cycle caps at TMS.  Hydrothermal

processes probably resulted in the non-stratal coarsely-crystalline dolomite associated

with faults.  However, until they are thoroughly analyzed, the processes, timing, and

sequences of dolomitization of TMS carbonates are unknown.  Even with the availability

of trace element, fluid inclusion, and detailed petrographic analyses, distinguishing

conclusively between alternate processes and combinations of processes may be difficult

(Zenger and Dunham, 1988).  However, the Great Basin with its widely distributed

outcrops offers an opportunity to resolve some “dolomite problems.”
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CHAPTER 5

TIMPAHUTE RANGE STRUCTURAL ELEMENTS

Structural elements including thrust faults, folds, strike-slip faults, and normal

faults of the greater Timpahute Range are summarized in this chapter and described in

Appendix E.  They set the stage for restoring thrust sheets containing measured sections

(Chapter 6) and reconstructing the Devonian paleogeography (Chapter 7).  The second

goal of this study is to provide a new geologic map of the greater Timpahute Range. 

Upon completion, the new map illustrated the structural elements separating the sharply

contrasting Upper Devonian facies of the study area.  It is beyond the scope of this study

to provide a detailed analysis of the structural elements, but this study provides

constraints for a future comprehensive structural analysis recommended in Chapter 9.

As a step toward the new analysis I have generated a geometrically balanced

structural cross section (Plates 4a and 4b).  It shows that the greater Timpahute Range is

composed of a stack of at least three main thrust sheets--Meadow Valley Mountain,

Pahroc, and Silver Canyon--separated by two main thrust faults--Pahroc-Delamar and

Silver Canyon-Chocolate Drop.  The Penoyer Springs and Monte Mountain thrust faults

are splay thrusts riding on the Silver Canyon thrust fault.  The Fossil Peak, Tempiute

Mountain, and an unnamed (5 on Plate 4a) thrust faults are splays on the Pahroc thrust

fault.  The Pahroc thrust fault may be a splay off another unnamed thrust fault (8 on Plate

4a).  See thrust faults in Appendix E for detailed descriptions of these features.

Structural elements on the new Timpahute Range 30' X 60' geologic map include

twelve thrust faults, 21 folds, thirteen strike-slip faults, but only five significant north-

south striking normal faults in the Paleozoic rocks.  These structural elements are named,

classified, and described in Appendix E.  They are indexed in a table of contents for

Appendix E (page 345).  In this chapter, the structural elements are grouped and discussed
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in four categories: 1) thrust faults, 2) folds, 3) strike-slip faults, and 4) normal faults. 

Names for all the structural elements on Plate 1a are new except the Freiberg thrust fault

and the Seaman Wash fault both named by Tschanz and Pampeyan (1970) and the Golden

Gate thrust fault and Garden Valley anticline named by Armstrong (1991).  These names

are used herein but names of other structures used by Tschanz and Pampeyan (1970) were

discarded to avoid confusion with structural elements that were incorrectly mapped or

which I interpreted differently.  Two unnamed thrust faults shown on Plate 4a, but not

exposed or mapped in the study area, were inferred on the cross section to explain the

attitude of the overlying beds.  Because of discontinuous outcrops, some of the twelve

separately mapped thrust faults may represent structures that connect or that were

connected before being offset by other faults. 

Mappable stratigraphic sequences introduced in Chapter 4 were used to map the

study area and helped refine structural elements presented in this chapter.  As mentioned

in Chapter 3, stratigraphic sequences along with other field attributes were recorded at

each station.  Stations are precise locations in the field where geologic attributes are

measured and described.  They are shown on my geologic maps as dip and strike symbols. 

Methods of plotting stations, tracing faults and formation contacts, and constructing map

compilations are described in Chapter 3.  Some stations are not shown on the maps

because the symbols overlap.  A table of approximately six thousand stations with all their

field attributes would be impractical to include in this study (approximately 300 pages). 

Stratigraphic sequences mapped on large-scale (1:12,000 or 1:24:000) work maps

described in Chapter 3 were grouped into formations to compile the small-scale map

(approximately 1:80,000) Plate 1a, a composite of 24 7.5' quadrangles (Figure 3).  Plate

6 is an example of a map compilation from large-scale work maps (approx. 1:1,000)

which also shows mapped sequences and section segments at TMS.  Therefore, Plate 1a,

a revised geologic map of the Timpahute Range 30' X 60' quadrangle, is a generalized

geologic map illustrating the main structural elements that separate measured sections of

contrasting Upper Devonian facies.  
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Thrust Faults

Thrust faults provide the greatest evidence for crustal shortening of the greater

Timpahute Range.  Chapter 1 shows how the thrust faults in the study area fit into the

Sevier fold-and-thrust belt.  Three main imbricated thrust sheets containing contrasting

Upper Devonian stratigraphy make up the Paleozoic rocks of the greater Timpahute

Range (Figure 32).  They are from lower to upper: 1) Meadow Valley Mountain, 2)

Pahroc, and 3) Silver Canyon.  A thrust sheet is the package of rock above a thrust fault

(Marshak and Mitra, 1988).  Three contrasting Upper Devonian facies help distinguish the

thrust sheets.  Upper Devonian rocks of the Meadow Valley thrust sheet are not exposed

in the map area.  However, where they are exposed in the Meadow Valley Mountains and

Pahroc Range, to the southeast and east of the study area, respectively, they are mostly

dolomitized.  The exposed part of the Pahroc sheet at Tempiute Mountain is composed of

thin-bedded limestone (facies 1), and the exposed part east of the Silver Canyon thrust

fault is composed of cyclic carbonates and reefs (facies 3).  Separating the two Pahroc

sheet facies is the Silver Canyon thrust sheet composed of thick quartz sandstones (facies

2).  These facies and the significance of their structural position are discussed more fully

in Chapter 7.  Bounding the Silver Canyon thrust sheet are two east-west striking faults,

the North Penoyer Springs and Reed Spring faults (Strike-Slip Faults, Appendix E).  They

are likely thrust tear faults.  

Fortunately, erosion has cut through the Silver Canyon and Pahroc sheets at

Tempiute Mountain, thus revealing a small sliver of the unnamed thrust sheet below the

Tempiute Mountain thrust sheet (Figure 32).  Only Mississippian shales and fusulinid-

bearing Pennsylvanian-Permian rocks are exposed in the fenster.  This fenster revealing

the thrust sheet below the Pahroc and Silver Canyon thrust sheets is illustrated on the

geologic profile on Plate 1a and on the structural cross section Plate 4a.  The Tempiute

Mountain thrust fault, a splay off the Pahroc thrust fault,  separates the Pahroc and the

unnamed thrust sheet (thrust faults, Appendix E).  On the west end of the Timpahute
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Range, the Chocolate Drop thrust fault separates the Pahroc and Silver Canyon thrust

sheets.  The Chocolate Drop and Silver Canyon thrust faults are probably the same thrust

fault (geologic profile, Plate 1a and 3, 3a, and 3b on Plate 4a).

Lying on the Meadow Valley thrust sheet on the eastern greater Timpahute Range

and below the Silver Canyon thrust sheet in the middle and western greater Timpahute

Range is the Pahroc thrust sheet.  In the greater Timpahute Range, it is divided into west

and east segments by the overlying Silver Canyon thrust sheet (Figure 32).  Upper

Devonian strata in the Silver Canyon thrust sheet are composed of more than 1000 feet of

quartz sandstones (facies 2).  Exposed in a fenster of the Silver Canyon thrust sheet at

Tempiute Mountain is a western segment of the Pahroc thrust sheet (Plate 1a).  It

contains a unique Upper Devonian thin-bedded limestone facies (facies 1) that is

correlative with the thick sandstone facies in the Silver Canyon thrust sheet.  In contrast,

correlative strata in the eastern exposures of the Pahroc thrust sheet contain

stromatoporoid reefs and lack thick sandstones (facies 3).  Unconformities cut out many

Devonian sequences in the Meadow Valley thrust sheet below the Pahroc thrust sheet

(Figure 17).  The three contrasting facies from different greater Timpahute Range thrust

sheets were introduced in Chapter 1 and are discussed in Chapters 4 and 7.  Plate 4b

illustrates the location of the three facies after thrust restoration.
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Figure 32  Generalized tectonic map of the Timpahute Range quadrangle showing the major
thrust sheets and some of their imbricate sheets that make up the greater Timpahute Range.  The
sandy (facies 2) Silver Canyon thrust sheet (yellow) and its imbricates (darker yellow) contrast
sharply with the reefy (facies 3, east) Pahroc and thin-bedded limestone (facies 1, west) Pahroc
thrust sheet (light blue bricks).  Thin red lines separate imbricate thrust sheets within the Silver
Canyon thrust sheet.  Only a small sliver of an unnamed thrust sheet (dark blue bricks--see label)
is exposed in a fenster of the Silver Canyon and Pahroc thrust sheets on the west end of the
greater Timpahute Range.

The uppermost thrust sheet, the Silver Canyon thrust sheet, is well-exposed in the

middle of the greater Timpahute Range and in the Worthington Range to the north.  A

deep (>30,000 feet) test on Mount Irish should cut two and perhaps three thrust sheets

(Plate 1a). 
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Meadow Valley Mountain Thrust Sheet

The Meadow Valley Mountain thrust sheet is exposed in the North Pahroc Range,

five miles northeast of the study area, and in the Meadow Valley Mountains, 25 miles

southeast of the study area (Figure 2, Pahroc thrust fault, Appendix E, and Plate 4). 

Western dipping Paleozoic rocks of the Meadow Valley Mountain thrust sheet steepen

westward in the North Pahroc Range (Cedar Strat proprietary geologic map, 1996). 

Unfortunately the trace of the thrust fault, or the normal fault of Taylor (1989), between

the Seaman and North Pahroc ranges is buried by Tertiary volcanic rocks.

At Pahroc Summit, 14 miles east-northeast of Hiko, folded Paleozoic rocks in the

Pahroc thrust sheet attest to an underlying thrust detachment (see Pahroc Spring anticline,

Appendix E).  However, the Pahroc thrust fault is concealed by Tertiary volcanic rocks in

and next to the study area.  The Pahroc thrust fault is the inferred northern extension of

the Delamar thrust fault.  Only in the southern Delamar Mountains, 35 miles south-

southeast of the study area, has headward erosion by Colorado River tributaries exhumed

the Delamar/Pahroc thrust fault.

A footwall syncline in the Meadow Valley Mountain thrust sheet in the southern

Delamar Mountains suggests yet another thrust detachment below the Pahroc thrust fault. 

Therefore, the Pahroc thrust sheet is another imbricate in a stack of thrust sheets. 

Additional regional mapping, deep well bores, and seismic data will likely reveal deeper

thrust detachments.  However, the upper three thrust sheets are the main focus of this

study.

Pahroc Thrust Sheet

Lying on the Meadow Valley thrust sheet and partly concealed by the overlying

Silver Canyon thrust sheet, the Pahroc thrust sheet contains the TMS (facies 3) and the
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Tempiute Mountain (facies 1) measured sections (Plate 1a).  Exposures of the Pahroc

thrust sheet are found east of the Silver Canyon thrust fault and west of the Chocolate

Drop thrust fault (Figure 32).  TMS, with its Upper Devonian stromatoporoid reef, lies

about 1.5 miles east of the Silver Canyon thrust fault.  The Tempiute Mountain measured

section containing thin-bedded limestones lies 1.9 miles west of the Chocolate Drop

thrust. 

Folded Paleozoic rocks in the Pahroc thrust sheet suggest an underlying

detachment.  Its western exposure contains the Tempiute Mountain anticline.  Folds of the

eastern exposure include Silver Canyon syncline, Mail Summit anticline, Fossil Peak

anticline, folds in the Hiko Range, and Pahroc Spring anticline (Appendix E).  Fusulinid-

bearing Permian-Pennsylvanian limestones on the eastern edge of the western exposure of

the Pahroc thrust sheet near the Chocolate Drop thrust fault are vertical to overturned. 

These folded rocks provide evidence of an underlying detachment below the greater

Timpahute Range.  Folds in the Golden Gate and Seaman ranges north of the greater

Timpahute Range also suggest a thrust fault detachment beneath the Pahroc thrust sheet.

The main stratigraphic differences between rocks of the Meadow Valley Mountain

thrust sheet and the Pahroc thrust sheet include abrupt changes in the thickness of the

Sequence Dgb2 breccia and the content of quartz sandstone in the Upper Devonian

Guilmette Formation.  The breccia is more than 100 feet thick in the hanging wall Pahroc

thrust sheet (Hiko and Delamar ranges) and is less than 10 feet thick in the Meadow

Valley Mountain thrust sheet (Meadow Valley Mountain (Figure 17) and North Pahroc

Range).  Quartz sandstone thickens from zero sandstone in the Meadow Valley Mountain

thrust sheet to 10's of feet in the Pahroc (Delamar-Arrow Canyon) thrust sheet, to 100's of

feet in the Pahranagat thrust sheet.  The Pahranagat thrust sheet possibly correlates to the

Silver Canyon thrust sheet (Figure 32).

In the northern Arrow Canyon Range (114.88 W Longitude; 36.76 N Latitude, 62

miles south-southeast of Hiko), the Dgb2 breccia is 3 feet thick.  In the Delamar Range

(114.98 W Longitude, 37.05 N Latitude, 40 miles south, southeast of Hiko) it is 260 feet
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thick.  Thicknesses of the Ordovician Eureka Quartzite in both ranges are similar (164

feet in the north Arrow Canyon Range and 142 feet in the southern Delamar Range, Shell

Oil Company proprietary measured sections).  Webb (1958) reported 132 feet of Eureka

Quartzite in the northern Arrow Canyon Range.  If the two sections correlate and belong

to the same thrust sheet, then the thickness of breccia decreases from 260 to 3 feet in

approximately 22 miles.  However the thickness of the Eureka Quartzite in the Meadow

Valley Mountains, ten miles east of the Delamar Range, is approximately 20 feet (A

Cedar Strat proprietary map).  Therefore, the Meadow Valley Mountains lie in another

thrust sheet, footwall to the Delamar-Arrow Canyon thrust sheet.  If the breccia decreases

in thickness linearly between the Delamar and Arrow Canyon ranges, then the same rate

of decrease could be applied between the Delamar and Meadow Valley Mountain

sections.  Applying that rate of decrease (5.8 feet per mile), depositional or restored

distance between the Delamar Range and the Meadow Valley Mountains should be

approximately 44 miles.  If the above assumptions in correlations and rate of change of

thicknesses hold, the amount of crustal shortening on the Pahroc thrust fault is

approximately 44 miles, based on Dgb2 stratigraphic considerations.  Cumulative thrust

slip on the Pahroc and underlying unnamed (8 on Plate 4a) thrust faults on Plate 4a is 20

miles.  Other concealed thrust faults taking up addition displacement could lie between

the Pahroc and Meadow Valley ranges.  Therefore, crustal shortening between the ranges

is at least 20 miles and could possibly be more.

The Ordovician Eureka Quartzite can also be used to estimate shortening on the

Pahroc thrust fault (Plate 1a and Appendix E).  It is approximately 120 feet thick in the

east Arrow Canyon Range (Longwell et al., 1965) and 150 feet thick in the Delamar

Range (Tschanz and Pampeyan, 1970), 22 miles away.  Therefore, it thins an average of

1.36 feet per mile.  The Eureka Quartzite is approximately 20 feet thick in the Meadow

Valley Range sheet.  If the thickness decreases linearly, then the Eureka Quartzite in the

Delamar Range was deposited 96 miles from the Meadow Valley sheet, based on Eureka

Quartzite stratigraphic considerations.  However, crustal shortening was probably less
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than 96 miles on the Pahroc thrust fault.  More accurate stratigraphic sections with

gamma-ray logs and correlations based on sequences as presented herein should improve

the estimates of crustal shortening.

Splay thrust faults in the Pahroc thrust sheet include the Fossil Peak thrust fault,

Hiko Spring klippe, and the Golden Gate thrust fault.  The Fossil Peak thrust sheet and the

Hiko Spring klippe may both belong to the Fossil Peak thrust fault (Thrust Faults,

Appendix E).  The Golden Gate thrust fault superficially appears to terminate south of the

Baseline Canyon fault in the Golden Gate Range (Plate 1a and Thrust Faults, Appendix

E).  However, folds north of the east-west trending Baseline Canyon fault and footwall

splay thrust faults east of the Golden Gate thrust fault suggest that shortening on the

Golden Gate thrust fault was taken up by other structures (see Golden Gate thrust fault,

Golden Gate anticline, Golden Gate syncline, Garden Valley anticline and Baseline

Canyon fault in Appendix E).

A group of east-west normal faults is restricted to the Pahroc thrust sheet east of

the Silver Canyon thrust fault in the greater Timpahute Range (see Mail Summit faults,

Appendix E).  They are lacking in the overlying Silver Canyon thrust sheet.  Another east-

west striking fault cutting the Pahroc thrust sheet is the Wildcat Wash fault.  It occurs 1.4

miles west of the Chocolate Drop thrust fault.  South (1.3 miles) of Wildcat Wash fault,

the Tempiute Mountain fault could have strike-slip displacement (Appendix E).  

North of the greater Timpahute Range, the Pahroc thrust sheet, exposed in the

Golden Gate Range, is also cut by east-west normal faults.  However, similar faults are

lacking in the Worthington Range interpreted to be part of the Silver Canyon thrust sheet. 

Another east-west trending fault in the Pahroc thrust sheet, the Crystal Springs Canyon

fault, could have strike-slip displacement plus dip slip displacement (see Crystal Springs

Canyon fault in Appendix E).  Two east-west striking faults, the North Penoyer Springs

and Reed Spring faults, are likely thrust tear faults.  Other east-west striking faults in the

Pahroc thrust sheet include: northeast Tikaboo Valley faults, faults north of Bactrian

Mountain, and Logan Canyon fault.
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Three significant north-south trending normal faults in the study area cut rocks of

the Pahroc thrust sheet: Hiko Narrows, Coal Valley Reservoir, and Mail Summit faults. 

However, the Hiko Narrows fault could be a thrust fault revealing rocks in a fenster of a

lower thrust sheet (see Hiko Narrows fault in Appendix E).  The Coal Valley Reservoir

fault, is likely a listric normal fault on the west side of Coal Valley with several hundred

feet of displacement (see Coal Valley Reservoir fault in Appendix E).  The west Mail

Summit fault is exposed 2.9 miles east of the Silver Canyon thrust fault (Plate 1a).  It also

has several hundred feet of displacement.  North-south trending normal faults with

thousands of feet of displacement were not detected in the study area (see discussion of

normal faults below and description of normal faults in the Timpahute Range 30' X 60'

quadrangle in Appendix E).

Silver Canyon Thrust Sheet

Exposures of the Silver Canyon thrust sheet in the middle of the greater

Timpahute Range lie between the Chocolate Drop thrust fault on the west and the Silver

Canyon thrust fault on the east (Plate 1a; Figure 32).  North of the greater Timpahute

Range, the Silver Canyon thrust sheet is exposed in the Worthington Range (Figure 32).  

Folds within the Silver Canyon thrust sheet attest to underlying thrust

detachments.  Folds include Mount Irish anticline, Monte Mountain syncline, Penoyer

Springs syncline, north Timpahute anticline, and the Worthington Mountain doubly

plunging anticline (Appendix E).

Splay thrust faults within the Silver Canyon thrust sheet include Penoyer Springs

and Monte Mountain thrust faults in the greater Timpahute Range and the Freiberg and

Modes Spring thrust faults in the Worthington Range (Appendix E).  The north

Worthington fault may be a fenster into a deeper thrust sheet or it could be a normal fault

(see Appendix E).  Penoyer Springs and Monte Mountain thrust faults have footwall
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synclines.  Footwall synclines are absent, however, in the Worthington Mountains.  East-

west striking strike-slip faults are generally restricted to the Silver Canyon thrust sheet. 

They include six faults: south Penoyer Springs, Tunnel Spring, Monte Spring, Chocolate

Drop, south Timpahute Range and Logan Canyon faults (Strike-Slip Faults, Appendix E).

In the greater Timpahute Range, the Silver Canyon thrust sheet is bounded on the

north and south by faults interpreted as thrust tear faults.  Therefore, the greater

Timpahute Range portion of the Silver Canyon thrust sheet moved eastward

approximately two miles with respect to the northern or southern portions of the thrust

sheet.  Two miles is the measured distance between the north and south sides of the Logan

Canyon fault (Plate 1a).

Thick (1000+ feet) Upper Devonian quartz sandstone (facies 2), abnormally thin

(�200- feet) Sequence Dgb2 breccia, and limey Ordovician Ely Springs Dolomite

distinguish the strata of the Silver Canyon thrust sheet from the underlying Pahroc thrust

sheet.  An isolith map of the Devonian quartz sandstones was used to estimate the 30

miles of crustal shortening on the Silver Canyon thrust fault (Chapter 7).  Also, in Chapter

7, isolith maps of the Dgb2 breccia were used to estimate about 100 miles of relative

cumulative crustal shortening of the three thrust sheets of the greater Timpahute Range.

Conclusions

Newly mapped thrust sheets in the Timpahute 30' X 60' quadrangle geologic map

explain the abrupt change in Upper Devonian facies separated by thrust faults. 

Approximately 62 miles of structural shortening shuffled the thrust sheets and required

thrust restoration to accurately interpret the Devonian paleogeography.  Unique

stratigraphic components such as the distribution of the Dgb2 breccia and Upper

Devonian quartz sandstone provide tools to aid in thrust reconstruction.
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Figure 32 is a conceptual tectonic map of the study area summarizing the major

thrust sheets of the greater Timpahute Range.  Cenozoic cover conceals most of the thrust

sheets and thrust fault traces in the Paleozoic rocks.  Strike-slip faults on the north and

south sides of the greater Timpahute Range are probably thrust tear faults that separate

contrasting stratigraphic facies of the different thrust sheets.  The Silver Canyon thrust

sheet in the greater Timpahute Range moved eastward approximately two miles with

respect to portions of the sheet north and south of the greater Timpahute Range. 

Tempiute Mountain is a fenster in the Silver Canyon thrust sheet revealing a western

segment of the Pahroc thrust sheet.  A second fenster on the west side of Tempiute

Mountain in the Pahroc thrust sheet reveals a sliver of an unnamed thrust sheet.  Folding

in exposures of the Meadow Valley thrust sheet east of the Pahroc thrust fault suggest

another, deeper detachment.  Therefore, the greater Timpahute Range is interpreted to be

composed of a stack of at least three thrust sheets: Meadow Valley Mountain, Pahroc, and

Silver Canyon.

This stack of thrust sheets probably has ridden eastward on yet deeper

detachments.  Other than minor splay thrust faults, all the thrust faults in the study area

glide on Carboniferous strata and especially on Mississippian shale (Plate 4a).  The

master detachment probably involves Lower Cambrian or older rocks on Carboniferous or

younger rocks.  Probably all of the exposed thrust faults in the study area are merely thrust

fault splays of a large system (Sevier orogenic belt?).

Folds

Twenty-one folds in the study area testify of the intensity of crustal shortening of

this part of the Sevier fold-and-thrust belt.  See Folds, Appendix E for a detailed

description of each fold.  The new map showing these folds contrasts sharply with

previous mapping that shows only four folds in the study area (Plate 1a and Plate 1b). 
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Broken recumbent footwall synclines, an important signature of the region’s structure

style, provide strong evidence of deeper thrust faults.  The study area represents only a

small sample of the Sevier fold-and-thrust belt in Nevada.  Many uncharted folds occur

beyond the study area.  All these folds attest to the amount of crustal shortening. 

However, newly mapped thrust faults discussed above provide a stronger witness to the

amount of crustal shortening that occurred in this part of the Sevier fold-and-thrust belt. 

Without an understanding of the amount of crustal shortening accurate reconstruction of

Devonian paleogeography is not possible.

Strike-Slip Faults

 Little work has been done to date on strike-slip faults within the Timpahute

Range quadrangle.  More than thirteen strike-slip faults are documented on the Timpahute

Range quadrangle geologic map (Appendix E, Plate 1a).  Most of them are newly

mapped and all of them are newly named.  All the strike-slip faults, except the Tempiute

Mountain and Reed Spring faults, have sinistral strike-slip displacement.  The most

obvious ones with the most strike-slip displacement include Logan Canyon, Tunnel

Springs and South Penoyer Springs faults.  Dip-slip normal displacement on these faults

is measured in hundreds of feet and strike-slip displacement is measured in thousands of

feet or miles.  Dip-slip normal displacement probably took place along pre-existing zones

of weakness caused by the strike-slip displacement.  As Tschanz and Pampeyan (1970)

point out, strike-slip displacement may be related to tear faults.

 An important diagnostic feature of these strike-slip faults is that, despite highly

divergent domains of structural dip, the sense of displacement remains the same along

their trace.  The diagnostic features that are sporadically observed include slickensides,

dikes, hydrothermal alteration zones, discontinuities in structural grain, and outcrop

patterns.  Descriptions of the newly named faults appear in Strike-Slip Faults, Appendix

SE ROA 37238

JA_8744



222

E.

This study documents several strike-slip faults.  Most of them are east-west

trending or parallel with thrust fault movement.  Strike-slip faults, confined to a single

thrust sheet, could be tear faults created synchronously with thrust fault emplacement. 

Some exhibit dip-slip movement and could have been reactivated during Cenozoic

extension.  Faults most likely having dip-slip displacement are described in normal faults

of Appendix E.

Strike-slip Faults as Thrust Tear Faults  In 1964, Gwinn stated that abrupt changes

in structure and stratigraphy or outcrop patterns along strike-slip faults in the

Appalachians are probably caused by tear-faults.  Strike-slip faults in the Timpahute

Range quadrangle may be tear faults.  As mentioned above Tschanz and Pampeyan (1970)

suggested that the Arrowhead Mine fault, twenty miles south of the study area, could be a

tear fault.  Some sets of faults in the study area are confined to certain thrust sheets.  This

implies they formed synchronously with formation of the thrust sheet in the Late

Mesozoic.  Four strike-slip faults described in this section are restricted to the Silver

Canyon thrust sheet.  The Mail Summit faults presented in the section on normal faults

are restricted to the Fossil Peak thrust sheet.  The Reed Spring fault may be a right-lateral

tear fault on the south edge of the Silver Canyon thrust sheet.  The Penoyer Springs fault

may be a left-lateral tear fault on the north side of the Silver Canyon thrust sheet.

Normal Faults

Continuous outcrops in the greater Timpahute Range provide an opportunity to

study the results of Cenozoic extension in this region of the Great Basin.  These faults and
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fractures greatly enhance the reservoir qualities of the rocks of the region.  However, only

eight faults with significant displacement or features were documented, as described in

detail in Appendix E.

  Five of the eight significant normal faults in the study area strike north-south,

parallel with the structural grain of the region.  Two of the five have 10,000 feet or more

stratigraphic displacement and may be thrust faults.  Stratigraphic displacement on the

other three is 2000 feet or less.  No classical Basin and Range normal faults with tens of

thousands of feet of displacement are found in the study area.  Either the study area is a

unique area that has escaped regional Cenozoic extension or the region has been

misinterpreted to have been severely affected by Cenozoic extension.  

Geologic mapping beyond the study area revealed few possible Basin and Range

normal faults constrained by outcrop data.  Many published classical Basin and Range

normal faults are shown in valleys where they are unconstrained by outcrops.  Some have

used seismic data to justify their interpretation of a classical Basin and Range faults such

as on the east side of Eagle Springs  field in Railroad Valley (Effimoff, and Pinezich,

1986; Dolly, 1979; Vreeland and Berrong, 1979).  No mention is made of the westward

steeply dipping Paleozoic rocks in the pediment and at the foot of Grant Range on the east

end of the seismic lines.  If a normal valley-bounding fault occurs as suggested by Bortz

and Murray (1979), then it is subparallel to bedding in Paleozoic rocks.  Clearly, all Great

Basin inselbergs containing Paleozoic rocks need to be mapped more carefully before

sweeping interpretations of this complex region are made.

Extensional vs. Compressional Models

Mayer (1986), using topographic constraints to model lithospheric stretching or

crustal thinning of the Basin and Range province, concluded that the thinning resulted in

“a topographic pattern characterized by normal-fault-bounded mountain blocks separated
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by alluvial valleys superimposed on a broad regional uplift.”  The most widely accepted

model of Tertiary Basin and Range extension in the region of the study area emphasizes

north-south trending faults of major displacement (thousands of feet) bounding the ranges

(horsts) and valleys (grabens).  Effimoff and Pinezich (1986) concluded, from their study

of selected basins in the region, that the basins are bounded by listric normal faults with

displacements of 10,000 to 15,000 feet.

  Taylor (1989) attributed the tilted Paleozoic rocks in the North Pahroc Range, 10

miles northeast of the study area, to normal faults.  Though he misidentified several key

outcrops, Hurtubise (1989) found no evidence for thrust faults in the Seaman Range, from

Fossil Peak to Black Cliff, 25 miles north.  He also attributed tilting in Paleozoic rocks to

normal faults caused by Cenozoic extension.  However, Bartley et al. (1988) described the

area from the Seaman Range to the Golden Gate Range, five miles north of the study area,

as an area of minor normal faults caused by Cenozoic extension.  North-south normal

faults related to Cenozoic extension are rare in the study area.  Most of the exposed

normal faults cut across the north-south structural grain in the study area.  The few normal

faults that are subparallel with the north-south structural grain have stratigraphic

displacement of no more than several hundred feet.  An exception is the Hiko Narrows

fault exposed in Sec 7 T3N R61E with about 5000 feet of stratigraphic displacement (See

Fossil Peak thrust in Appendix E).  Normal north-south trending faults with tens of

thousands of feet of displacement are not recognized in the study area.  In contrast, thrust

faults with tens of miles of displacement are documented in the study area.  Significant

normal faults in the study area with their locations and approximate throws are listed in

Appendix E.

Some normal fault models depict 20-40,000 feet of vertical stratigraphic

separation and many miles of horizontal extension.  Axen et al. (1993), for example,

speculated that a major normal fault is situated just east of the study area, between the

Seaman and North Pahroc ranges, and is concealed by Tertiary volcanics and sediments.  

They concluded that the ranges in the region of the Timpahute Range quadrangle were
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extended during the Tertiary.  However, I find no evidence in my mapping that supports

their conclusion.  Furthermore, it is shown in Appendix E that steep gradients in an

isostatic gravity contour map supporting their postulated normal fault are lacking.  In

contrast to their model, I postulate that a major thrust fault (Pahroc/Delamar thrust fault)

is situated just east of the study area.  As with the postulated normal fault, it is concealed

by Tertiary volcanics.  However, the Pahroc Spring anticline, exposed through a window

of volcanic rocks and exposures of the Delamar thrust fault to the south, supports the

crustal shortening model.  The current study provided the opportunity to test, within the

Timpahute Range quadrangle, both models and their inherent ramifications.

Conclusions

New mapping clearly shows more compressional structural elements in the

Paleozoic rocks of the Timpahute Range quadrangle than was previously known.  The

new mapping combined with well and gravity data (Appendix E) dispute the existence of

published hidden normal faults believed to have been caused by Cenozoic extension.  No

classic, north-south trending Basin and Range normal faults were found cutting the

greater Timpahute Range.  Therefore, the region likely underwent more Late Mesozoic

compressional deformation and much less Cenozoic extension than was previously

thought.  Plate 4, a structural cross section, constrained by the new mapping, shows

significant displacement between thrust sheets.  Therefore, paleogeographic

reconstructions based on unrestored locations for measured sections are misleading.  The

stratigraphic significance of structural interpretations in Chapter 6 sets the stage for

paleogeographic reconstructions based on restored sections (Chapter 7).
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CHAPTER 6

STRATIGRAPHIC SIGNIFICANCE OF STRUCTURAL INTERPRETATIONS

The magnitude of the Sevier-age compressional event on the Paleozoic rocks of

the study area estimated in this chapter, shows how the newly mapped folds and faults on

Plate 2a contribute to a new tectonic model.  The new model helps explain contrasting

post-Guilmette Formation Sequence Dgb facies in juxtaposed thrust sheets.  The new

geologic map of the greater Timpahute Range, with its more detailed analysis of Great

Basin thrust styles, also provides constraints for a more accurate tectonic model.  It will

be shown in Chapter 7 that knowledge of the assumed original distribution of Dgb2

breccia provides a unique opportunity to restore thrust sheets with a greater degree of

confidence and further constrains the structural model.  This new tectonic model is

illustrated by a geometrically balanced structural cross section of the greater Timpahute

Range (Plate 4a) and its restoration (Plate 4b).   The tectonic model is supported by other

data including biostratigraphic dislocation, structural implications of the “Oxyoke

Formation,” contrasting facies in the Ordovician Ely Springs Dolomite between structural

sheets, and the distribution of Tertiary-Cretaceous synorogenic rocks

Tectonic Model

A tectonic model of the greater Timpahute Range is supported by a balanced cross

section (Plate 4).  Restoration of the cross section shows that cumulative displacement of

thrust faults within the greater Timpahute Range is approximately 63 miles.  An

explanation of the distribution of contrasting facies in different structural sheets is shown
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by the model.  It also provides new opportunities for oil and gas exploration and helps

predict the location of the Dg2 breccia impact site.

Balanced Cross Section  

An advantage of a balanced cross section is that it helps isolate possible geometric

solutions and eliminate impossible ones.  Normally, balanced cross sections in eastern

Nevada are impossible to construct because of the lack of constraint or control that ties

the deformed region to an undeformed region (Chapter 3).  However, because of its

unique nature, the distribution of the Dgb2 breccia may provide the constraint necessary

to construct a balance cross section of the greater Timpahute Range (Chapter 7).  Plate

4a, a cross section along A-A’ of the greater Timpahute Range geologic map, was made

using Thrustbelt, a software program described in Chapter 3.  

Fundamental parameters needed to construct a balanced cross section included

spacing and scales. Spacing affects the smoothness of the appearance of lines in the cross

sections.  Centimeters were used as the unit of measurement to construct Plate 4a and

Plate 4b because they were easier to use than English measurements.  Distances and

elevations on the 30' X 60' Timpahute Range topographic quadrangle are in meters.  The

metric system simplified relating distances and thicknesses on the cross section. 

Horizontal and vertical scale factors were kept constant to avoid vertical exaggeration.  

Once the fundamental parameters were established, geologic parameters were

added.  First, a stratigraphic section was made by building up layer by layer, starting at the

lowest layer of interest, the Upper Cambrian.  Rocks of the Upper Cambrian are the oldest

exposed in the greater Timpahute Range (Plate 1a).  A topographic profile of the greater

Timpahute Range transect A-A’, showing the surface geology and formation thicknesses

that constrain the structural cross section, Plate 4a, lies below the geologic map on Plate

1a.  Formation thicknesses were taken from measured sections and wells (Well Data,
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Appendix F) in the region.  The base of each formation was entered from oldest to

youngest along with its x-coordinate on the stratigraphic cross section.  

An angle in degrees, compared with the base of each rock unit at which a

hypothetical fault would cut through the unit, was specified.  A higher angle (25o) was

chosen for more massive, resistant units (Laketown, Sevy, Simonson, and Ely

formations).  A lower angle (20o) was assigned to more platy, less resistant units

(Pogonip, Guilmette, and Joana formations.  Because of its shaley nature, the lowest angle

(15o) was assigned to the Mississippian Antler clastics.  The differences in thrust fault

angle can be seen on Plate 4b. 

 Each fault is described as to the unit it is rooted in, its position in the cross section,

the layer to which it climbs and the x-coordinate of the ramp of the next sub-fault, and the

direction and amounts of movement along the fault plane.  These fault parameters were

changed and tested until a satisfactory solution was found and thrust fault traces and units

matched the topography, geology, and faults on the geologic map (Plate 1a).  Any of the

50 or so iterations are geometrically possible but the final solution, Plate 4a, most closely

matches the new geologic map.  The model could always be improved with additional

mapping and more rigorous structural analysis.

Plate 4a and Plate 4b

Plate 4a illustrates the deformed Paleozoic rocks along transect A-A’ (Plate 1a). 

Rocks above the erosional profile have been removed by erosion.  The erosional profile is

shown by the thick, solid line that begins on the left-hand side at 16.5 kilometers above the

base of the section.  Several topographic features along the erosional profile are labeled for

reference.  Sea level is the horizontal, straight line below the erosion profile at 15

kilometers above the base of the section.  A legend for rock units is on the right-hand end

of both Plate 4a and Plate 4b.  The darkest gray unit, Mississippian Antler clastics, is the
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last prominent shale unit in the Paleozoic rocks and contains the main thrust detachments. 

It is also the main source rock in Nevada (Poole and Claypool, 1984).  How much

compression to cause the folds and faults in the greater Timpahute Range can be seen on

the left-hand end of Plate 4a.  The missing rock units above the Upper Cambrian were

moved 104 kilometers or about 64 miles to the east.

Thrust faults are labeled consecutively from left to right on Plate 4b.  The oldest

faults are on the left and the youngest are on the right.  In the deformed area, they are

curved, solid, dark-gray lines that separate wedges of different formations.  Left of the

deformed area on Plate 4a, the faults root in the Upper Cambrian and are parallel to

bedding.  Right of the deformed area, the faults lie within the upper detachment in the

Carboniferous.  Undoubtedly, thrust faults east and west of the greater Timpahute Range

will further complicate the cross section and will show more compression in this region of

the Sevier fold-and-thrust belt.

Amount of Displacement

The cumulative amount of thrust displacement shown on Plate 4b is 105

kilometers or about 64 miles.  Thrust faults east and west of the greater Timpahute Range

were not taken into account on Plate 4a.  Another model using “snip reconstruction” and

thrust displacement within and beyond the greater Timpahute Range estimated 98 miles

(Table 10) of cumulative compression (Chamberlain and Chamberlain, 1990).  Snip

restoration is a technique of thrust fault restorations introduced by D. Roeder to Esso in

1967 (D. Roeder, 1998, personal communication).  Each thrust slice is snipped or cut from

a cross section and laid out in sequence like a puzzle to preserve area of the beds.  Bed-

length measurement from Plate 4a suggests that the Silver Canyon thrust fault have a

displacement of approximately 22 miles.  Snip reconstruction of the Chocolate Drop-

Silver Canyon thrust fault suggested that the fault have about 28 miles of lateral
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Thrust Fault Approximate
Displacement snip
reconstruction

Approximate
Displacement
Plate 4a

Pahroc 50 miles 18 miles

Silver Canyon 28 miles 22 miles

Tempiute Mountain splays 12 miles 9 miles

Penoyer Springs  3  miles 3 miles

Fossil Peak  3  miles 9 miles

Monte Mountain  2  miles 2 miles

Unnamed thrust fault 1 miles

Cumulative displacement 98 miles 64 miles

Table 10 Bed length displacement scaled from a snip reconstruction model and the
amount of slip for each thrust in Plate 4a.

displacement (Chamberlain and Chamberlain, 1990).  Table 10 lists the approximate

displacement of faults estimated from snip reconstruction and from Plate 4a.

Much of the compressional displacement of the greater Timpahute Range was

taken up by folding.  Most of the thrust faults in the greater Timpahute Range along

transect A-A’ (Plate 1a) are characterized by an anticline with a gentle west back limb and

a steep east forelimb in the hanging wall sheet.  They are also characterized by a broken

recumbent syncline in the footwall.  Typically, a footwall thrust fault places the recumbent

limb on Mississippian Antler shales (Chainman facies, Table 1).  Unless Pennsylvanian

rocks are included, the upper sandy facies (Scotty Wash facies) of the Antler clastics are

usually sheared off by thrust faults.  The shales extend for an unknown distance under the

thrust faults.  Examples of this style of thrust faults include the Golden Gate (Stop 10,
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Appendix D), Penoyer Springs (geologic profile, Plate 1a), Monte Mountain (Stop 14,

Appendix D and Appendix E), and Silver Canyon thrust faults (a geologic profile, Plate

1a).  Examples of older Paleozoic rocks thrust over Pennsylvanian rocks include the

Chocolate Drop (geologic profile, Plate 1a) and Pahroc thrust faults (Stop 2, Appendix D,

and Appendix E).  In all these examples, Mississippian organic-rich, oil-prone source

rocks are placed advantageously below potential reservoir rocks.  The economic

significance of this thrust style is discussed in Chapter 8.

Facies Restoration and Devonian Paleogeography

On the cross section, prominent geographic features are labeled along the present-day

erosional surface for correlating the cross section with the geologic map (Plate 1a).  Three of

these features associated with measured sections in Figure 30 include Tempiute Mountain

(TMP or 53 on Figure 9), Monte Mountain thrust (TMM or 52 on Figure 9) and Mail

Summit three miles east of Mount Irish (TMS or 51 on Figure 9).  Without a structural

reconstruction, the spacial distribution of facies represented by these sections is puzzling.

However, restoration of the thrust model to its prethrust configuration (Plate 4b) allows

reconstruction of a probable Devonian basin and depositional model (Chapter 7).  The thrust

restoration places the three stratigraphic sections with contrasting upper Guilmette facies in

a spacial relationship that is more reasonable than their present post-thrust positions.  It also

causes the Tempiute impact basin to become more concentric.

The new tectonic model suggests that the source for the siliciclastics at Monte

Mountain was an emergent region to the west.  The emergent region is likely the Antler

forebulge of Carpenter et al. (1994).  Erosion of Ordovician Pogonip limestones from the

forebulge is the likely source of the recycled Ordovician conodonts in Sequence Dgb2 impact

breccia reported by Warme and Sandberg (1996).  It is also the likely source of recycled early

Paleozoic microfossils in Devonian rocks throughout the Sunnyside basin (T. Hutter, 1998,
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Figure 33  Diagrammatic stratigraphic cross section showing strata restored about Guilmette
Sequence Dgb2 (Alamo Breccia) time.  TMM is an abbreviation for Timpahute Range, Monte
Mountain measured section.  TMP is an abbreviation for Timpahute Range, Tempiute Mountain
measured section.  TMS is an abbreviation for Timpahute Range, Mail Summit measured
section.  The number after the section abbreviation is the number of the section on Figure 9.  The
future Silver Canyon thrust fault shown as a red line indicates how western Monte Mountain
facies is placed between Tempiute Mountain and Mail Summit facies.  Subsequent movement
and erosion created the present relationship as seen in the geologic profile (Plate 1a) and the
balanced cross section (Plate 4).

personal communication).  Conodont paleontologists have yet to take advantage of Devonian

sequences defined in this work.  A restricted basin of deeper-water mixed siliciclastics and

carbonates at Tempiute Mountain lies between the sandy emergent region on the west and the

reef-bearing carbonate platform at Mail Summit to the east (Figure 33).  The paleogeography

of the Sunnyside basin was similar to the paleogeography of the Late Pennsylvanian Oquirrh-

Wood River basin of southern Idaho where shallow-marine siliciclastics filled the basin from

the west and the bioclastic limestone facies filled the basin from the east (Geslin, 1994, 1998).

Bed-length restoration of the structural cross section (Plate 4b) suggests that the

Monte Mountain (TMM) hanging wall lies about two miles west of Monte Mountain footwall

(Figure 33 and Table 10).  Displacement is the amount the thrust fault had to be shifted to

fit the model.  It can also be scaled off Plate 4a.  Evidence that the rocks of the TMM hanging

wall were closer to the siliciclastic source area than the rocks of the TMM footwall include
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thicker and coarser sandstones and lack of Amphipora-bearing interbeds in the TMM hanging

wall in contrast to thinner and finer grained sandstones and Amphipora-bearing interbeds in

the footwall.  Section restoration shows that both sections at TMM originated not east of

TMP, but west (see faults one and two on Plate 4b and Figure 33 for the restored Tempiute

basin).  Bed-length restoration (Plate 4b) suggests that TMM originated at least twenty miles

west of TMP.  The distance is measured between fault cut offs on Plate 4a and is the amount

the fault was shifted to fit the model. 

TMP is more basinward than TMM or TMS, contains basinal carbonates (facies 1),

and lacks abundant well-sorted sandstones (facies 2) or reefs (facies 3).  About twenty miles

east of TMP, the reef of TMS was constructed in up-dip, shallow basin margin carbonates.

The reef was discussed in Chapter 4.  A schematic cross section illustrates the principal

depositional environments of the Devonian Guilmette and the relative positions of the three

measured stratigraphic sections (Figure 33).  The provenance and distribution of quartz

sandstones shed off the Antler forebulge are discussed in Chapter 7.

Figure 33 shows the Dgb2 impact breccia to be thicker at TMP than at TMM on the

west and TMS on the east.  Warme and Kuehner (1998) suggested that the thicker breccia at

TMP is a crater fill.  Thickness of the crater fill thins radially and provides another structural

tool in this part of the Sevier thrust belt (Chapter 7).

Biostratigraphic Dislocations

Biostratigraphic dislocations across the Silver Canyon thrust fault support the notion

of significant shortening.  Fossil occurrences above the Sequence Dgb2 breccia in the greater

Timpahute Range are summarized in Table 11.  Megalodonts are common in Devonian

carbonates in the hanging wall of the Silver Canyon thrust plate (TMM) and are rare in the

footwall (TMS).  They are absent in the Tempiute Mountain thrust sheet (TMP).

Stromatoporoid reefs are conspicuous in the Devonian rocks of the footwall (TMS) and are

SE ROA 37250

JA_8756



234

Fossil TMM TMP TMS

Corals R N A

Amphipora C N A

Stromatoporoids R N A

Stromatoporoid Reefs N N C

Megalodonts A N R

Crinoids N N R

N= None or Absent   R= Rare   C= Common   A= Abundant
TMM= Timpahute Monte Mountain TMP= Tempiute Mountain
TMS= Timpahute Mail Summit

Table 11 Fossil occurrences in Devonian Guilmette rocks above Sequence Dgb2 breccia
in three different thrust sheets of the greater Timpahute Range.

absent in the Silver Canyon hanging wall (TMM) and at Tempiute Mountain (TMP).

Amphipora is abundant at TMS and is common in the carbonate facies of TMM.  They are

absent at TMP.  Corals are abundant at TMS but are rare at TMM and absent at TMP.

Crinoids are rare at TMS and absent at TMM and TMP.  Perhaps crinoids are lacking at TMM

and TMP because those sections were in restricted marine conditions on the west side of the

Sunnyside basin. 

Structural Implications of the “Oxyoke Formation” 

An isopach map of structurally unrestored sections of the “Oxyoke Formation” in

Chapter 7 gives an anomalous thickness of 430 feet at Monte Mountain (TMM), in the middle

of the greater Timpahute Range.  This section is in the hanging wall of the Silver Canyon and

Chocolate Drop thrust faults.  East of Monte Mountain, in the footwall of the Silver Canyon

thrust fault (TMS), the “Oxyoke Formation” is 195 feet thick.  West of Monte Mountain, in
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the footwall of the Chocolate Drop thrust fault (TMP), the “Oxyoke Formation” is 285 feet

thick.  If the structural reconstruction of the greater Timpahute Range presented in Chapter

5 is correct, and the Monte Mountain section was deposited west of Tempiute Mountain, then

the “Oxyoke Formation” thickened progressively to the west (Plates 1 and 4).  If the Monte

Mountain section was deposited between the other two sections, then some sort of depression

caused a thicker “Oxyoke Formation” section in the middle of the greater Timpahute Range.

All three sections appear to have been deposited in shallow water making it difficult to resolve

the depositional position using “Oxyoke Formation” facies distributions alone. 

Ely Springs Dolomite

An independent argument that supports this new structural model is found by

examining the Ordovician Ely Springs Dolomite in the different structural sheets.  See Figure

8 and Table 1 to see the position of the Ely Springs Dolomite in the stratigraphic column.  In

the Silver Canyon sheet (TMM), the formation contains open-marine limestones in contrast

to the sections exposed in the Silver Canyon footwall (TMS) and in the Chocolate Drop

footwall (TMP) at Tempiute Mountain (Plates 1 and 4).  In those sections, and in most

sections of Ely Springs Dolomite in this part of Nevada, the formation is pervasively

dolomitized (Cedar Strat proprietary measured sections, 1984-1989).  

However, Reso (1960) noted that the Ely Springs Dolomite contains more limestone

in the hanging wall of the Pahranagat thrust fault than in the footwall, 15 miles south-

southwest of Mount Irish.  I correlated his Pahranagat hanging wall thrust sheet to the Silver

Canyon hanging wall thrust sheet.  However, my interpretation shows that the Silver Canyon

thrust sheet in the Timpahute salient traveled farther east than the Pahranagat thrust sheets.

A structural salient is part of a thrust fault, bounded by thrust tears, that moved farther than

the rest of the thrust fault.  The Pahranagat hanging wall thrust sheet is exposed 18 miles

south of Silver Canyon.  Pervasive dolomitization of the Ely Springs is related to the

SE ROA 37252

JA_8758



236

Ordovician-Silurian paleogeography.  Ordovician rocks in the Silver Canyon sheet, containing

more open-marine fossils including crinoids and corals, were deposited more seaward and,

being less emergent, were less affected by dolomitizing processes than equivalent rocks to the

east, higher on the shelf and containing fewer abundant open-marine fossils.

An argument that paleogeography controlled dolomitization of equivalent rocks comes

from outcrops west of Eureka, Nevada (Figure 2).  The Ely Springs Dolomite is equivalent

to the Hanson Creek Formation in the Eureka area.  Duhnam and Olson (1980) argued that

dolomitization of the Hansen Creek was related to paleogeography of the region.  Similarly,

Ely Springs Dolomite in the Silver Canyon thrust sheet is composed of open-marine limestone

(abundant open-marine fossils) in contrast to restricted-marine dolomites (less open-marine

fossils) in the Pahroc and Meadow Valley Mountain thrust sheets.  Therefore, it is likely that

Ordovician rocks in the Silver Canyon thrust sheet were deposited seaward or west of

Ordovician rocks at Tempiute Mountain.

Tertiary/Cretaceous Synorogenic Rocks

The newly discovered Late Cretaceous or Early Tertiary rock unit (TKs) southwest of

Monte Mountain that lies between Paleozoic rocks and Tertiary volcanic rocks (Chamberlain,

et al., 1992b) was introduced in Chapter 2.  It may provide insight into the age of formation

of Late Mesozoic to Early Tertiary structures in the region.  As presented in Chapter 2, the

upper lacustrine limestone beds of the unit probably correlate to the Lower Eocene lacustrine

Sheep Pass Formation in Nevada and the Flagstaff Limestone and Claron Formation in Utah.

The underlying conglomerate beds may correlate to Late Cretaceous conglomerates of the

Newark Canyon Formation in central Nevada or the North Horn Formation in central Utah.

The Sevier fold-and-thrust belt produced folds in Paleozoic rocks.  Erosion cut down

and exposed the folded Paleozoic rocks before deposition of the Monte Mountain
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Tertiary/Cretaceous strata.  Because of folding in the Monte Mountain footwall, the

Tertiary/Cretaceous strata lie on younger Paleozoic rocks westward.  Where they overlie

resistant Mississippian Joana Limestone in the footwall sheet of the Monte Mountain thrust

fault, they are 300 feet thick.  However, the unit is about 500 feet thick where it lies over the

nonresistant Mississippian shales and sandstones.  In contrast, the Tertiary/Cretaceous strata

are less than 100 feet thick where they lie over Mississippian carbonates of the Monte

Mountain hanging wall thrust sheet.  Tertiary/Cretaceous strata lying on breached structures

of Paleozoic rocks are not unique to the greater Timpahute Range.  Eocene lacustrine

limestones lie on Mississippian shales in the breached Illipah anticline in the White Pine

Range, 120 miles to the north.  I have mapped similar beds in the Grant, Pancake, and Egan

ranges.  Sparse well and outcrop data in central Nevada suggest that the Tertiary/Cretaceous

strata thin and pinch out over Mesozoic anticlines and are thicker in synclines.  The

distribution of the Tertiary/Cretaceous strata along the Sevier fold-and-thrust belt is similar

to the distribution of the Tertiary/Cretaceous strata over folds in central Utah.

Interbedded with and below the limestone beds at Monte Mountain are conglomerate

beds with limestone clasts containing Receptaculites, a marker fossil found near the top of the

Ordovician Pogonip Formation.  The conglomerate also contains clasts of Eureka Quartzite

and other Pogonip units.  Erosion has exposed the nearest outcrops of Receptaculites-bearing

Ordovician rocks in the Penoyer Springs plate 1.3 miles to the west. 

Interbedded with cross-bedded sandstone, the well rounded, exotic clasts are in stream

deposits.  Imbrication of the clasts and cross-bedding suggests a paleocurrent direction of 165o

at Monte Spring (see Monte Spring fault, Plate 1a).  Exotic clasts shed from thrust sheets are

not unique to the Monte Mountain locality, but also occur to the south and north.  Carpenter

and Carpenter (1994a, b), for example, described exotic clasts in Albian synorogenic beds in

the Muddy Mountains, 90 miles south-southeast of the greater Timpahute Range.  They found

Ordovician clasts but no Ordovician outcrops.  I found clasts of Ordovician Eureka Quartzite

and Receptaculites-bearing limestone in a Tertiary/Cretaceous conglomerate unit ninety miles

north of the study area at Big Louis Spring in the Pancake Range (near Wood Canyon thrust
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fault, Figure 2).  There, nearly flat-lying Ordovician-bearing conglomerates lie

unconformably on steeply-dipping Mississippian strata.  The Tertiary/Cretaceous rocks are

overlain by a thrust sheet of Devonian Guilmette Formation (Cedar Strat proprietary map,

1997).  Volcanic rocks conceal the thrust klippe in most of the area.  The clasts must have

come from the nearest outcrops of Eureka Quartzite in the Moody Peak thrust sheet six miles

to the west (Figure 2).  I believe that the Late Mesozoic to Early Tertiary compressional

event allowed Tertiary/Cretaceous strata rocks to be deposited in interthrust and foreland

basins.  The Monte Mountain Tertiary/Cretaceous basin may be similar to the Axhandle

piggyback basin of central Utah.  That basin contains Cretaceous to Tertiary North Horn

conglomerates overlain by Eocene Flagstaff lacustrine limestones (Talling et al., 1995).

Unfortunately, the most widespread area of exposed Tertiary/Cretaceous strata near the study

area is in the restricted area of the Nellis Bombing Range (Tschanz and Pampeyan, 1970).

Map patterns on their map show that the Tertiary/Cretaceous strata are closely  associated

with thrust faults.  A detailed study of these strata may shed more light on the timing and style

of this part of the Sevier fold-and-thrust belt.  It is recommended that the United States

Department of Defense remove restrictions and allow access to study these rocks (Chapter 9).

Conclusions

A cumulative bed-length reconstruction of all the thrust faults in the greater Timpahute

Range suggests at least 64 and possibly 98 miles of horizontal displacement in this part of the

Sevier fold-and-thrust belt.  It was pointed out in Chapter 2 that workers in other parts of the

thrust belt suggested similar amounts of displacement.  Elison (1991) concluded that the

western North American Cordillera from southeastern British Columbia to northern Nevada

experienced 180 miles of east-west crustal shortening.  The magnitude of crustal shortening

strongly affected the position of thrust sheets containing Devonian rocks and had a strong

impact on interpreting the Devonian paleogeography. 
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My structural interpretation of the greater Timpahute Range improves significantly the

stratigraphic analysis of this area, and the stratigraphic interpretation adds rigor to the

structural model.  Together, the merging of the structural (Chapter 5) and stratigraphic

(Chapter 4) data illustrates the complexities of this part of the Sevier fold-and-thrust belt.  The

combination of the structural and stratigraphic analysis aids the paleogeographic interpretation

of the Devonian rocks in Chapter 7.  The new structural model and recognition of Devonian

sequences herein also have economic implications (Chapter 8).
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CHAPTER 7

DEVONIAN PALEOGEOGRAPHY

In the previous chapters the groundwork was laid for reconstructing the Devonian

paleogeography of the study area.  Chapter 4 provided the basis for dividing the Devonian

into mappable sequences and contains sequence descriptions.  In Chapter 5 and Appendix

E the sequences are used to document structural features shown on Plate 1a.   A structural

model based on new mapping and distribution of contrasting sequence facies appears in

Chapter 6.  In the present chapter results of the previous chapters are combined and 

synthesized into an interpretation of the Devonian paleogeography.  

The 21 mappable sequences at TMS introduced in Chapter 1 were identified and

refined by correlating them to other sections and wells in the region (Chapter 4, Figure 9). 

An east-west correlation chart through the greater Timpahute Range was presented in

Chapter 4.  Other examples of some of these correlations are provided in this chapter. 

Formation names from previous work, introduced in Chapter 2, were retained wherever

possible.  Methods used to construct surface gamma-ray logs and isopach maps used in

this chapter were presented in Chapter 3.

After correlating and refining sequences between sections listed in Table 2,

correlations between sections and wells listed in Appendix F provided additional control

to construct isopach maps.  An isopach map of each sequence was constructed, two of

which are shown in this chapter.  A comparison of the isopach maps from the oldest to the

youngest sequence shows that the center of the Sunnyside basin, described in Chapter 1,

migrated from central Nevada in Lower Devonian (Sevy Dolomite Sequences) to western

Utah in Late Devonian (Pilot Formation Sequences).  All of the sequences were combined

into a composite isopach map for the total Devonian (Plate 3).  The map shows the form
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of the Sunnyside basin with the basin center near Sunnyside, Nevada, 54 miles north of

Hiko.  The axis of the Sunnyside basin trends north-northeast and intersects the basin

center.  

Sequence Correlations  

Three contrasting facies of Upper Devonian rocks from different thrust sheets in

the greater Timpahute Range were introduced in Chapter 1.  Structural elements of the

thrust sheets were introduced in Chapter 5, illustrated on Plate 1a, and described in detail

in Appendix E.  The Chocolate Drop thrust fault separates facies 1 (thin-bedded limestone

of the western exposure of the Pahroc thrust sheet) from the overlying facies 2 (sandy

Silver Canyon thrust sheet).  Facies 2 is separated from facies 3 (reefy, cyclic carbonates

of the eastern exposure of the Pahroc thrust sheet) by the Silver Canyon thrust fault (Plate

1a).  These contrasting facies are illustrated in Figure 30.  The uniqueness of the Silver

Canyon thrust sheet sandy facies is also illustrated by north-south correlation charts

(Figure 34 and Figure 35.  Tear faults separate the Silver Canyon thrust sheet in the

Pahranagat and Golden Gate ranges from the Silver Canyon thrust sheet in the greater

Timpahute Range (Plate 1a and Figure 32).  Figure 34, a correlation chart from the

Pahranagat Range (correlative with the Silver Canyon thrust sheet) through Monte

Mountain (Silver Canyon thrust sheet) and to the Golden Gate Range (Pahroc thrust sheet)

shows the Guilmette sequence thicknesses to be more similar than those in a correlation

chart from the Pahranagat Range through TMS (Pahroc thrust sheet) and to the Golden

Gate Range (Figure 35).  This is because the Silver Canyon thrust sheet and the

correlative Pahranagat Range section are more genetically related than sections in the

Pahroc thrust sheet.
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Figure 34 North-south correlation of sections in the region showing the northward
thickening of the pre-b2 breccia units toward the Sunnyside basin and the uniform
thickness of the post-b2 breccia units within the Silver Canyon (Gass Peak?) thrust sheet
(Figure 2 for Gass Peak thrust in Clark County).  See Figure 9 for locations of sections.
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The trend of sandy facies thrust over reefy facies can be followed southward to the

Gass Peak thrust fault that may be correlative with the Silver Canyon thrust fault (Figure

2).  The Pahranagat Range is in the hanging wall of the Gass Peak thrust fault and contains

a Guilmette sandy facies above Sequence Dgb.  It contrasts with the footwall exposed in

the southern Delamar Range, 25 miles south of the study area, that lacks the sandstone

facies.  

Sunnyside Basin

Plate 3 and Figure 36 provide an example of an unrestored regional isopach map

of the total Great Basin Devonian.  Isopach maps of each of the 21 Devonian sequences

were composited to make the total Great Basin Devonian isopach map (Chapter 4).  The

map implies an intrashelf basin centered near Sunnyside, 60 miles north Hiko.  Therefore,

the basin is named the Sunnyside basin (Chamberlain and Birge, 1997).  The greater

Timpahute Range lies on the southwest flank of the basin.  

The Sunnyside basin is a northeast-southwest trending Devonian intrashelf basin 

about 400 miles long and 200 miles wide before structural restoration (Figure 36). 

Devonian strata thicken from approximately 500 feet near the basin edges to more than

6,600 feet in the basin (Figure 8).  The steepest contour gradient is on the southeast flank

of the basin between the Meadow Valley Mountains in south central Lincoln County,

Nevada, and Blue Mountain in the Wah Wah Range, western Utah (Plate 3 for locations). 

It lies within the area of known Sevier-age thrust faults.  Contours on the western edge of

the basin, western Eureka and Nye Counties, Nevada, also show steep gradients.  The

steep gradients are probably due to crustal shortening.  Along the northeast structural

strike within the basin, contour gradients are gentle, and probably more representative of

original depositional trends.  Restoration of the thrust sheets causes the steep gradients to

flatten.  
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side of the basin caused by Mesozoic Sevier crustal shortening.  The blue dashed line is
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As mentioned in Chapter 6, at least 64 and possibly 98 miles of crustal shortening

occurred in the greater Timpahute Range.  Chapter 5 presented evidence of deeper thrust

faults.  They probably carried the Timpahute Range eastward some unknown distance. 

Elison (1991) estimated 180 miles of cumulative crustal contraction of the Cordilleran

fold-and-thrust belt (see Chapter 6).  If this cumulative displacement was restored then the

northeast trending steep isopach gradient would flatten significantly.  Furthermore, the size

of the Sunnyside basin would approach the size of the Williston basin.  As LeFever (1996)

pointed out, the Williston basin is also approximately 300 by 600 miles in size.  However,

the Williston basin is a cratonic basin and the Sunnyside basin is an intrashelf basin. 

Strata of equivalent ages are much thicker in the Sunnyside basin than in the Williston

basin, and the Sunnyside basin strata lack the evaporate-bearing strata of the Williston

basin. 

Guilmette rocks on the east side of the Sunnyside basin are characterized by reefs,

bioherms, and other organic buildups.  Thick quartz sandstones occur along the edges of

the basin, shoreward of the organic buildups.  Guilmette rocks on the west side (i.e.,

Pancake Range) of the basin are characterized by thick strata bearing Amphipora. 

Westward of the Amphipora wackestones are quartz sandstone beds.  These mature quartz

sandstones were probably derived from erosion of older Paleozoic rocks on the Antler

forebulge.  Evidence of a forebulge associated with the Antler Orogeny is found in fensters

in the Roberts Mountain allochthon between Battle Mountain and Austin (Carpenter et al.,

1994).  Thousands of feet of lower Paleozoic rocks, including the Eureka Quartzite, were

removed by erosion and shed eastward into the Sunnyside basin.  Webb (1958) showed the

upper sandstone member of the Eureka Quartzite thickening toward the study area.  He

also showed thickening of the highest two members of the Eureka Quartzite (up to 500')

toward the Antler forebulge.  An example of a fenster in the Roberts Mountains allochthon

is in the Toquima Range (TIC), north-central Nye County, where a thin section of

Devonian rocks lies on Ordovician Pogonip rocks (Figure 36, Plate 3).  In other fensters,

the Roberts Mountain allochthon lies directly on Cambrian and Lower Ordovician
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carbonates (Carpenter et al., 1994).  Younger strata, including the Eureka Quartzite, have

been removed.  Most of the eroded strata were carbonate rocks.  Consequently the

insoluble residues from these older rocks in Sunnyside basin Devonian rocks testify to the

erosional event.  Devonian quartz sandstones that thicken westward are probably residues

of the eroded Eureka Quartzite.  Erosion of the lower Paleozoic rocks from the Antler

forebulge was arrested by emplacement of the Roberts Mountain thrust sheet in Late

Devonian and Lower Mississippian.  Erosion of the allochthon resulted in a thick wedge of

Mississippian Antler siliciclastics that attest to the emplacement of the Roberts Mountains

allochthon that followed the development and eastward migration of the Antler forebulge.

An isopach of Guilmette Dgb2 breccia (Alamo Breccia) shows a sub-basin within

the southwestern end of the Sunnyside basin that was probably created by the cosmolite

impact at Tempiute Mountain (Figure 37).  I named this impact basin the Tempiute basin

(Chamberlain, 1999).  Devonian strata in this part of the Sunnyside basin should be

thinner and composed of shallowing-upward cycles with abundant Amphipora and

supratidal, fine-grained stratal dolomite cycle caps.  However, Amphipora and shallowing-

upward cycles capped with supratidal dolomite are absent in the Tempiute basin.  Instead,

the unique thin-bedded limestone facies 1, commonly exhibiting soft-sediment

deformation and containing rare thin quartzose turbidite sandstone beds, fill the Tempiute

impact basin.  No other section or well in the region exhibits these unique facies (facies 1). 
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The isopach of Sequence Dgb also shows that the thickest Sequence Dgb is in the

Egan Range, near Sunnyside (Figure 38).  Figure 34 and Figure 35 show this northward

thickening in sequences below Sequence Dgb.  Being continuous with the north-northeast

trending axis of the Sunnyside basin, another thick area occurs in southwestern White Pine

County.  It occurs in an area of known Sevier thrust and strike-slip faults.  If the sections

containing thinner Sequence Dgb strata west of Sunnyside were restored to the west, then

the Sunnyside basin axis and the southwest White Pine thick area would converge into a

single basin (Plate 3).  Because the axis of the Sunnyside basin appears to have moved

eastward with time, the axis of the basin during Sequence Dgb2 time is farther to the west

than the average basin axis in Figure 36.  This would imply that the Antler forebulge

migrated from central Nevada toward western Utah during the Devonian.  Giles (1994)

concluded that the Pilot basin reflected the flexural downwarping of the Antler back-bulge

basin.  She suggested that the flexural features remained fixed throughout the history of

the Pilot basin and that the forebulge moved eastward across eastern Nevada into western

Utah during the Early Mississippian.  Giles (1996) suggested that the Lower Mississippian

Joana Limestone shows a retrograde stratigraphic pattern interpreted to have been forced

by lithospheric flexural subsidence during the Antler orogeny.  The relationships all

suggest that the Antler forebulge migrated eastward from central Nevada in Early

Devonian to western Utah in Early Mississippian.
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Generally, Sequence Dgb thins northward to the Monitor-Uinta arch. The thinning

of Sequence Dgb near the Monitor-Uinta arch suggests that the arch was a positive area

during Sequence Dgb time.  North of the arch, Sequence Dgb thickens again.  The blue

dashed line in the isopach maps, Figure 36, Figure 37, Figure 38, Figure 39, Figure 40,

Figure 41 and Plate 3, represents the unrestored outline of the Sunnyside basin.

Tempiute Basin

The subbasin discussed above within the southern end of the Sunnyside basin was

likely created by a Devonian cosmolite impact that disrupted Sequence Dgb strata and is

named Tempiute basin herein.  The impact likely created a concentric basin, similar to

other terrestrial impact basins including: Chesapeake Bay (Johnson et al., 1998),

Bosumtwi, Ghana (Reimold et al., 1998), Morokeng, South Africa (Koeberl et al., 1997a),

Popigai, Russia (Koeberl et al., 1997b), and Chicxulub, Yucatan Peninsula, Mexico

(Hildebrand et al., 1991) and many others.  However, subsequent tectonic events have

deformed some impact basins such as the Sudbury structure, Canada (Fueten and

Redmond, 1997; Ames et al., 1998).  Mesozoic thrusting deformed the Tempiute impact

basin.  Well-preserved impact basins, such as Chicxulub, exhibit distinct topographic rings

and predictable morphology including a central uplift, terrace zone of slumped blocks, and

inward-facing asymmetric scarps (Morgan and Warner, 1999).  These morphologic

features are yet to be found in the deformed Tempiute impact basin.

Within the Tempiute basin, a central crater is marked by an abrupt thickening of

the impact breccia (Plate 4b).  An unrestored isolith map of the Tempiute basin shows two

thick areas, delimiting the central crater, within the basin (Figure 37).  The ridge between

the two lows is caused by thinner (126-200 feet) Dgb2 breccia in the Silver Canyon thrust

sheet than in the thicker Pahroc (east) thrust sheet (392 feet) and in the Pahroc (west)

thrust sheet (510 feet).  The isolith contours should have produced a concentric pattern. 
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However, the unrestored distribution of the breccia forms a large oval pattern 160 miles

long in the longest dimension (north-south) and 60 miles wide in its shortest dimension

(east-west).  Its size can be compared with other terrestrial impact craters.  The

Chesapeake Bay (Johnson et al., 1998) and Popigai (Koeberl et al., 1997b) craters are

about 60 miles in diameter, Chicxulub (Hildebrand et al, 1991) is about 160 miles in

diameter, and the Morokeng (Koeberl et al., 1997a) is approximately 210 miles in

diameter.  Lunar mare crater counts, the terrestrial impact flux, and astronomical

observations of asteroids and comets provided data to predict 11 continental craters with

155-186 miles of diameter (Glikson, 1999).  Only three craters of this rank are reported in

literature (Glikson, 1999).  Timpahute may be the fourth.  

According to the emerging structural model presented in Chapter 6, the Tempiute

Mountain section was deposited in an intrashelf basin west of the reef-bearing TMS

section and east of the Monte Mountain sandstone facies.  In other words, the Monte

Mountain section (TMM), which is now between TMS and TMP, was probably originally

deposited west of TMP (Plate 4b).  Thrust restoration suggests that TMP facies 1 of the

central crater were probably deposited approximately 30 miles to the west (Plate 4b).  Post

impact strata at TMS are deepwater, rhythmic, thin bedded limestones (facies 1) that are

unique in the region.  They intertongue with the shallowing-upward cycles of TMM (facies

2).  Evidence of the intertonguing is found by comparing post impact sequences in the

Monte Mountain hanging wall, to the Monte Mountain footwall and the northernmost

exposures of the sequences in the Pahranagat Range (NPR, T5N R58E Sec 5, Plate 1a). 

Thick-bedded, sandy, burrowed limestone and dolomite lies immediately above the Dgb2

breccia at TMM hanging wall.  The carbonates are more limey, less sandy and thinner

bedded in the TMM footwall.  Correlative beds at NPR are rhythmically, thin-bedded

limestone and are similar to those at TMP.  Therefore the rocks in the Silver Canyon thrust

sheet deepen eastward toward the restored position of TMP.  Cycles at NPR contain a

greater proportion of deeper-water facies than those at Down Drop Mountain (DDM)

which is nearer the edge of the Tempiute basin.  For example, the abundance of

SE ROA 37269

JA_8775



253

Amphipora, which suggest restricted marine conditions, increases from NPR to DDM.  All

these sections, TMM, NRP, and DDM lie within the Silver Canyon thrust sheet. 

Thicknesses and the number of tongues of deepwater, thin-bedded limestones in the

sequences and especially cycles in Sequence C increase eastward, toward the Tempiute

basin and decrease toward the edge of the basin.  Similarly, basinal post impact strata of

the Chesapeake Bay impact structure, Virginia, intertongues with offshore shoal deposits

(Johnson et al., 1998).  From assumptions within this study, it appears that the TMM

section was likely deposited on the west edge of the Sunnyside intrashelf basin. 

Restoration of the sections places TMP near the axis of the Sunnyside basin with the sandy

TMM on the west side and the reefy TMS on the east side.  This restoration provides for a

thicker Dgb2 breccia near the center of the circular impact crater and a consistent thinning

radially.  Similarly, the Exmore Breccia of the Chesapeake Bay impact structure thins

rapidly from 984 feet in the annular trough to zero outside the outer rim (Johnson et al.,

1998).

Providing an ideal chronostratigraphic bed, the unique nature of the single-event

Dgb2 breccia  can be used to unshuffle thrust sheets not only in the Timpahute region but

beyond.  The cosmolite impact crater was most likely circular.  The impact ejecta blanket

and associated disturbed seabed rocks were probably distributed radially.  Channel-like

occurrences of the breccia in the Golden Gate hanging wall thrust sheet and in the south

Seaman Range could be associated with ejecta rays or breccia-filled grooves radiating

from the impact crater.  In the southern Golden Gate range thick (100's feet) of breccia

occur between ridges of undisturbed Sequence Dgb.  In the southern Seaman Range,

thinner (10's feet) of breccia occur between intervals of undisturbed Sequence Dgb.  See

Figure 37 and Figure 39 for isolith maps of the breccia.  In the third dimension, these

bodies of breccia may be channels or valleys cut into undisturbed Sequence Dgb.  They

thicken and widen toward Tempiute Mountain.
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Once the Silver Canyon thrust sheet is restored west of Tempiute Mountain, a

consistent thinning of the breccia occurs radially from the circular impact site.  Beyond the

major changes in thickness across the Silver Canyon and Chocolate Drop thrust faults,

other major changes in thickness occur across the Pahroc, Forest Home, and Wood

Canyon thrust faults (Figure 2).  The breccia is more than 100 feet thick in the hanging

wall of the Pahroc/Delamar thrust sheet in the southern Delamar, Hiko, and southern

Seaman ranges (Figure 5).  However, it is about 10 feet thick in the footwall sheet

exposed in the northern Meadow Valley and northern Pahroc ranges (Figure 17).  The

breccia is absent in Sequence Dgb exposed in a fenster of the Forest Home thrust sheet 20

miles north of the study area (Stop 12, Appendix D).  Nevertheless, it is about 8 feet thick

in the Forest Home hanging wall thrust sheet (Figure 2).  In the Pancake Range, 40 miles

northwest of the study area, the breccia is about 6 feet thick in the Portuguese Mountain

thrust sheet, footwall to the Wood Canyon thrust fault.  It is absent in the Wood Canyon

hanging wall thrust sheet (Figure 2).   

Thrust fault restorations using the structural model presented in Chapter 6 provide

constraints on the circular Tempiute sub-basin created within the Sunnyside basin by the

cosmolite impact (Chamberlain, 1999).  An isolith map of the present-day distribution of

the breccia manifests an ellipsoidal areal distribution (Figure 37).  The Tempiute sub-

basin, in which Dgb2 breccia is found, extends from the southern Arrow Canyon Range on

the south to Portuguese Mountain on the north, a distance of about 160 miles.  In contrast,

the east-west distribution covers only about 60 miles from west of Tempiute Mountain to

east of the Pahroc Range.  The compressed, ellipsoidal shape was likely due to, or

accentuated by, the Sevier orogeny.  A knowledge of the assumed distribution of breccia

before thrusting provides a unique opportunity to restore thrust sheets with a greater

degree of confidence and could help predict the center of the impact. 

A crudely restored isolith map was made by moving sections west of the Gass

Peak/Silver Canyon thrust one degree, or about 55 miles, to the west (Figure 39). 

Cumulative shortening of the Silver Canyon, Monte Mountain and Penoyer Springs thrust
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faults is approximately 50 miles (Table 11).  Restoration of the Pahroc thrust sheet would

move the Tempiute basin an additional 50 miles to the west.  Cumulative shortening of the

entire greater Timpahute Range, including the Pahroc thrust fault, is approximately 100

miles (Chapter 6).  Because the traces of some thrust faults extend more than 200 miles

along the north-south structural strike, then 100 miles of east-west crustal shortening is

reasonable.  Though maximum displacements are not linearly related to thrust lengths,

worldwide three-dimensional seismic surveys show length exponents vary from 0.8 to 1.55

(Fermor, 1999).

The crudely restored isolith map (Figure 39) shows a more concentric basin than

the unrestored isolith map (Figure 37).  Although these isopach maps are constructed with

limited preliminary control, refined maps with many more control points could be adjusted

until the breccia basin is perfectly concentric.  As pointed out in Chapter 3, without

additional constraints for this unique region, accurate balanced cross sections and

restorations cannot be constructed.  Distribution of the Dgb2 breccia provides the

additional constraints needed to make accurate balanced cross sections in the area.  It

could be a powerful tool to restore the sections and obtain accurate values for crustal

shortening for each thrust sheet.  Accurate balanced cross sections constrained by those

values would greatly improve the structural model and provide a better template for

structural analysis along strike. 

Devonian Sandstone

Quartz sandstone in the Devonian rocks of Nevada have largely been overlooked. 

Ryan and Langenheim (1973) attempted to describe and interpret sandstones in the Upper

Devonian regionally.  They cite many workers who mentioned local sandstone

occurrences, but they were first to put the sandstones into a regional setting.  In my
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analysis, the Upper Devonian sandstones and sandstone intervals of the Middle Devonian

“Oxyoke Formation” are also put into a regional setting.

As mentioned in Chapter 2, provenance of Devonian sandstones is problematic.  C.

Sandberg (1998, personal communication) suggested that the source of the Devonian

sandstones in the study area was the Stansbury uplift in north central Utah.  According to

Sandberg et al. (1988) the Stansbury uplift was initiated after the Pilot basin formed in the

Famennian.  However, most of the Guilmette sandstones were deposited below the Pilot

Formation in the study area and are Frasnian.  Sandberg and Ziegler (1973), at Bactrian

Mountain within the study area, documented the base of the West Range Limestone in the

Middle crepida conodont zone at the base of the Famennian.  This implies that the sandy

beds of the Guilmette lie well below Stansbury siliciclastics.  This chapter shows that a

probable Antler forebulge bordered the west side of the Sunnyside basin and was the likely

source area for the mature sandstones there.  Sandstones along the eastern edge of the

Sunnyside basin were derived from highlands in northeastern and east-central Utah.  The

distribution of Devonian sandstones also provides another tool for restoring structural

cross sections in the study area.

“Oxyoke Formation”

Carbonate deposition predominated between deposition of the Ordovician Eureka

Quartzite to the Devonian “Oxyoke Formation” in the Sunnyside basin.  The “Oxyoke

Formation” recorded the first pulse of the Antler forebulge as containing the first

significant quartz sandstone above the Eureka Quartzite.  Sandstone beds of the “Oxyoke

Formation” consist of mature quartz grains.  They generally overlie argillaceous dolomite

beds.  A detailed description of the “Oxyoke Formation” sequences and cycles are

presented in Chapter 4 and in Appendix B.
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An isopach of the “Oxyoke Formation” shows that the formation increases in

thickness on the western side of the Sunnyside basin (Figure 40).  It is thickest near the

intersection of the Sunnyside basin and the western extension of the Monitor-Uinta arch. 

Hurtubise (1989) described the Timber Mountain strike-slip fault as a major fault cutting

the northern end of the Seaman and Golden Gate ranges with sinistral movement.  Isopach

contours show a sinistral offset of thicker “Oxyoke Formation” in the axis of the Middle

Devonian Sunnyside basin (Figure 40).  Thrust restoration of the Timpahute area

westward would place the north-south trending thick or basin axis south of the fault in line

with the thick or basin axis north of the fault.  It would also place the Timpahute area

closer to sandstone source areas on the Antler forebulge.  The structural model (Plate 4a)

that supports this thrust restoration is presented in Chapter 6 (Plate 4b). 
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Figure 40  An isopach map of “Oxyoke Formation” in the Sunnyside basin shows that the basin
axis was farther west during Oxyoke time than during younger Devonian time (Figure 38).  It
also suggests that the western extent of the Monitor-Uinta arch was a source area for quartz
sandstones and that the Timber Mountain strike-slip fault offsets the basin axis.  The blue dashed
line is the outline of the unrestored Sunnyside basin.
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Guilmette Sandstones

Siliciclastic rocks above the “Oxyoke Formation” next occur in the Yellow Slope

Sequence of the Guilmette.  Carpenter et al. (1994) and Carpenter (1997) recognized the

importance of these siliciclastic rocks and suggested that rocks equivalent to the Yellow

Slope Sequence represented the initial filling of the backbulge basin east of the Antler

forebulge.  Occurrence of quartz sand grains in the Yellow Slope Sequence is persistent in

much of the Sunnyside basin and a careful study of them may provide insight into the

paleogeography of the Sunnyside basin.  However, thick sandstone occurrences above

Sequence Dgb were the main topic of Ryan and Langenheim (1973) and are the subject of

this section.  This discussion begins with the Guilmette quartz sandstones in the study

area, then includes the regional setting of the study area sandstones within the Sunnyside

basin.  

Guilmette Sandstones in the Study Area  A number of conspicuous features that

differ across the Silver Canyon thrust fault suggest eastward displacement of tens of miles. 

First, an abrupt change in the volume and characteristics of Guilmette sandstones occur

across the thrust fault (Table 12 and Figure 41).  Reef-bearing rocks (facies 3) occur in

Guilmette Sequence Dgb east of the thrust, and thick (up to 860 feet) quartz sandstone

units (facies 2) make up Sequences Dgb through Dgg in the hanging wall west of the

thrust.
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LONG    
LAT

NET
FEET

SECTION SECTION NAME

-115.42 37.83 75 GGL  GOLDEN GATE RANGE, LOWER PLATE

-115.50 37.83 100 GGU GOLDEN GATE RANGE, UPPER PLATE

-115.38 37.32 320 PCR PAHRANAGAT RANGE, CUTLER RESERVOIR

-115.37 37.34 330 PCR PAHRANAGAT RANGE, CARBONATE RIDGE

-115.36 37.40 830 PHS PAHRANAGAT RANGE, HANCOCK SUMMIT

-116.20 8.05 0 RR REVEILLE RANGE

-114.83 38.33 20 SCSP SCHELL CREEK, SIDEHILL PASS

-115.35 37.63 150 TMS TIMPAHUTE RANGE, MAIL SUMMIT

-115.65 37.63 40 TMP TIMPAHUTE RANGE, TEMPIUTE MOUNTAIN

-115.52 37.63 1070 TMM TIMPAHUTE, MONTE MOUNTAIN

-115.48 37.69 965 TPS TIMPAHUTE PENOYER SPRINGS

-115.58 37.83 190 WMT WORTHINGTON MOUNTAIN

Table 12 Net Sandstone thickness of the Guilmette Formation in the Timpahute area and
beyond providing data used to generate Figure 41.

Net Guilmette quartz sandstone in the Silver Canyon thrust sheet (TMM) is 1,070

feet thick in contrast with 150 feet in the Pahroc (east) thrust sheet (TMS).  Note the

unusual thickness for the sandstone in the Silver Canyon thrust sheet in Figure 41. 

Sandstone bodies in the hanging wall are lenticular, occur throughout the Guilmette,

exhibit bidirectional cross bedding, and are interbedded with Amphipora-bearing

carbonates.  They are interpreted as tidal deposits in channels and flats.  Thin sandstone

units of the Pahroc thrust sheet, by contrast, mostly occur in the uppermost Guilmette.   
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Figure 41  Guilmette Formation net quartz sandstone isolith map in the Timpahute area shows
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Composite sandstone thickness in the Guilmette Formation increases northward

from the southern Pahranagat Range to the Timpahute Range and then rapidly decreases to

zero sandstone north of the Timber Mountain fault.  Thickness of the sandstones increases

from 320 feet in the Pahranagat Range to more than a thousand feet at Monte Mountain. 

North of the greater Timpahute Range, quartz sandstone thickness decreases rapidly to no

sandstone in the southern Egan Range, 60 miles north-northeast of Hiko (Figure 8, 

Figure 9, No. 20 and Table 2).  If the original thickness trends were gradual, then the

present abrupt trends could be due to thrust tear faults that bound the north and south sides

of the Silver Canyon thrust sheet in the Timpahute salient.  Structural salient is defined in

Chapter 6.  These thrust tear faults may be related to basement fractures caused by the

cosmolite impact.  Glikson (1999) suggested a potential correlation between mega-impacts

and crustal magmatic and tectonic episodes.  Cedar Strat measured 190 feet in the

Worthington Range and 100 feet in the Golden Gate Range of net quartz sandstones

(proprietary measured sections, 1986, 1987).  I measured 40 feet of net quart sandstone in

the Guilmette Formation in the western exposure of the Pahroc thrust sheet at Tempiute

Mountain.  In the Pahranagat Range, south of the study area, Estes (1992) reported 830

feet of net Guilmette sandstone near Hancock Summit and Downdrop Mountain.  Similar

thicknesses were reported for Downdrop Mountain (Shell Oil Company and Cedar Strat

proprietary measured sections).  Reso (1960) reported 330 feet west of Badger Spring, six

miles south of Hancock Summit.

The change in net sandstone thickness between the central Pahranagat Range and

Monte Mountain, a distance of 23 miles along structural strike, is 740 feet or an average of

32 feet per mile.  Assuming the same gradient, net sandstone thickness would decrease to

150 feet, the thickness at Mail Summit, nine miles from Monte Mountain.  If the gradient

were similar between Monte Mountain and Mail Summit, Monte Mountain should be

restored 29 miles west of Mail Summit.  Approximate crustal shortening estimated by

balancing bed lengths in a snip reconstructed structural cross section is 28 miles and the

amount of slip on the Silver Canyon thrust fault on Plate 4a is 22 miles (Table 10).
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Regional setting of Guilmette Sandstones  An isolith map of net sandstone (Figure

42) of the Guilmette Formation in the Sunnyside basin sheds light on possible source areas

for the sandstones.  Generally quartz sandstones are thickest on the edges of the Sunnyside

basin.  Some thickest sandstones occur where the Monitor-Uinta arch intersects the edges

of the Sunnyside basin.  Thick uppermost Devonian sandstones are focused in the

Stansbury uplift area in north central Utah.  The sandstones become thinner

southwestward, parallel with the Utah hingeline.  Another area of thick uppermost

Devonian sandstones occurs near the Utah/Nevada border at latitude 38.75o.  Isolith

contours suggest that another positive area could have occurred in an east-west belt in

central Utah.  Sand moving westward from eastern and central Utah would have been

trapped at the edge of the Sunnyside basin near the Nevada border.  The sandstones are

mature.  Ryan and Langenheim (1973) suggested that the sandstones must have moved

from the environment of maturation to the site of deposition.  The maturation of the

sandstones could be a result of recycling sandstones from earlier mature sandstones such

as the Eureka Quartzite.

Thick middle Upper Devonian sandstone occurrences in the Silver Canyon thrust

sheet in the Timpahute region occur on the southwest edge of the Sunnyside basin.  These

sandstones are described in Chapter 4 and in Appendix B.  Generally they are composed of

mature, fine- to medium-grained, well-sorted, well-rounded, and frosted quartz grains. 

They occur in lenticular channels tens to hundreds of feet wide and tens of inches to tens

of feet deep.  They exhibit planar crossbedding and are rippled.  Ryan and Langenheim

(1973) reported a predominant current direction from the northeast for Guilmette

sandstones exposed in the Arrow Canyon Range, 62 miles south-southeast of Hiko. 

Mudcracks are common at the top of the sandstone beds in the study area. 
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Figure 42  An isolith map of the net quartz sandstone of the Guilmette Formation of the
Sunnyside basin, Nevada and Utah shows that sandstones are concentrated along the edges of the
Sunnyside basin (see Appendix F for data locations).  The blue dashed line is the outline of the
unrestored Sunnyside basin.
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Thrust restoration of the greater Timpahute Range would place the thick quartz

sandstones even closer to the Antler forebulge, a likely source of the mature sandstones. 

The steep gradient on the north side of the Timpahute sandstone accumulation is probably

due to strike-slip displacement along the north Penoyer Spring tear fault and more

especially along the Timber Mountain fault four miles north of the study area.

On the northwest edge of the Sunnyside basin, another sandstone thick occurs

below the Mississippian Roberts Mountain allochthon near the Monitor-Uinta arch.  The

source area for these mature sandstones is likely from erosion of lower Paleozoic

sandstones such as the Eureka Quartzite on the Antler forebulge.  

Conclusions

Isopach maps of correlated Devonian sequences reveal the form of the Sunnyside

basin, an intrashelf basin with restored dimensions similar to the Williston basin.  The

Sunnyside basin may be a precursor to the Antler foreland basin.  It was bordered on the

west by the Antler forebulge.  Recycled sandstones, and perhaps insoluble residues

including conodonts, from lower Paleozoic rocks were eroded from the forebulge and were

deposited in the Sunnyside basin.  Thick accumulations of the “Oxyoke Formation,” with

the first significant accumulations of quartz sandstone above the Eureka Quartzite near the

Antler foreland bulge, may record the first pulse of the Antler orogeny. 

Amphipora-bearing facies is more common on the west side of the basin and coral

and stromatoporoid-bearing facies is more common on the east side of the basin.  Thick,

mature, quartz sandstone beds accumulated on the edges of the basin.  A cosmolite impact

created the Tempiute basin, a sub-basin in the south end of the Sunnyside basin, during

Sequence Dgb time.  The oval-shaped sub-basin is more concentric when sections are

restored closer to their prethrust locations (Chamberlain, 1999).  
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CHAPTER 8

APPLICATIONS

This study has academic applications dealing with stratigraphy and structure.  It

also has economic implications for oil and gas, mineral, and groundwater exploration.

Economic Applications

 The new structural model presented in this report suggests considerable

displacement on thrust faults in the study area thus creating viable structural targets for oil

and gas.  Most of the thrust faults place porous middle and lower Paleozoic carbonates on

Mississippian source rocks (Chamberlain et al., 1992a).  Devonian carbonates, with

karsted regional unconformities, reefs, sandstones, breccias, and fractures may be the best

reservoir rocks in the region (Chamberlain 1986a, b).  Skarns in Devonian and

Mississippian rocks associated with intrusives at Tempiute are enriched with tungsten and

other metals.  Silver and molybdenum mineralization favors the fractures and

hydrothermal alteration associated with the Silver Canyon thrust fault.  An understanding

of the regional Devonian paleogeography will not only help predict reservoir and host rock

trends but help predict gold occurrences.  Devonian rocks in the Great Basin contain

significant amounts of syngenetic gold (Emsbo et al., 1999).  This section briefly reviews

some economic applications of this research.
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Oil and Gas Exploration

In the Golden Gate Range, organically rich, thermally mature Mississippian source

rocks containing 4-6% Total Organic Carbon (TOC)(Chamberlain, 1990a) occur within

the oil-generation window (Ro > 0.65)(Scott and Chamberlain, 1986; Chamberlain,

1998b).  Specifically, these rocks lie in the footwall of the Golden Gate thrust fault. 

Devonian reefs and karsted intervals below unconformities occur in the hanging wall of

large fault folds (Stop 10, Appendix D).  Open fractures, perpendicular to the underlying

source rocks, could have served as conduits for fluids migrating into the porous beds

above.  Before erosion, thousands of feet of Mississippian shales and thin beds of

anhydrites draped the structure and could have served as effective regional seals over the

now breached Golden Gate structure.  Therefore, the Golden Gate anticline serves as a

model for traps along the central Nevada Oil and Gas Fairway, a north-south trending

region in east central Nevada where organic-rich Mississippian source rocks are thermally

mature (Scott and Chamberlain, 1986; Chamberlain, 1988d, Chamberlain, 1999).  Pine

Valley, containing the Blackburn Oil Field (210 miles north, northwest of Hiko), marks

the northern end of the fairway.  The Nevada Test Site marks the southern end of the

fairway (Trexler et al., 1999).  All of the existing oil production in Nevada lies within this

trend (Chamberlain, 1988a).  The well exposed and well preserved Golden Gate anticline

provides an excellent opportunity to study sources, reservoirs, traps, and seals that could

exist in similar, unbreached structures along the fairway.  The structural model presented

in Chapter 5 (Plate 4) could serve as a template to find structures like the Golden Gate

feature along strike, where they are concealed by Tertiary volcanics and valley fill.

The axis of the 15-mile-long Worthington Mountain doubly-plunging anticline is

convex eastward, analogous to the giant 14-mile-long Whitney Canyon-Carter Creek Gas

Field (Bishop, 1982) and the giant five-mile-long Anschutz Ranch East Field (Lelek,

1982) in the Utah-Wyoming thrust belt.  The Worthington Mountain anticline provides

another model for folded structures in this part of the Sevier thrust belt.  It also provides an
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example of a folded thrust fault.  Such structures could have contained significant

quantities of hydrocarbons if they are not breached.  Similar, unbreached structures along

the Central Nevada Oil and Gas Fairway (Chamberlain, 1988b, Chamberlain et al., 1999)

could contain significant hydrocarbon reserves. 

Sequence Boundaries in Exploration  Recognition of sequence boundaries not only

provides a practical basis for correlating strata, but also guides explorationists to intervals

of potential economic significance.  For example, a sequence boundary expressed as a

karst surface at the top of the Simonson Dolomite separates dolomites below from varied

lithologies of limestone, dolomite, sandstone, megabreccia, and siltstone above.  The

karsted, coarsely-crystalline dolomite below the unconformity has favorable reservoir

properties.  Reservoir properties include interconnecting coarsely-crystalline dolomite

pores, interconnecting vugs and karst cavities, and fractures that interconnect karst

cavities, vugs, and coarsely-crystalline dolomite pores (Stop 7, Appendix D).  Thus, it is a

major hydrocarbon exploration target and could correlate to the reservoir rocks at the

Grant Canyon oil field 65 miles north-northwest of Hiko.  

Hulen et al. (1994) described the Grant Canyon and closely associated Bacon Flat

reservoirs as vuggy, brecciated, Paleozoic dolomites.  They suggested an early period

(Devonian?) of fracturing followed by dissolution that could be karsting related to the

regional unconformity.  A later event (Tertiary?) of major brecciation and fracturing

followed by dissolution described by Hulen et al. (1994) could suggest a period of

reactivation of the karsted interval that enhanced the reservoir porosity.

Devonian Reefs  Reefs in the Devonian Guilmette Formation are similar to those in

the hydrocarbon-producing reef trend in the Alberta Basin of Canada.  The reefs in the

Hiko Range, up to 3,000 feet long and more than 100 feet thick (Stops 5 and 16, Appendix
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D), are composed of stromatoporoids and corals.  Porosity in the reefs has been enhanced

by episodes of karstification and diagenetic alteration.

Devonian Porosity and Permeability  Much of the Devonian section in the

Timpahute area is dolomitized.  Dolomitization could have either improved or destroyed

porosity and permeability.  Porosity in the pervasively dolomitized carbonates below the

Simonson Dolomite unconformity could be similar to that of the Mississippian

Burlington-Keokuk Formation in Iowa, Illinois and Missouri.  Within the Burlington-

Keokuk, three pervasively dolomitized microfacies comprise up to 70% of the formation

and contain > 80% of the formation’s pore volume (Choquette et al., 1992). 

Permeability is the hardest characteristic of potential oil reservoirs to evaluate

without knowledge of how the fluids interacted with the rock at burial temperatures and

pressures (Longman, 1982).  Outcrops provide some information about permeability, but

without more exploratory drilling and testing, fluid/rock interactions at burial temperatures

and pressures and subsequent diagenetic alterations are poorly known.  The paucity of

Devonian penetrations hinders testing various hypotheses of diagenesis of the rocks and

predicting porosity and permeability trends.  Compensated neutron-density logs in mature

oil provinces such as the Williston basin provide the ability to trace different carbonate

units through their complex facies changes across that basin.  They also help distinguish

limestones, dolomites, anhydrites, and even partly-dolomitized limestones and determine

porosity with remarkable accuracy (Longman, 1982).  Lacking these logs, surface gamma-

ray logs and descriptions of outcrops in the Great Basin provide the basic information to

begin to understand the complex history of Devonian sedimentation (Chamberlain, 1983).  

Descriptions of porous and permeable zones such as the karst interval below the

Simonson Dolomite unconformity and dolomitized reefs in Sequence Dgb provide some

empirical data that may help quantify porosity and permeability in the rocks.  Furthermore,

descriptions and measurements of fracture patterns such as those associated with the crest
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of large thrust fault structures may further help quantify permeability for migration paths

and reservoirs.  Locally, fractured reservoirs may have developed because of the cosmolite

impact into Devonian seas during Sequence Dgb time.  Reservoirs in other regions that

could have developed as fossil meteorite or cosmolite impacts include Viewfield field in

Saskatchewan and Red Wing Creek and Newporte fields in North Dakota.  In each case, a

highly disturbed and brecciated crater is surrounded by a structurally high rim of highly

fractured rock (Longman, 1982).  The impact responsible for the Guilmette Dgb2 breccia

Sequence could have also produced a similar crater.  

Although most exploration is focused on structural traps, stratigraphic traps could

play an important role in successful oil and gas exploration in the Great Basin. 

Commonly, porous dolomites in the Guilmette grade laterally into tight limestones. 

Porous, coarsely-crystalline Simonson Dolomites grade into tight, finely-crystalline

dolomite.  Development of an exploration model is partly dependent on dolomitization

mechanisms.  Possible mechanisms of dolomitization and descriptions of Devonian

dolomite occurrences in TMS are reviewed in Chapter 4.

Sevy Dolomite Reservoir Potential  For petroleum exploration, the Sevy Dolomite

may be the poorest Devonian reservoir target in  Nevada, as it lacks any visual porosity. 

The density of the Sevy Dolomite is an obvious attribute noticed by most field geologists. 

However, the correlative Beacon Peak Member of the Nevada Formation is likely the

primary reservoir unit at the Blackburn Field in Pine Valley (Scott and Chamberlain,

1988a, b).  Fenestral vugs do occur in the Sevy Dolomite locally.  These tiny (<0.2"

diameter) vugs are neither persistent, abundant, nor interconnected.  They would provide a

poor reservoir unless somehow enhanced in the subsurface.  In areas where interstitial

anhydrite is present in the Sevy Dolomite, hydrocarbon accumulation could occur because:

1) anhydrite can be diagenetically removed differentially creating secondary

intercrystalline porosity; and (2) where the anhydrite remains intact, the Sevy Dolomite
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may act as a competent roof seal on the underlying Laketown Dolomite or on the footwall

of any age where the Sevy Dolomite occurs in a hanging wall plate.

Roof Seal Potential  All the Yellow Slope Sequence Cycles have low permeability

and lack visual porosity.  The tight, laminated, dolomudstones may provide a hydrocarbon

roof seal above the unconformity at the top of the Fox Mountain Sequence.  A thin-section

of a core from Grant Canyon No. 3 at 3,961.9 feet has a striking resemblance to a Cycle 3

thin-section (MI-301 in Appendix C).  It is likely they are both of the Yellow Slope

Sequence because of the similarity in the stratigraphic sequence and the rare occurrence of

detrital quartz grains in a dolomicrite of the lower Guilmette Formation.  Nearly five

hundred thin sections taken at 2.5 foot intervals of the lower Guilmette at TMS revealed

no detrital sand grains between the “Oxyoke Formation” and Sequence Dgd above Dgb2

breccia except in the Yellow Slope Sequence.  Therefore, the main producing reservoir at

Grant Canyon is likely just below the major unconformity at the top of the Simonson

Dolomite.  Large cavities were encountered while drilling.  This suggests that part of the

prolific production from Grant Canyon may be due to karsting.  Karst cavities associated

with the unconformity were probably reactivated and enlarged before being charged with

oil.  The impermeability of the overlying Yellow Slope Sequence could be responsible for

the roof seal of some oil at the Grant Canyon oil field.  If the Yellow Slope Sequence

functions as a reservoir seal over karsted reservoirs at the tops of the Simonson Dolomite

and Fox Mountain sequences at Grant Canyon, then this model may serve as an

exploration target in other prospective areas.  Hulen et al. (1994) suggested that karst is

not important at Grant Canyon Field.  In other localities including Lake, White Pine, Coal,

and Long valleys, drill stem tests and wireline logs show that the karst interval below the

Simonson Dolomite unconformity is very porous; they commonly produce water with

minor oil shows (Cedar Strat well files).
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Mineral Exploration

Correlative with Upper Devonian Guilmette rocks in the Timpahute Range, Upper

Devonian Slaven Chert rocks in the Robert Mountains allochthon, north-central Nevada,

host the world’s largest resources of barite in sedimentary exhalative deposits (Emsbo et

al., 1999).  Auriferous sedimentary exhalative deposits are hosted in the underlying

autochthon.  They could be the source of gold in the world-class Carlin gold trend (Emsbo

et al., 1999).  Therefore, a better understanding of Great Basin Devonian depositional

systems could have economic significance.

The structural model presented herein provides insight into the distribution of

precious metals in the greater Timpahute Range.  Geochemical analyses of several

hundred jasperoid occurrences in the Timpahute Range show elevated gold values in the

footwall of the Chocolate Drop thrust fault (Cedar Strat proprietary data).  Gold

production at the old Tempiute Mining District in the late 1800's complement these

analyses (Tschanz and Pampeyan, 1970).  Geochemical analysis of jasperoids in the Silver

Canyon thrust sheet provide only trace amounts of precious metals and their associated

pathfinding elements.  Pathfinding elements include Cu, As, Pb, Sb, Mo, and Zn.  For

example, no pathfinding elements occur in unaltered carbonates, but trace concentrations

of precious metals and precious metal pathfinder elements occur in jasperoids near the

Penoyer Springs thrust fault footwall contact.  Higher concentrations were found in

footwall jasperoids near the Silver Canyon thrust fault.  Silver production came from

mines along the Silver Canyon thrust fault in Silver Canyon during the late 1800's 

(Tingley, 1991).  Silver production matches the elevated values near the thrust fault.  Thus,

a knowledge of structural relationships can guide exploration companies to appropriate

areas for further evaluation. 
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Groundwater Exploration

Devonian rocks in the study area provide the major aquifer for the region.  Hiko

Spring and Crystal Springs both occur in the Guilmette Formation where east-west

structures intersect the north-south structural grain.  Hiko Spring is in the axis of the east-

west trending Hiko syncline where Dgb2 breccia is in thrust fault contact with the Pilot

Formation (Appendix E).  The porous Dgb2 breccia serves as the aquifer in the hanging

wall plate and the Pilot Formation serves as an aquitard or floor seal.  The artesian spring

flows about 2700 gallons per minute (E. Hansen, 1998, personal communication).

Crystal Springs flows from fractured upper Guilmette rocks near the projected

position of the Crystal Springs Canyon fault (Appendix E).  It flows about 5400 gallons

per minute.  About four miles south of the study area, Ash Springs flows about 8000

gallons per minute (B. Tanner, 1998, personal communication).  Both are artesian springs.

Results of this study provide additional information on the structure and 

stratigraphy of this regionally important Devonian aquifer.  This information coupled with

well data and geophysical data could help identify potential targets for water exploitation.

Academic Applications

Results of this work have structural academic applications.  For example, the

concentric Tempiute basin constrains the construction of retrodeformable balanced cross

sections.  Also, results of this work have stratigraphic academic applications.  For

example, exposed stratigraphic sequences can be tied to seismic stratigraphy by correlating

between surface and subsurface gamma-ray logs and tying well data to the seismic lines. 

Furthermore, geologic maps based on sequences rather than formations and members

depict complex structures more accurately and clearly.
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Structural Applications

Construction of retrodeformable balanced cross sections should involve undoing

the total displacement field.  However, Mukel (1998) pointed out that most restorations

only account for translation and rotation components and ignore the penetrative internal

deformation of thrust sheets.  He also pointed out that the most accurate restorations are

obtained by retrodeforming the deformation profile incrementally using strain history of

the thrust sheet as a guide.  Incremental strain data are not always available.  Estimates of

spacial variability of strain in a thrust sheet causes the cross section to be less accurate. 

However, the restored concentric Tempiute basin constrains assumptions and estimates of

the spatial variability of strain in the thrust sheets.  Thrust restoration of the Dgb2 basin

provides a unique opportunity to test various thrust models.  If the assumptions about the

strain variations that lead to the retrodeformable balanced cross section that most closely

restores the concentric Tempiute basin are regarded as correct (Plate 4a), they could be

used to construct other cross sections in this part of the Sevier fold-and-thrust belt.

Stratigraphic Applications

Devonian sequences in the study area have characteristic gamma-ray patterns that

are regionally mappable in surface and subsurface sections.  As a result, surface gamma-

ray logs tie exposed sequences to well logs that can be tied to seismic data.  Thus,

sequence stratigraphy can be tied to seismic stratigraphy with surface gamma-ray logs.

Furthermore, this study shows the utility of mapping sequences instead of

formations and members in structurally complex areas (Plate 6).  Therefore, structural

stratigraphy, the application of sequence stratigraphy to solve structural problems, greatly

refined the structural detail of the study area.
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

Twelve conclusions summarize this research.  Because of the scope and limitations

of this study, 19 recommendations suggest directions for future work.

Conclusions

1. A well-exposed 5,000-foot-thick composite stratigraphic section, comprised of 21

mappable sequences in the greater Timpahute Range, provides a new and more detailed

reference section for Devonian depositional cycles and sequences across the eastern Great

Basin.  A knowledge of these sequences is indispensable for mapping this complex region. 

For example, recognition of overturned beds associated with thrust faults in the study area

was eased by applying detailed knowledge of stratigraphic sequences and shallowing-

upward patterns of the carbonate cycles.

2. The Simonson Dolomite unconformity, a karsted sequence boundary, divides the

pervasively dolomitized Paleozoic rocks below from undolomitized rocks above in most

of the Sunnyside basin.

3.        Guilmette sequences can be distinguished regionally on surface gamma-ray logs. 

Surface gamma-ray logs provide a way to tie exposed sequences to wells.  From the wells

the sequences could be tied into seismic data.  Thus, exposed sequence stratigraphy can be

tied to seismic stratigraphy.
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4.        The most common occurrence of dolomite in Devonian rocks exposed on the

southwestern part of the Mail Summit and northwestern part of the Mount Irish SE 7.5'

quadrangles is the finely-crystalline stratal dolomite that caps most of the shallowing-

upward cycles.  They are most obvious in the Guilmette Formation where the dolomite

cycle caps lie on limestone bases.  In the Simonson Dolomite, they are the light bands

between the alternating dark bands.  Most of the Sevy Dolomite is composed of finely-

crystalline stratal dolomite.

5.      Isopach maps of Devonian sequences and isolith maps provide insight to Devonian

paleogeography.  A composite isopach map of all the Devonian sequences reveals the

unrestored shape of the Sunnyside basin, an intrashelf basin, that is a precursor of the

Mississippian Antler basin.  A sandstone isolith map shows that quartz sandstones were

deposited on the edges of the basin.  It also suggests that the Antler forebulge was the

probable source area for Devonian quartz sandstones on the west side of the basin. 

Additionally, the forebulge was probably the source of Cambrian, Ordovician and Silurian

conodonts and other microfossils found in Devonian carbonates of the Sunnyside basin.

6.      The Sunnyside basin lies between the Antler forebulge in central Nevada and the

Utah hingeline in central Utah.  Sequence isopach maps show that the axis of this Antler

backbulge basin migrated eastward from around Eureka, Nevada, in Early Devonian Sevy

Dolomite time to western Utah by Early Mississippian Pilot Formation time.

7.     Thinning of Devonian sandstones and sequences shown by regional isolith and

isopach maps, and unconformities cutting out lower Paleozoic rocks beneath the

Devonian-Mississippian Roberts Mountains allochthon, imply an active tectonic high on

the western side of the Devonian Sunnyside basin.  These maps and unconformities

suggest that the “Oxyoke Formation” resulted from a siliciclastic pulse marking the onset

of the Antler Orogeny.
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8.     The methods used to produce the new geologic map for the greater Timpahute

Range took advantage of mapping, contouring, and graphic software and satellite global

positioning systems.  Other methods and resources that proved useful include surface

gamma-ray logging, recently available low-altitude color aerial photography, and 7.5-

minute topographic base maps.  The application of these methods and tools and others

described in Chapter 3 provide a new, more effective way to acquire geologic data and

annotate and animate images and document and express the geologic data and

interpretations to others.  Such technology coupled with GIS mapping led to a new level of

mapping efficiency, viewing, and geologic interpretation.

9. The new geologic map of the Timpahute Range quadrangle reveals many newly

identified compressional features in Paleozoic rocks associated with of the Sevier

compressional event (Appendix E).  Thrust restoration suggests at least 30 miles of east-

west crustal shortening on the Silver Canyon thrust and at least 63 miles of cumulative

crustal shortening along the length of the greater Timpahute Range.  When restored, the

Tempiute impact crater becomes more concentric.

10.     The new geologic map of the Timpahute Range quadrangle reveals abundant

compressional elements of the Mesozoic Sevier fold-and-thrust belt, but failed to reveal

major north-south trending faults associated with Cenozoic extension.  Models of

Cenozoic extension should probably be revised.

11. The new structural cross section of the greater Timpahute Range provides a

template that can be used to decipher structural complexities along strike where thrust

fault relationships are hidden by Tertiary cover.  For example, Cenozoic cover in Coal,

Garden and Sand Springs valleys conceal all but the crests of the Golden Gate and

Worthington ranges north of the greater Timpahute Range.  However, by projecting thrust

faults northward from the greater Timpahute Range and adjusting for strike-slip faults, the
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Freiburg thrust fault probably correlates to the Penoyer Springs thrust fault.  It is likely that

a thrust fault, correlative with the Monte Mountain thrust fault, is concealed in the

Freiburg thrust footwall.  The outcrop of Guilmette Formation exposed below the north

Worthington fault, described in Appendix E, may be a small window into the thrust fault

correlative with the Monte Mountain thrust fault.

12.    Application of data and interpretations presented herein may lead to new mineral and

hydrocarbon discoveries and to a better understanding of the regional Devonian carbonate

groundwater aquifer. Three major sea-level lowstand events that produced regionally and

economically significant karst intervals occur in the reference section of Devonian rocks at

TMS.

Recommendations

1.    Detailed analysis of the Sevy Dolomite could reveal the source of dolomitizing fluids

and the potential for preserved evaporites in the subsurface.  It may be worth further study

to learn if the Sevy Dolomite becomes sufficiently anhydritic to serve as a competent

reservoir roof seal for the Laketown Dolomite. 

2.   Additional research, including measured sections, isotope studies, and petrographic

analysis, on the “Oxyoke Formation” and Guilmette quartz sandstones could test the

hypothesis that some of these sandstones were derived from the Antler forebulge and

provide additional insight into the evolution of the Antler orogeny.  The sandstones may

be important hydrocarbon reservoir rocks in some areas.
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3.  Detailed stratigraphic analysis of the Devonian sequences of the TMS has led to

the identification of regional karsted intervals associated with major sequence boundaries. 

Additional work on these karsted intervals, occurring in many sections of the region, could

provide attractive targets for hydrocarbon exploration.  Additional work could include

more measured sections, well log analyses, petrographic analyses, etc.

4.   In Chapter 4, it was suggested that an isopach map of the depth of karsting could

provide a rough estimate of the paleotopography at the end of Fox Mountain time.  Such a

map could serve as a potential reservoir trend map for hydrocarbon exploration.

5.   An isopach map and facies maps of Fox Mountain Sequences would provide

additional insight into the paleotopography and nature of the Guilmette transgression.

6.   The unique structural grain in eastern Nevada provides an opportunity to compare and

contrast cycles over large (10's miles) distances along strike.  A series of closely spaced

measured sections could provide insight into the processes and causes of carbonate cycles

in the Sunnyside basin.

7.   This study provides the criteria for recognizing Devonian sequences in the Sunnyside

basin.  Using these criteria, a systematic study of recycled pre-Devonian microfossils in

the sequences could shed light on the unroofing of the Antler forebulge.  Of particular

interest is Sequence Dgb in and beyond the Tempiute impact basin.

8.   A more rigorous approach using Guilmette Dgb2 breccia isolith maps to restore thrust

faults could refine the tectonic model and may provide insight into constructing

retrodeformable internal thrust belt cross sections in the region.
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9.    Documentation of the reef at TMS and the reefs in the Hiko Range and their position

in the Sunnyside basin could lead to the discovery of additional reefs on outcrops and

hidden reefs buried beneath valley fill and Sevier thrust sheets.  Some reefs may be

important hydrocarbon reservoirs.

10. Isopach maps of each sequence provide clues to the evolution of the Sunnyside

basin centered north of the study area.  Further research and mapping of this basin will

result in better facies maps that can be used to predict hydrocarbon reservoir rocks,

depositional trends, and tectonic imprint on the rocks.

11.  A rigorous analysis of coalescing sequence boundaries from the middle to the eastern

edge of the Sunnyside basin would provide insight into the evolution of the basin and the

effects of relative sea-level changes on the Devonian strata.  Such analyses should provide

trends of unconformities.  Hydrocarbon reservoir rocks or seals may have formed at the 

unconformities

12.   This study has laid the groundwork for a comprehensive analysis of dolomite in

Devonian rocks of the region.  Regional isotope and trace element trends could lead to a

better understanding of the dolomitizing events and should provide additional information

about the tectonic and diagenetic history of the region.  Fluid inclusions could provide

clues on timing and fluid conditions of the dolomitizing events.  Identification of

dolomitization processes and timing could lead to better predictions of possible

hydrocarbon reservoirs and subtle mineralization trends.

13.   Rigorous structural modeling that includes gravity, magnetic, seismic and new

surface mapping could add insight into the region’s complex structural evolution and

could result in economic benefits.
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14.   A corollary study that will complement this work is a detailed gravity profile of the

greater Timpahute Range.  A rigorous structural analysis coupled with a detailed gravity

and magnetic survey of the exposed greater Timpahute Range may provide a refined

structural template that could help interpret the structure in fewer exposed areas along

strike. 

15.   A more detailed study of fracture patterns within the study area should reveal

additional fault patterns related to the Dgb2 impact event, Cretaceous compression, and

Cenozoic extension of this part of the Sevier fold-and-thrust belt.

16. The surface gamma-ray technique developed in this study can be applied to other

regions of the world to tie exposed stratigraphic sequences to sequence and seismic

stratigraphy.  Future work on the Great Basin Devonian rocks would benefit from detailed

surface gamma-ray logs.  For example, the gamma-ray signature of a sequence from where

conodonts or other microfossils were collected could be correlated to gamma-ray logs of

wells and outcrops where sample quality is inadequate to provide fossil zones.  The

definition of sequences, formations and members should include their gamma-ray

signature as I suggested in 1983.

17. The technique of integrating a Global Positioning System (Trimble Pathfinder)

with a Geographic Information System (MapInfo) used to make the geologic map of the

Timpahute Range quadrangle has worldwide applications for rapid precision mapping. 

Additional mapping and sample collection in the Great Basin would be greatly enhanced

with GPS and GIS techniques.

18. Data and interpretations presented herein may be helpful in evaluating the natural

resource potential of several wilderness study areas in and near the study area.  For

example, extensive mapping of Nellis Air Force bombing range and the Nevada test site
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should yield information on Mississippian source rocks, Devonian sequences including the

Guilmette Formation Sequence Dgb2 (Alamo Breccia), Mesozoic thrust faults and

associated synorogenic strata, and possible hydrocarbon and mineral prospects, when the

areas are declassified and made accessible to researchers.  Independent evaluation of the

region may result in interpretations that contrast with those of federal geologists.  For

example, Barker (1999) concluded that the Nevada Test Site lacks oil and gas potential.  In

contrast, Trexler et al. (1999) provided evidence for oil and gas potential.  Neither

considered the additional potential by projecting thrust faults from the Timpahute

quadrangle south, along strike to the Nevada Test Site.  With further evaluation,

significant hydrocarbons may be found in the Nevada Test Site region (Chamberlain,

1991).

19.   All the text and figures of this dissertation fit on one compact disk.   Availability of

this dissertation in digital form and a comment form for suggestions and comments can be

found at www.cedarstrat.com.  Because it is in digital form, it is easily updated as

suggestions, comments, and new data and technology become available. 
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Abstract

Correlations between mean annual temperature (MAT) and the weighted average oxygen isotope composition of yearly
precipitation (δ18Opt) are well-known, but the utility of modern relations to make reliable estimates of temperature change
over geological time is uncertain. This question has been addressed by using seasonal subsets of the global data base of
temperature and isotopic measurements to represent two different climate modes. A comparison of middle- to high-latitude
δ18Opt=temperature relations for each climate mode reveals (1) a significant offset between them, and (2) a difference
in the strength of their correlations. The offset in relations is due to differences in temperature and water vapor budget
in the tropics, and can lead to serious underestimates of temperature change. Differences in the strength of correlations
arise from the influence of climate mode-specific, non-temperature factors on δ18Opt. The overall result is that no single
relation can be used in all cases to make unambiguous temperature estimates using a temporal record of δ18Opt values. One
way to overcome these problems is to reconstruct δ18Opt=temperature relations for the time periods being investigated. If
an appropriate proxy for δ18Opt is available, it may also be possible to estimate temperature without relying on δ18Opt=

temperature relations. A promising alternative to these options is to use records of δ18Opt to test predictions of global
climate models, an approach that may allow a reliable and more complete reconstruction to be made of climate change
over geologic time.  1999 Elsevier Science B.V. All rights reserved.

Keywords: O-18=O-16; meteoric water; isotope ratios; seasonal variations; paleoclimatology; climate; paleotemperature

1. Introduction

Over the last several decades, investigation of
the stable isotope systematics of precipitation has
added a great deal to our understanding of the source
and transport of moisture in the atmosphere. One

Ł Corresponding author. Present address: Geophysical Labora-
tory, Carnegie Institution of Washington, Washington, DC 20015,
USA. Fax: C1 202 686 2410; E-mail: fricke@gl.ciw.edu

of the most important contributions resulting from
this research was the identification of a good corre-
lation between mean annual surface temperature and
the weighted oxygen isotope composition of pre-
cipitation (δ18Opt) at mid- to high-latitude regions,
whereby higher temperatures correspond to higher
δ18Opt values [1–3]. Although this relation is not per-
fectly understood, it is generally agreed that δ18Opt=

temperature covariance is consistent with continual
lowering of 18O=16O of vapor in the air mass due

0012-821X/99/$ – see front matter  1999 Elsevier Science B.V. All rights reserved.
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to preferential incorporation of 18O into condensate
during adiabatic processes of cooling [1–5]. The air
masses lose water as they move along surface tem-
perature gradients from tropical to polar latitudes,
inland from the sea, or to higher elevations. It should
be stressed that, while the temperature of the air mass
controls condensation, it is exchange between con-
densate and water vapor at the warmer temperatures
of the cloud base that provides the most reason-
able physical basis for the relation between surface
temperature and δ18Opt values [5].

In contrast to phenomena occurring at higher
latitudes, there is no correlation between surface
temperature and δ18O values of precipitation in the
tropics [1–3]. Tropical regions are characterized by
converging air masses that are forced to move ver-
tically rather than horizontally. As a result they are
cooled predominately by convection in atmospheric
towers, while surface temperature gradients remain
negligible. Although temperature does not correlate
with δ18Opt in the tropics, a negative correlation
has been observed between the amount of rainfall
and δ18Opt values at tropical island locations, and is
termed the amount effect [1]. It is caused by gradual
saturation of air below the cloud base as precipita-
tion proceeds, an effect that diminishes any shift to
higher δ18Opt values caused by evaporation during
precipitation [1], and by the preferential loss of 18O
from an air mass as rainout continues.

The oxygen isotope composition of past precipi-
tation can be measured directly on ice cores, ground
waters, fluid inclusions, or estimated by measuring
the oxygen isotope ratio of a proxy material such as
skeletal remains of animals, lake sediments, and soil
minerals that formed in equilibrium with surface or
ground waters. Because other kinds of geochemical
climate records are lacking for terrestrial environ-
ments, the δ18Opt=temperature relation for middle-
to high-latitude precipitation has garnered a great
deal of attention as a possible tool for investigating
terrestrial climatic conditions from the Mesozoic to
the present [6]. Nevertheless, it remains difficult to
make quantitative climatic interpretations of a tem-
poral record of δ18Opt values. Factors other than
temperature are affected by climate change, and they
too can have a local influence on how δ18Opt changes
over time. For example, during the Holocene–glacial
transition, a change in the position of boundaries

between air masses played a predominant role in
determining δ18Opt at some high latitude locations
[7,8]. Even if it could be ascertained that temperature
was the underlying cause of variations in δ18Opt over
time in a given location, many observations lead to
the conclusion that the present-day relation between
temperature and δ18Opt may not be the appropriate
one to use in estimating temperature change over
time [9–13].

The goal of this paper is to consider those prob-
lems associated with the δ18Opt paleothermometer
from the perspective of global changes in climate,
and to discuss ways to overcome them. The global
perspective is provided by using seasonal subsets of
isotopic and temperature data from a global network
of collection stations to represent the conditions that
prevail under fundamentally different global climate
modes. Although changes in season are not com-
pletely analogous to longer-term changes in climate
mode, the stable isotope systematics of summer and
winter precipitation are well documented and pro-
vide a simple model for identifying understanding
which factors influence the relation between δ18Opt

and temperature thus allowing a more sensible in-
terpretation to be made of δ18Opt data. An analysis
of the seasonal data indicates that it should be pos-
sible to use records of δ18Opt from proxy data as a
quantitative paleothermometer over geologic time by
reconstructing δ18Opt=temperature relations in that
region for time periods in the past. In addition to
their potential as a paleothermometer, records of
δ18Opt may also prove ideal for testing predictions of
climate change made using global climate models.

2. Methods

Monthly averages of temperature and δ18Opt from
the global network of weather stations operated
by the IAEA–WMO (International Atomic Energy
Agency–World Meteorological Organization) [14]
are grouped by season to create average values at
each locality for summer and winter (Table 1). Val-
ues for each season are then compared in order to
determine the nature of global patterns in tempera-
ture and δ18Opt under climate conditions, or modes,
that are distinctly warmer and cooler than the mean
annual conditions that exist at present. Patterns con-
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Table 1
Summer and winter averages for global climate and isotope data

Station Latitude Winter oxygen Summer oxygen Winter temperature Summer temperature
(º) (δ18O) (δ18O) (ºC) (ºC)

Tropics
Addis Abada 9 0.39 �1.22 15.58 15.87
Alice SpringsŁ 23.8 �3.71 �4.41 12.21 27.87
AsuncionŁ 25.27 �3.5 �6.3 19.4 28.7
Bamako 12.63 no rain �4.58 25.75 27.5
Bangkok 13.73 �2.06 �5.51 26.63 28.63
Barbados Is. 13.07 0.8 �1.82 25.57 27.28
Barranquilla 10.88 �5.2 �4.08 26.53 27.93
BelemŁ 1.43 �0.77 �2.16 25.89 25.8
Bogata 4.7 �4.95 �10.57 12.88 13.14
Bombay 18.9 �0.2 �1.23 25.1 28
BrasiliaŁ 15.85 �1.78 �5.15 19.1 21.65
Cayenne 4.83 �1.14 �3.83 25.17 25.25
Ceara MinimŁ 5.8 �1.34 �1.23 24.45 26.28
CorrientesŁ 24.47 �3.51 �7.84 15.66 25.85
CulabaŁ 15.6 �5.87 �0.89 24.1 26.7
Dar es SalaamŁ 6.88 �1.21 �2.16 23.82 27.33
DarwinŁ 12.43 �2 �4.51 25.68 28.87
DjajpuraŁ 2.53 �4.93 �5.5 25.17 27.07
DjakartaŁ 6.18 �4.62 �5.93 26.8 26.58
Entebbe 0.05 �1.57 �2.37 20.85 21.95
FortalezaŁ 3.72 �1.82 �1.57 25.59 26.99
Geneina 13.48 no rain �1.41 22.71 27.4
Guilin 25.21 �8.2 �2.9 9 27.8
Hong Kong 22.32 �2.45 �7.02 16.15 25.01
Howard AFB 8.92 �1.12 �5.94 27.06 27.07
IzobambaŁ 0.37 �11.39 �8.83 10.93 11.21
Jedda 21.3 �1.28 no rain 24.14 30.78
Kano 12.05 no rain �3.56 22.38 26.72
Karachi 24.9 �0.83 �3.44 17.87 29.36
Khartoum 15.6 no rain �1.44 23.22 31.82
KinshasaŁ 4.37 �2.03 �3.42 22.3 24.73
Kuming 25.05 �11.7 �3.92 19.7 8.9
Ko Samui 9.28 �3.35 �3.39 26.83 28.28
Ko Sichang 13.17 �5.25 �5.27 26.59 29.97
Luang P. 19.88 �3.1 �7.48 21.64 28.01
MadungŁ 5.22 �5.04 �8.76 26.78 26.25
Malange 9.55 �0.67 �4.65 22.85 22.34
ManausŁ 3.12 �2.82 �4.19 26.9 26.35
Manila 14.52 �3.11 �6.18 25.3 27.5
Maracay 10.25 �2.13 �3.54 23.52 24.47
MenongueŁ 14.67 0.21 �6.34 16.65 21.26
MugugaŁ 1.22 �1.53 �2.54 n.m. n.m.
N’djamen 12.13 no rain �2.56 24.28 27.7
NdolaŁ 13 no rain �6.59 18.09 22.67
P. VelhoŁ 8.77 �3.72 �6.82 24.7 25.4
PretoriaŁ 25.73 �0.55 �3.53 12.25 21.94
Rio D.Ł 22.9 �2.58 �4.76 21.57 26.13
SalvadorŁ 13 �1.54 �0.89 23.76 26.23
SaltaŁ 24.78 �2.03 �5.64 11.11 18.47
San Gabriel 0.13 �2.77 �3.87 25.87 24.83
San Juan Is. 18.43 �1.05 �1.57 25.42 28.17
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Table 1 (continued)

Station Latitude Winter oxygen Summer oxygen Winter temperature Summer temperature
(º) (δ18O) (δ18O) (ºC) (ºC)

San Salvador 13.7 �3.44 �6.47 22.27 23.88
Shillong 25.57 �1.71 �5.93 12.25 21
Singapore 1.35 �6.21 �6.76 25.6 26.63
UshulalaŁ 54.78 �12.07 �10.11 2.2 9.68
Veracruz 19.2 �0.61 �3.97 21.86 28.22
WindhoekŁ 22.57 �1.15 �4.02 14.25 22.99
Yap Is. 9.49 �3.41 �6.4 26.84 27.07

Middle latitudes
Adana 36.98 �6.21 �2.75 10.44 26.91
AdelaideŁ 34.93 �4.83 �3.74 12.06 21.9
Alexandria 31.2 �4.23 no rain 9.01 25.38
Amman, Jor. 31.98 �5.75 no rain n.m. n.m.
Ankara 39.95 �11.12 �4.13 1.2 21.65
AntananŁ 36.88 �3.18 �8.53 14.41 20.2
Antalya 36.88 �6.08 �3.9 10.34 27.12
Astrakhan 46.25 �11.6 �5.85 �3.17 27.22
Athens 37.9 �6.96 �2.67 10.49 25.43
Atikokan 48.75 �22.79 �9.53 �16.44 15.8
Barcelona 41.38 �6.21 �3.06 9.69 22.37
Bahrain 26.27 �0.05 no rain 17.92 33.5
Batumi 41.39 �10.19 �6.56 8.03 22.4
Beer Shava 31.15 �5.63 no rain 12.46 25.47
Beja, Port. 38.01 �5.94 �4.19 10.64 23.68
Berlin 52.07 �10.6 �7.03 0.68 17.39
Bern 46.92 �12.66 �7.12 0.32 17.26
Bet Dagan 32 �5.1 no rain 13.06 25.57
Brest 52.07 �13.66 �7.23 �2.04 17.3
BrisbaneŁ 27.43 �4.12 �3.42 16.22 24.95
Buenos AiresŁ 34.58 �4.35 �3.09 11.06 23.33
Cape GrimŁ 40.68 �5.07 �2.78 10.28 15.11
Changsha 28.1 �4.63 �8.03 6.32 28.3
Chicago 41.78 �12.34 �3.09 �3.64 22.63
Chihuahau 28.63 �9.25 �5.6 10.42 24.97
Coshocton 40.37 �11.4 �4.7 n.m. n.m.
Crete 35.2 �6.83 no rain 13.28 30.6
Edmonton 53.57 �27.06 �13.85 �12.12 16.47
Faro 37.01 �4.87 �1.57 12.85 22.85
Flagstaff 35.13 �10.93 �3.63 �1.21 16.75
Fuzhou 26.09 �4.75 �6.85 12.53 28.92
Genoa 44.42 �6.16 �3.73 7.6 21.29
Gibralter 36.15 �4.62 �2.17 13.6 22.98
Gimli 50.62 �24.81 �10.24 �16 18.08
Goose Bay 53.32 �19.91 �12.45 �13.47 13.5
Gorki 56.13 �15.68 �9.31 �8.2 17.44
Grimsel 46.57 �16.83 �10.3 �5.04 8.42
Groningen 53.21 �9.1 �6.3 2.65 16.56
Guiyang 26.35 �4.26 �9.5 5.5 24.59
Guttane, Swit. 46.65 �16.03 �8.6 �1 14.25
Har Kanan 32.97 �6.83 no rain 8.85 23.73
Hatteras 35.07 �4.84 �3.49 7.98 24.84
Kabul 34.67 �10.57 �1.12 �0.56 22.92
Kalinin 56.54 �16.76 �8.38 �7.81 16.4
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Table 1 (continued)

Station Latitude Winter oxygen Summer oxygen Winter temperature Summer temperature
(º) (δ18O) (δ18O) (ºC) (ºC)

KataiaŁ 35.07 �5.36 �3.64 12 18.76
Keyworth 52.52 �8.7 �5.6 7.61 20.63
Kirov 58.39 �16.77 �9.91 �10.83 16.79
Konstanz 47.68 �12.78 �6.98 0.72 17.8
Krakow 50.07 �12.92 �7.15 �1.38 17.07
L’vov 49.49 �14.05 �7.77 �2.33 16.54
La SuelaŁ 30.58 �5.5 �4.76 12.15 23.63
Leige 50.7 �8.73 �5.05 n.m. n.m.
Lista 58.1 �7.55 �5.35 1.12 13.68
Ljubljana 46.04 �11.67 �6.9 0.17 19.29
Loncarno, Swit. 46.17 �12.17 �5.9 3.86 20.1
MalanŁ 33.97 �3.57 �1.92 12.05 20.05
Meiringe, Swit. 46.73 �15.24 �7.83 0.19 15.7
MelbourneŁ 37.82 �5.66 �4.16 10.52 20.08
MendozaŁ 32.88 �10.8 �3.5 8.2 23.8
Minsk 52.52 �14.46 �8.81 �5.21 19
Moskova 55.75 �16.3 �7.69 �7.37 17.92
Najing 32.05 �7.4 �9.64 2.86 26.39
NanuncunŁ 34.03 �9.8 �3.69 6.95 22.37
New Dehli 28.58 �0.87 �3.83 15.59 31.37
Odessa 46.48 �11.91 �6.76 �0.31 19.89
Ottawa 45.32 �16.91 �7.83 �9.05 19.35
Perm 58.01 �18.23 �3.53 �12.11 16.4
PerthŁ 31.95 �3.97 �1.79 13.96 23.83
Petzenkirchen 48.15 �13.63 �6.39 0.08 17.43
Pohang 36.03 �6.13 �8.47 1.99 23.51
Porta, Port. 41.09 �6.25 �4.04 9.29 23.11
Porto AlegreŁ 30.08 �4.17 �5.29 14.83 24.11
Puerto MonteŁ 41.47 �6.88 �5.17 6.62 13.8
Quiqihar 47.23 �23.77 �9.51 �15.9 21.19
Rhodes 36.38 �4.97 no rain 11.15 26.1
Riga 56.97 �11.45 �8 �4.44 15.77
Rjazan 54.37 �15.1 �7.2 �7.66 18.27
Rostov 47.25 �11.42 �4.97 �2.88 20.93
Ryori 39.02 �9.2 �8.2 0.33 18.94
Sant. del. SstŁ 27.78 �2.9 �5.07 12.28 25.91
SantiagoŁ 33.45 �8.73 no rain 8.78 21.25
Saratov 51.34 �15.39 �7.26 �7.54 21.31
Shijiazuang 38.02 �11.21 �7.53 �0.74 25.77
Sidi Barani 31.63 �5.76 no rain 19.67 24.69
Simcoe 42.85 �15.72 �6.35 �5.31 20.26
St. Agathe 46.05 �13.7 �8.11 �11.57 19.23
St. Petersburg 59.58 �13.94 �10.01 �5.84 16.4
Stuttgart 48.83 �10.77 �5.87 1.25 17.72
Taastrap 55.67 �11.15 �7.49 n.m. n.m.
Teheran 35.68 �6.49 �1.57 4.66 28.04
The Pas 53.97 �26.14 �13.41 �17.78 16.74
Thonon-Bains 46.22 �11.87 �6.41 2.46 18.9
Tianjin 39.55 �11.78 �7.66 �0.58 27.93
Tokyo 35.68 �8.46 �6.98 6.04 24.72
Truro 45.37 �12.66 �7.02 �4.7 17.58
Tunis 36.83 �5.01 1.39 11.85 26.39
Ulan Bator 47.45 �14.83 �7.48 �17.9 15.66
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Table 1 (continued)

Station Latitude Winter oxygen Summer oxygen Winter temperature Summer temperature
(º) (δ18O) (δ18O) (ºC) (ºC)

Valentia 51.93 �8.9 �5.76 7.05 14.47
Victoria 48.25 �10.89 �8.51 4.97 16.42
Vienna 48.64 �13.65 �6.68 0.57 19.17
Volgada 59.17 �17.56 �9.69 �10.72 15.39
Waco 31.62 �6.39 �2.03 8.88 29
Wallingford 51.37 �8.12 �5.21 7.34 21.08
Wirzburg 49.8 �9.97 �6.29 0.81 17.56
Wynard 51.77 �25.85 �13 �14.08 15.15
Xian 34.3 �7.64 �5.75 1.47 25.16
Yinchuan 38.3 �15.51 �6.32 �5.53 22.2
Zagreb 45.49 �11.88 �6.28 1.87 22.01

Polar latitudes
Amderma 69.46 �19.54 �11.91 �18.63 5.1
Archanglsk 64.58 �18.61 �9.44 �12.09 14.3
Barrow 71.3 �21.41 �13.72 �25.94 2.35
Bethel 60.78 �14.81 �10.36 �14.3 11.36
Ft. Smith 60.02 �25.92 �15.06 �23.48 14.78
Groennedal 61.22 �13.22 �11.39 �4.26 7.29
Halley BayŁ 75.5 �26.09 �14.58 �27.65 �6.15
Isfjord 78.07 �10.39 �8.28 �11.78 3.51
Murmansk 68.58 �15.73 �3.45 �10.61 11.38
Nord 81.6 �29.64 �17.22 �29.93 1.2
Pechora 65.07 �20.37 �10.94 �17.14 13.48
Prins Christian 60.02 �12.56 �9.72 �3.81 5.99
Reykjavik 64.13 �8.1 �7.6 0.1 10
Scoresbury 70.5 �15.67 �10.01 �15.6 1.7
Thule 76.52 �30.37 �18.87 �23.67 3.06
Whitehorse 60.72 �22.64 �18.02 �15.42 12.77

Temperature and δ18Opt for summer and winter seasons for all IAEA weather stations with at least three years of isotopic data [10]. The
mean monthly data for December, January, and February are averaged to represent winters in the northern hemisphere and summers in
the southern hemisphere, while data for June, July, and August represent the opposite season. A single asterisk ‘*’ indicates that a given
locality is located in the southern hemisphere. The weather stations are also separated spatially into tropical, middle latitude, and polar
zones with approximate boundaries at 25º and 60º latitude.

structed in this way may not accurately represent
conditions prevailing during periods in the past when
mean annual climate was different, but they do pro-
vide a heretofore unavailable means of investigating
the effects of global changes in temperature and inso-
lation in an empirical rather than theoretical manner.

All IAEA–WMO stations with at least three years
of δ18Opt data are included in this study. Includ-
ing shorter records greatly increases the geographic
area represented by the data set, but also increases
the possibility that these records are inappropriate
because of the inclusion of years with anomalous
temperature and δ18Opt. The months of June, July,
and August are defined as summer in the northern

hemisphere and winter in the southern hemisphere,
while December, January, and February define win-
ter in the northern hemisphere and summer in the
southern hemisphere. These months were chosen to
facilitate comparison with previous work on seasonal
differences in temperature and δ18Opt values [11,15],
and to isolate seasonal extremes in climate variables
and δ18Opt values from the generally ‘transitional’
seasons of spring and fall. Seasonal extremes, how-
ever, may not coincide exactly with these months at
all localities. Near the equator in particular, the po-
sition of the boundary between northern and south-
ern hemisphere air masses (intertropical convergence
zone) is highly variable, so designating the months
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of June, July and August as winter or summer may
not be as meaningful for stations at low latitude.

The IAEA–WMO stations have also been as-
signed to groups defined by ranges of latitude in
an effort to isolate isotopic and temperature differ-
ences between tropical, middle-latitude, and polar air
masses. It should be noted that air mass boundaries
are by nature diffuse and variable in position, so
there may be regional differences in circulation pat-
terns that cannot be distinguished. Nevertheless, as a
first-order approximation, 25º latitude will be consid-
ered the boundary between tropical and mid-latitude
air masses, and 60º latitude will be considered the
boundary between mid-latitude and polar air masses.
These latitudes roughly correspond to the bands of
high and low atmospheric pressure, respectively, that
characterize the three Hadley cells associated with
idealized atmospheric circulation.

3. Results

Once the IAEA–WMO data are assigned to dif-
ferent climate modes and latitudinal bands, they can

Fig. 1. Latitude versus temperature for summer and winter climate modes. Each point represents averages for an individual IAEA=WMO
station. Trends for both modes are characterized by flat slopes in the tropics that become steeper with increasing latitude, and by similar
correlation coefficients. Temperatures are uniformly higher and global temperature ranges are smaller under summer climate conditions.

be plotted in a number of ways. Of interest for this
study are latitudinal gradients in temperature and
δ18Opt under summer and winter climate modes, and
the resulting δ18Opt=temperature relations. Latitudi-
nal temperature gradients are illustrated in Fig. 1. As
expected, summer temperatures are always higher
than winter temperatures, but the magnitude of this
difference (seasonality) increases with latitude be-
cause high latitude regions undergo more exten-
sive heating and cooling in response to seasonal
changes in insolation than do the tropics. The result
is that the latitudinal temperature gradient for sum-
mer conditions of ¾0.22ºC=º latitude is about half
the ¾0.44ºC=º latitude range observed for winter
conditions. Another important feature of Fig. 1 is the
dependence of the temperature=latitude relation on
geographic location. Temperatures vary irregularly
in the tropics whereas, at higher latitudes, there is a
systematic decrease in temperature with latitude.

It is evident from Fig. 2 that trends in δ18Opt

with latitude are similar to those with temperature.
There is no systematic variation of δ18Opt values in
the tropics while at higher latitudes δ18Opt decreases
regularly with distance from the equator. In addition,
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Fig. 2. Latitude versus δ18O value of precipitation for summer and winter climate modes. Each point represents averages for an individual
IAEA=WMO station. Trends are similar to those in Fig. 1 except for the crossover in trends for summer and winter climate modes, and
the weaker correlation for summer relative to winter climate conditions. These features demonstrate the influence of air mass rainout and
evapotranspiration on δ18Opt in the tropics and extra-tropics, respectively.

gradients in δ18Opt with increasing latitude are shal-
lower for summer than for winter climate modes.
The similarities in latitudinal temperature gradients
emphasize the role of air mass cooling in forming
condensate that preferentially incorporates 18O, thus
lowering the δ18Opt of subsequent precipitation. In
contrast to behavior at higher latitudes, however,
δ18Opt values in the tropics are lower in summer
than they are in winter. The resulting inversion of
δ18Opt=latitude trends is a reflection of the amount ef-
fect, and is due to the greater amount of precipitation
that falls in the tropics in summer relative to winter
([3], fig. 19). Lastly, the correlation between δ18Opt

and latitude depends strongly on climate mode, with
the summer correlation being worse than the winter
correlation. Poorer correlations probably arise from
the influence of local factors other than temperature
on δ18Opt, and will be discussed below.

The global relation between temperature and
δ18Opt is expressed most clearly by comparing the
two variables directly, as has been done for weighted
δ18Opt and mean annual temperature in the past [1–
3]. What is new in the plot shown in Fig. 3 is a

view of this same relation as it exists for different
climate modes, as represented by data for summer
and winter seasons. Although not shown, the mean
annual relation lies between, and parallels, those for
summer and winter climate conditions. Three im-
portant aspects of this plot are (1) the relatively
invariant slope of the δ18Opt=temperature relations at
mid- to high-latitudes regardless of climate mode,
(2) the significant offset between δ18Opt=temperature
relations under summer and winter climatic condi-
tions, and (3) the weaker correlation that exists under
summer compared to winter conditions. The constant
slope implies that any steepening or shallowing of
gradients in the temperature=latitude trend outside of
the tropics is effectively mirrored by similar modi-
fications of gradients in the δ18Opt=latitude relation.
Thus the role of temperature change in controlling
air mass condensation, and hence δ18Opt change on
a global scale, is reemphasized. The offset between
δ18Opt=temperature relations, however, indicates that
absolute δ18Opt values at each locality are deter-
mined by factors that are unique to a given climate
mode. Lastly, δ18Opt=temperature relations with dif-
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Fig. 3. δ18O value of precipitation versus temperature for summer and winter climate modes. Each point represents averages for an
individual IAEA=WMO station. Stations from tropical latitudes (individual data points not shown) and the six higher-latitude stations
affected by the Asian monsoon are not included in calculating the slope and intercept of δ18Opt=temperature relations. Relations for
summer and winter climate modes have similar slopes, but are significantly offset due to the existence of different intercepts. As in
Fig. 2, the correlation for summer climate mode is weaker than for winter due to non-temperature factors such as evapotranspiration,
which may also account for the relatively high values for precipitation at polar stations.

ferent correlation coefficients indicate that factors
other than temperature influence δ18Opt to varying
degrees depending on climate mode.

4. Problems using a single δ18Opt=temperature
relation as a paleothermometer

In general, the relations between latitude, temper-
ature, and δ18Opt (Figs. 1–3) indicate that surface
temperature plays an overriding role in determin-
ing δ18Opt values on a global scale. Therefore any
temporal change in climate mode that modifies lat-
itudinal gradients in temperature will also modify
global condensation patterns and hence δ18Opt at any
given latitude (Fig. 2). In order to use this covari-
ance as a quantitative paleothermometer, however, it
is necessary to evaluate δ18Opt=temperature relations
that can vary systematically with climate mode, and
the influence of factors other than temperature on
δ18Opt.

4.1. Offset of Ž18Opt=temperature relations with
climate mode

4.1.1. Effects on estimating past temperatures and
temperature change

One consequence of having climate-dependent re-
lations between δ18Opt and temperature is that no
single relation can be used unambiguously to in-
fer absolute temperature for all time periods in the
geological past. This restriction is particularly seri-
ous for ‘Icehouse’ and ‘Greenhouse’ time periods
when the global distribution of heat and moisture,
and hence intercepts of δ18Opt=temperature relations,
would likely have been very different from what they
are at present (Fig. 3). For example, the mid-Creta-
ceous is characterized by warmer ocean temperatures
and shallower latitudinal temperature gradients than
at present [16], and it has been noted by previous au-
thors [9] that the present-day weighted δ18Opt=MAT
relation is probably not valid for inferring tempera-
tures at this time, especially in polar regions.
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Fig. 4. Effect of two different δ18Opt=temperature relations on paleotemperature estimates. Summer and winter data for precipitation
at two representative middle-latitude localities (Perth, Australia, 31.95ºS; Odessa, Ukraine, 46.48ºN) are plotted along with the δ18Opt=

temperature relations for summer and winter climate modes. If a hypothetical temperature change over time takes place during a climate
change from winter to summer conditions (or visa versa), and it is assumed that the slope of δ18Opt=temperature relations do not change,
the estimates of temperature change are almost half of those actually observed. This difference arises because the temporal δ18Opt=

temperature relations (solid lines) are shallower than spatial δ18Opt=temperature relations (dashed lines).

Variable δ18Opt=temperature relations also affect
paleothermometry by making it difficult to quantify
the amount of temperature change over time if there
is a dramatic modification in climate mode. This
difficulty arises because a comparison of data rep-
resenting climate modes with offset δ18Opt=tempera-
ture relations results in an underestimate of tempera-
ture change. To illustrate this point, temperature and
δ18Opt data for two representative middle-latitude
stations (Perth, Australia and Odessa, Ukraine) are
plotted along with global δ18Opt=temperature rela-
tions for summer and winter climate modes (Fig. 4).
Proxy records of weighted δ18Opt covering a dra-
matic global change from cooler to warmer mean
annual climate conditions at these localities would
record changes of C2.2‰ and C5.2‰, respectively
(vertical bars in Fig. 4). Using only the slope of
the δ18Opt=temperature relation, which has a rela-

tively constant value of ¾0.55‰=ºC, these temporal
changes in δ18Opt are interpreted to represent in-
creases in temperature of 4.0 and 9.5ºC, respectively.
These estimates, however, are only about half of
the 9.9 and 20.2ºC changes in temperature that are
actually observed at each locality (horizontal bars,
Fig. 4). Similarly, estimates of temperature decrease
made in the same manner will be too low.

The apparent underestimation of temperature
change over time compared to temperature change
over space using has δ18Opt has been observed
at both seasonal [10,11] and geologic time scales
[12], and it can be used to question the validity
of the δ18Opt paleothermometer. It is clear from
Fig. 4, however, that the reason seasonal temper-
ature change is underestimated is that temporal
δ18Opt=temperature relations are shallower than spa-
tial δ18Opt=temperature relations. The two types of
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relations are very different because temporal δ18Opt=

temperature relations are site-specific, being created
by comparing data for different climate modes (solid
lines in Fig. 4), while the spatial δ18Opt=temperature
relations represent global conditions for each spe-
cific climate mode (dashed lines, Fig. 4). A similar
argument was presented by Boyle [13], who showed
that ice core δ18Opt records from Greenland will un-
derestimate glacial=interglacial temperature change
relative to borehole thermometry records if an offset
in δ18Opt=temperature relations for the two periods
is not taken into account. Lastly, it can be inferred
from Fig. 4 that no matter what the offset in δ18Opt=

temperature relations over time, the extent to which
temperature change is underestimated at a given lat-
itude will remain relatively constant as long as the
slopes of the δ18Opt=temperature relations do not
vary significantly.

4.1.2. Causes of offsets in Ž18Opt=temperature
relations

Beyond discussing the effects of offset δ18Opt=

temperature relations on paleothermometry, it is im-
portant to understand why the offset occurs between
summer and winter climate modes. A primary reason
for the offset is the seasonal change in insolation
that results in higher surface temperatures at all
latitudes in the summer. The importance of temper-
ature in controlling the relative position of δ18Opt=

temperature relations has been illustrated by using
temperature-dependent Rayleigh equations to model
progressive condensation from low to high latitudes
[1,9,13]. A change in the initial condensation tem-
perature will result in an offset in the position of
global δ18Opt=temperature relations so that it remains
exponential in nature, but is shifted in the same di-
rection as observed for data representing summer
and winter climate modes.

A change in the atmospheric water vapor budget
in the tropics can also result in an offset in δ18Opt=

temperature relations between climate modes. This
parameter is important because the tropics are the ul-
timate source of much of the moisture that ultimately
reaches higher latitudes. Therefore any difference in
the amount or initial δ18O value of moisture in tropi-
cal air masses will necessarily affect the nature of the
δ18Opt=temperature relation at higher latitudes. For
example, the amount of water vapor in tropical air

masses is different in glacial and non-glacial periods
[17] and δ18Opt varies between summer and winter
climate modes (Fig. 2). Both of these factors are
tied to changes in precipitation=evaporation ratios,
air mass rainout, etc. These aspects of the tropical
water vapor budget are quite important because their
effects on δ18Opt are not related directly to changes
in surface temperature, but rather to changes in at-
mospheric circulation patterns and the intensity of
convective cooling. As a result, offsets in δ18Opt=

temperature relations at higher latitudes can be mod-
ified by conditions in the tropics that are independent
of temperature changes at the surface.

Lastly, a change in the δ18O value of ocean water
in the tropics can cause an offset in δ18Opt=tem-
perature relations because the initial δ18O value of
water vapor formed in tropical source areas is signif-
icantly controlled by the δ18O of the tropical oceans.
Although unlikely to be an important variable sea-
sonally, δ18O of the oceans have varied by at least
š1–2‰ over geologic time scales.

4.2. Influence of factors other than temperature on
local Ž18Opt values

The second major problem in interpreting tem-
poral records of δ18Opt are the factors other than
temperature that influence δ18Opt on a local scale,
and their relative impact on climate mode. In addi-
tion to the position of air mass boundaries mentioned
above [7,8], there are several other factors whose
effects are discernible in Figs. 2 and 3. For exam-
ple, evaporation of water from the surface (i.e. large
lakes [18] and near-shore ocean water) and the tran-
spiration of moisture by plants affects local δ18Opt

values by sending moisture back into overlying air
masses [19–21]. This recycling of precipitation in-
fluences the isotopic and mass balances of overlying
air masses, and thus modifies local δ18Opt values that
would be appropriate to the closed-system condition
inherent to idealized Rayleigh condensation. The re-
sult is poorer correlations between latitude, temper-
ature, and δ18Opt that are observed during summer
when higher temperatures and more plant growth
increase rates of evaporation and transpiration, re-
spectively (Figs. 2 and 3). In addition, systematically
higher δ18Opt values for stations in polar latitudes
(Fig. 3) are likely the result of evaporation from

SE ROA 37373

JA_8879



192 H.C. Fricke, J.R. O’Neil / Earth and Planetary Science Letters 170 (1999) 181–196

the oceans near the low pressure bands at ¾60º lat-
itude that introduces local moisture with relatively
high δ18O values to overlying air masses moving in
from lower latitudes. Although more common in the
tropics, the amount effect can also influence δ18Opt

values at higher latitudes, as is evidenced by the sys-
tematically lower δ18Opt values for stations in coastal
China that are in the path of the Asian monsoon.
Lastly, evaporation of precipitation as it falls to the
surface shifts the remaining liquid water to higher
δ18Opt values, and is a common phenomenon in arid
regions. This factor accounts for very high δ18Opt

values at warm, arid locations [5].
Focusing on the seasonal data, it is clear that the

relative importance of these factors in influencing
δ18Opt at a given locality depends on the climate
mode. As already noted, δ18Opt=temperature corre-
lations vary with climate mode due to changes in
evapotranspiration and, from Figs. 2 and 3, it can be
seen that evaporation of precipitation and monsoonal
air circulation do not affect δ18Opt values to the same
degree under summer and winter climate conditions.
The implication of these observations is that any
temporal change in weighted average δ18Opt at a
given locality may reflect a change in temperature,
a change in the relative influence of other non-tem-
perature factors, or a combination of effects. In the
absence of outside information, it is thus impossible
to make a completely unambiguous interpretation of
a temporal record of δ18Opt for a single locality.

5. Reconstructing δ18Opt=temperature relations
over geologic time

The fact that the present-day relation between
weighted average δ18Opt and mean annual tempera-
ture cannot be used to make quantitative estimates of
temperature change over all of geologic time is un-
fortunate, but there are other ways in which paleocli-
matic information can be obtained using appropriate
records of δ18Opt. The most basic method involves
reconstructing global δ18Opt=temperature relations
for the time periods being investigated, for exam-
ple with direct measurements of preserved waters or
of proxy materials.

5.1. Empirical reconstructions

δ18Opt=temperature relations can be reconstructed
by comparing records of δ18Opt from at least two
localities that cover a wide range of latitude in
combination with independent estimates of temper-
ature from one of those localities. A hypothetical
illustration of how this sampling strategy works is
presented in Fig. 5. Temporal records of past δ18Opt

at localities A and B are used to reconstruct lati-
tudinal gradients in δ18Opt for time periods 1 and
2 that are characterized by a cooler and a warmer
climate mode, respectively (Fig. 5, panel 1). Us-
ing these records, and assuming that the slopes of
global δ18Opt=temperature relations have relatively
constant values of ¾0.55‰=ºC regardless of climate
mode (Fig. 3), then it is possible to reconstruct
global δ18Opt=temperature relations for time periods
1 and 2 if an independent estimate of temperature is
available from one of the localities. These temper-
atures can be inferred from geological, biological,
and geochemical evidence at a given latitude. For
example, terrestrial floral and faunal reconstructions
or the δ18O of planktonic foraminifera from latitudi-
nally-equivalent marine sediments, could be used to
anchor the position of the δ18O data (Fig. 5, panel 2).

An obvious challenge lies in bringing together
temporal records of δ18Opt from a wide range of
latitudes. The relative difficulty of making such a
comparison will depend on the proxy for δ18Opt

that is being used, with certain materials like soil
carbonate being less common over time and space
than materials like biogenic apatite that is found in
animal fossils. Comparing records of δ18Opt from
different but related localities is profitable because it
has the additional and very important advantage of
reducing ambiguities otherwise associated with try-
ing to interpret a temporal record of weighted δ18Opt

values from a single locality. As mentioned above,
these ambiguities stem from the possible influence
of factors other than temperature on δ18Opt at any
given place. By comparing δ18Opt records from a
number of sites, however, the scale of investigation
is changed from a site-specific scale where it may be
difficult to distinguish the role of factors such as air
mass boundaries and evapotranspiration on δ18Opt, to
a global scale where their effects are more likely to
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Fig. 5. Comparing δ18Opt records from a wide range of latitudes allows reconstructions to be made of δ18Opt=temperature relations. In
panel 1, weighted δ18Opt values from two different times and two different localities (sites A and B) are plotted versus paleolatitude.
In this manner δ18Opt=latitude gradients can be reconstructed for times 1 and 2 when global climate was significantly different. Using
independent temperature estimates from the latitudes of sites A and B, and assuming that the δ18Opt=temperature relation has a constant
slope of ¾0.55‰=ºC, it is possible to reconstruct δ18Opt=temperature relations and their intercepts for times 1 and 2 (panel 2).

stand out as anomalies in a global pattern, and can
be interpreted as such.

The major drawback to this empirical method of
reconstructing δ18Opt=temperature relations is that it
relies on ‘outside’ estimates of temperature from the
very same kinds of proxy records the relations are
aimed to replace. If these independent temperature
estimates themselves are poorly quantified, as is
the case for estimates based on sedimentology, then
the usefulness of reconstructed δ18Opt=temperature
relations will be diminished.

5.2. Model reconstructions

Another method of reconstructing δ18Opt=temper-
ature relations relies on theoretical calculations of
global condensation that assume Rayleigh conditions
[1,9,14] rather than on empirical data, but it is not
without problems of its own. As in the case of em-
pirical reconstructions, the use of model equations
requires some knowledge of surface temperatures,
in particular tropical temperatures, for each time
period of interest [14]. In addition, it is necessary
to have an estimate of the δ18O value of tropical
ocean water in order to get the most accurate results

using the theoretical models. More importantly, it
has been noted that Rayleigh equations are only an
approximation of the complex global condensation
process [5], and thus may not be completely accurate
in any case. For example, the exponential Rayleigh
equations cannot reproduce the global δ18Opt=tem-
perature trends that form as the result of decoupling
between atmospheric processes occurring in tropical
and extra-tropical regions (Fig. 3).

6. Additional ways of using estimates of δ18Opt to
study climate in the past

In the above discussion we reviewed the difficul-
ties involved in using δ18Opt=temperature relations as
quantitative paleothermometers over geologic time,
and noted that the approach to resolving these prob-
lems will depend on the paleoenvironmental and iso-
topic data available for a given time period or region.
There are, however, alternative ways in which pa-
leoclimatological information can be obtained using
oxygen isotope data that do not rely on reconstruct-
ing δ18Opt=temperature relations in the past.
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6.1. Direct estimates of temperature using biogenic
apatite as a proxy for Ž18Opt

One way to estimate temperature without relying
on δ18Opt=temperature relations is to utilize equa-
tions that describe oxygen isotope fractionation be-
tween water (precipitation) and different mineral
phases that form in equilibrium with it. A novel
example of this approach involves the measurement
of δ18O values of a single substance that forms
under different conditions in different surficial envi-
ronments [22]. In particular, δ18O of apatite coming
from mammalian fossils can be used to determine
the δ18O of ingested water (precipitation) because
the apatite forms at the constant body temperature
of the animal (¾37ºC). Combining this information
with δ18O values of associated fish fossils and us-
ing the phosphate paleothermometer of Longinelli
and Nuti [23], it is then possible to estimate the
temperature of river water, which mirrors that of
air temperature. Oxygen isotope analyses of mam-
malian tooth enamel and fresh water fish scales were
recently used in this manner to infer temperature
change during the early Paleogene [24], and the
widespread occurrence of biogenic apatite over time
and space may make this sampling strategy a reason-
able alternative to reconstructing δ18Opt=temperature
relations.

6.2. Using Ž18Opt to validate GCM predictions

A quite different approach to using records of
δ18Opt to study terrestrial paleoclimatology does not
rely on δ18Opt to estimate temperature, or any other
climate variable. Instead, records of δ18Opt are used
to test predictions of global climate models (GCM)
which are in turn used to elucidate the nature of
climate change (for a review see [25]). The goal of
integrating oxygen isotope systematics with GCMs
is to predict the spatial distribution of δ18Opt in
the past by accounting for oxygen isotope frac-
tionations that accompany phase changes that take
place as water ‘moves’ through the hydrologic cycle
during a climate simulation. A comparison of the
predicted distribution with the actual distribution ob-
tained from records of δ18Opt then provides a much-
needed check on the ability of GCMs to replicate
complex changes in climate over geologic time. This

method is appealing because, in contrast to focusing
on a single variable such as temperature, GCM pre-
dictions have the potential to provide a much more
complete picture of how several climatic variables
like vegetation cover, ocean=atmospheric circulation
patterns, pCO2, heat transfer, the hydrologic cycle,
etc., interact to produce a change in climate.

Attempts to reproduce modern patterns in δ18Opt

using GCM model predictions have been relatively
successful indicating that the potential exists for
combined GCM-isotope investigations of terrestrial
paleoclimate [26,27]. More recent efforts have fo-
cused on comparing model predictions and proxy
records of δ18Opt for the last glacial maximum
[28,29]. Continued study of these well-characterized
time periods should help refine the model-isotope
approach to studying terrestrial climate change over
a much broader range of geologic time.

7. Conclusions

Separating the global data base of temperature
and isotopic measurements into climate modes de-
fined by summer and winter climate conditions, pro-
vides a simple model for understanding how global
relations between δ18Opt and temperature can be off-
set relative to one another as a result of differences
in temperature and air mass rainout in the tropics.
It is not always possible to use the well known
weighted δ18Opt=MAT relation to make accurate in-
terpretations of a temporal record of δ18Opt values,
especially if climate mode in the geologic past was
radically different from that at present, or if cli-
mate change over time was extreme. While there is
a strong relation globally between δ18Opt and tem-
perature regardless of the source area and transport
history of air masses, there are a number of factors
other than temperature that can mask the δ18Opt=tem-
perature relation on a local=regional scale. The effect
of these factors can vary depending on climate mode,
making the interpretation even more ambiguous.

At present, there are three ways to circumvent
problems associated with the δ18Opt paleothermome-
ter in terrestrial environments. One may compare
δ18Opt records from localities that cover a wide range
of latitudes with independent estimates of temper-
ature to reconstruct global δ18Opt=temperature rela-
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tions for different time periods in the past. Under
certain favorable conditions, it may also be possi-
ble to estimate temperature using records of δ18Opt

without relying on any δ18Opt=temperature relation.
The most profitable use of δ18Opt records may lie in
their ability to test the accuracy of climate-change
predictions produced using global climate models.
[CL]
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Chemical and physical characteristics of springs discharging
from regional flow systems of the carbonate-rock province
of the Great Basin, western United States

Ronald L. Hershey & Steve A. Mizell & Sam Earman

Abstract The regional carbonate aquifer in the carbonate-
rock province of the Great Basin, USA, covers thousands
of square kilometers. It is a significant potential source of
water for growth in this arid area. Few wells penetrate the
carbonate aquifer, so information on water quantity and
quality is derived in large part from ‘regional springs’ that
discharge from regional interbasin flow systems. For this
study, springs in the carbonate-rock province were
sampled; their physical, chemical, and isotopic character-
istics were compared to those of known regional springs
to identify previously unrecognized regional waters using
both examination of the data and multivariate statistical
analysis. Criteria for comparison included temperature,
discharge, 3H activity, carbon isotope values, and ratios of
major and trace ions. Of the 18 springs selected for
detailed chemical and isotopic sampling, five springs—
Hot, Littlefield, Petrified, Saratoga, and Warm (a)—were
identified as regional, and one (Monte Neva Hot) was
identified as a possible regional spring. Regional springs

provide an easy, low-cost means of investigating aquifer
properties; identification of regional springs thus increases
the ability to understand the regional carbonate aquifer.
The techniques applied in this study can also be used in
other regional aquifer systems with diverse and complex
geology.

Keywords Arid regions . Carbonate rocks .
Hydrochemistry . Regional aquifer . USA

Introduction

The carbonate-rock province of the Great Basin in the
western USA (Fig. 1) is an area where carbonate rock
types predominate in bedrock outcrops (Mifflin 1968).
The province extends from the Utah–Idaho border to west
of the Nevada–California border, a distance of approx-
imately 950 km. The province encompasses western Utah,
eastern and southern Nevada, and a small portion of
southeastern California. Extensional faulting has created
numerous topographic basins, many of which have closed
surface-water drainage. However, in locations where there
is carbonate rock, groundwater flows between the basins.
These interbasin flow systems define the regional carbo-
nate aquifer of the Great Basin. In Nevada, groundwater
flow in the regional carbonate aquifer is from north to
south. In southern Nevada, the regional carbonate aquifer
splits into two major flow systems. One extends north to
south along the east side of Nevada, with discharge
occurring at the Colorado River; the second extends
northeast to southwest from the south-central part of
Nevada with discharge occurring in Ash Meadows,
Nevada and Death Valley, California (Thomas et al. 1996).

Because much of the area underlain by the regional
carbonate aquifer is sparsely populated, the aquifer has
been targeted as a source of water for growing metropol-
itan areas including Las Vegas, Nevada, which has had the
fastest growth rate of any major metropolitan area in the
USA since at least 1970 (Rappaport 2003; UNLV Center
for Business and Economic Research 2008). Although
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interest in the water of the regional carbonate aquifer is
high, data on the quality and quantity of water are
relatively limited because the carbonate aquifer is often
deep below the ground surface and relatively few wells
penetrate the aquifer. Springs in mountain blocks and
some springs on valley floors are considered ‘local’ in that
they discharge water from relatively small (basin-scale or
smaller) catchments, often from aquifers composed of
alluvium or volcanic rock; regional springs, which tend to
be located on basin floors, discharge through basin fill
sediments from the underlying carbonate aquifer.

The current set of springs recognized as being regionally
sourced is based on a limited set of physical and chemical
characteristics. This study was conducted to identify addi-
tional chemical and physical characteristics of springs
discharging from the regional carbonate aquifer of the Great
Basin and to use these characteristics to identify regionally
sourced springs that had not been previously recognized.
The results of this study advance the knowledge of the extent
of the regional carbonate aquifer and the locations of its
natural discharge zones, identify additional water sources
that may be useful for monitoring the long-term effects of

Fig. 1 Location, generalized geology (Plume 1996), regional groundwater flow systems (Harrill et al. 1988), and general direction of
regional groundwater flow (Harrill et al. 1988) in the carbonate-rock province (Thomas et al. 1986) of the Great Basin, western USA
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development of the regional carbonate aquifer, and develop
techniques that can be applied to other geologically diverse
regional aquifer systems.

Physiography, geology, hydrogeology, and climate
of the carbonate-rock province

The carbonate-rock province lies within the Great Basin
and adjacent areas. The Great Basin is the largest division
of the Basin and Range physiographic province of the
western United States (Hunt 1967) and is defined as “that
portion of the geologic Basin and Range with no drainage
to the sea” (Fiero 1986). Topography in the carbonate-
rock province is dominated by N–S trending mountain
ranges, which generally form long, narrow valleys. Many
of these valleys are topographically closed. Carbonate
rocks are prominent in the ranges of the eastern and
southern portions of the Great Basin (Hunt 1967; Plume
1996). Figure 1 illustrates the generalized geology of the
carbonate-rock province of the Great Basin.

Geologic characteristics of the carbonate-rock province
that influence modern groundwater movement began to
form in the late Precambrian. From the late Precambrian
into the early Mesozoic, what would become the eastern
Great Basin was continental shelf where clastic and
carbonate sediments were accumulating. Simultaneously,
the future western Great Basin was continental slope and
rise where deep marine sediments and lavas were
deposited, forming sedimentary and volcanic rock units
(Fiero 1986; Stewart 1980; Sweetkind et al. 2007). During
the Antler (Late Devonian and Mississippian) and Sonoma
(Early Triassic) orogenies, the deep marine deposits were
thrust over the shelf deposits, creating highlands that
became sources of clastic material deposited in the
surrounding basins. As a result, the eastern two-thirds of
the Great Basin is characterized by alternating sedimen-
tary sequences that are dominated either by clastic rocks
with minor carbonate rocks or by carbonate rocks with
minor clastic rocks. Generally, the overall thickness of
carbonate-rock sequences exceeds that of clastic-rock
sequences (Plume 1996). A period of continental deposi-
tion dominated the region from the Middle Triassic into
the late Tertiary as a result of the westward shift of the
continental margin during the Triassic and Jurassic (Plume
1996). Extensional faulting began to form the present-day
basin-and-range characteristics of the Great Basin in the
Oligocene, and by the late Pliocene, the present distribu-
tion of mountains and basins was established (Plume
1996). Basin-fill sediments, consisting of clay-to-boulder-
size materials, collected in the basins that were formed
from about middle Miocene (or earlier) through the
Holocene. Volcanic rocks deposited between the Eocene
and Pleistocene, and possibly into the Holocene, can be
found in nearly every mountain range of the Great Basin;
they also underlie, and are interbedded with, basin-fill
deposits in much of the area (Plume 1996).

Structural development of the region was dominated by
tectonic compression during the Paleozoic, Mesozoic, and

possibly the early Cenozoic eras and by tectonic extension
since the Tertiary. The Antler, Sonoma, and Sevier
(Jurassic to early Tertiary) orogenies produced major
thrust fault features (Coney and Harms 1984; Morris
1983; Tooker 1983; Wernicke et al. 1988). During the
extensional period (Oligocene to Holocene), geologic
structure was dominated by normal faulting, which
formed fault-block mountains and basins (Coney and
Harms 1984; Gans et al. 1987; Hamilton 1988). High-
angle and listric normal faults and detachment faults are
found throughout the Great Basin. Because of scale,
specific structural features of the eastern Great Basin
could not be indicated clearly on the geologic map shown
in Fig. 1; interested readers are referred to Plume (1996)
and Sweetkind et al. (2007) for concise summarizations of
the region’s geology and structure and to other referenced
works for specific information about the geologic structure
of the eastern Great Basin.

Plume (1996) describes six hydrogeologic units in the
Great Basin (Fig. 1). These are: (1) basin-fill deposits of
Pliocene-to-Holocene age, (2) basin-fill deposits of Mio-
cene-to-Pliocene age, (3) sedimentary and igneous rocks
of late Precambrian-to-Quaternary age in the western
Great Basin, (4) sedimentary and igneous rocks of Middle
Triassic-to-Quaternary age in the eastern Great Basin, (5)
carbonate and clastic sedimentary rocks of Middle
Cambrian to Early Triassic age in the eastern Great
Basin, and (6) metamorphic, igneous, and sedimentary
rocks of late Precambrian and Early Cambrian age in the
eastern Great Basin. He identifies two aquifer systems in
the eastern Great Basin: the basin-fill aquifers, which
occur in the two basin-fill sedimentary units, and the
carbonate-rock aquifers, which occur in the carbonate and
clastic sedimentary rocks of Middle Cambrian to Early
Triassic age.

The basin-fill aquifers are bounded by consolidated
rock units that define the structural basins (Fig. 2). These
aquifers may be: confined by impermeable consolidated
rocks of the structural basin, hydraulically connected to
adjacent basin-fill aquifers through basin-fill deposits or
permeable consolidated rocks, or hydraulically connected
to the carbonate-rock aquifer (Plume 1996). The carbo-
nate-rock aquifers are laterally bounded by the extent of
the carbonate-rock province. Quartzite and shale units, or
poorly permeable or impermeable carbonate rock that
underlies the permeable units at depth, define the bottom
of these aquifers (Plume 1996). In the carbonate-rock
aquifers, water is stored and transmitted in fractures and
joints, which may have been widened by solution (Plume
1996). Drilling circulation loss and bit-drop problems in
some deep test wells may suggest karst features in the
carbonate rock units (Mifflin 1968). However, the extent
of karst development in the carbonate-rock province is
limited, primarily because of the aridity and thin soils of
the region (Dettinger 1995).

Structural deformation of the carbonate-rock province
can enhance groundwater flow or create barriers to flow
depending on the permeability of the fault zone or
juxtaposed rock units relative to permeability of adjoining
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aquifers (Bredehoeft et al. 1992). Faults oriented parallel
to the maximum component of the present stress field are
under tension and tend to be conduits for flow; those that
parallel the minimum component of the stress field are
under compression and tend to be barriers to flow (Anna
1986; Faunt 1997). Faunt (1997) describes both effects in
the discharge zone of the Death Valley flow system. In
addition, continuity of carbonate rock, despite the structural
deformation, gives rise to the potential for regional ground-
water flow systems (Anderson et al. 1983; Dettinger 1995).

Early investigators performing water-resource assess-
ments of topographic basins in the carbonate-rock province
recognized that discharge in some basins was greater, and in
other basins far less, than the basin’s estimated recharge
(Carpenter 1915; Eakin 1962, 1963a, 1963b; Maxey and
Eakin 1949). These workers recognized the need for under-
flow of groundwater to balance recharge and discharge
estimates; at about the same time, Tòth (1962, 1963)
illustrated the theoretical basis for regional flow. Eakin
(1966) appears to be the first to apply the concepts of
regional flow in his appraisal of theWhite River flow system
(Fig. 1). Delineation of this interbasin flow systemwas based
on the distribution and quantity of estimated groundwater
recharge and discharge, uniformity of discharge from large
springs, regional hydraulic gradients, hydraulic properties of

major rock groups, and the chemical character of water
discharging from large springs. He identified numerous
springs in the White River interbasin groundwater flow
system that were characterized by relatively uniform flow,
reasonable uniformity of chemical composition, and
increases in concentrations consistent with aquifer rock type
and flow path length.

Mifflin (1968) delineated interbasin flow systems in
Nevada using fluid potential, groundwater temperature,
spring discharge, water chemistry, and 3H activity. He
determined that groundwaters discharging with temper-
atures between 18 and 27 °C were associated with
interbasin flow systems or were near major geologic
structures. Because dissolved constituents in spring water
reflect the rock that water flows through and concen-
trations tend to increase with longer flow paths, he
determined that the relative proportions of equivalent
concentrations (molar concentration multiplied by ionic
charge) of (Na+ + K+) and (Cl–+SO4

2–) could be used to
delineate the size and extent of groundwater systems.
Mifflin also used 3H activity and (Na+ + K+) to classify
springs from three different flow systems, “small-local,”
“local,” and “regional.” Significant amounts of 3H were
found in springs with less than 3.8 ppm (Na+ + K+),
indicating short flow paths and recent groundwater
recharge (small-local), while springs with no measurable
3H and more than 8 ppm (Na+ + K+) indicate long flow
paths and insignificant recent groundwater recharge
(regional). Thirty-nine springs were identified as regional
on the basis of these criteria.

Viability of interbasin flow is controlled by the
hydraulic connection of aquifer and confining units across
the basin boundaries (Sweetkind et al. 2007). Harrill et al.
(1988) describe 10 regional flow systems located entirely
within the carbonate-rock province and four more that
border on the carbonate-rock province. Some of these
regional flow systems are shown in Fig. 1. The Colorado
River flow system, which includes the White River flow
system, encompasses 33 topographic basins. Prudic et al.
(1995) and Plume (1996) reduced the number of regional
flow systems within the carbonate-rock province to five.

Stratigraphic thickness of the carbonate rocks in the
carbonate-rock province ranges from 1,525 to 9,150 m
(Dettinger et al. 1995; Plume 1996; Sweetkind et al.
2007). However, the effective hydrogeologic thickness
may be less because of structural deformation and
variations in primary permeability (Plume 1996). Trans-
mission of water through the carbonate rocks is dependent
upon intergranular, fracture, and solution porosity (Dettinger
and Schaefer 1996; Sweetkind et al. 2007). Sweetkind et al.
(2007) tabulated hydraulic conductivity values ranging from
0.01 to 82,420 cm/day from 67 documented tests. Regional
water movement through the aquifer is greatly influenced by
conditions at the structural boundaries of hydrographic
basins. Where relatively permeable rocks are juxtaposed by
a fault, water may move across boundaries of hydrographic
basins, but where a permeable zone is juxtaposed against a
low-permeability zone, cross-boundary movement of water
is inhibited (Sweetkind et al. 2007).

0

-914

914

1829

2743
A A’

E
le

va
tio

n 
(m

 r
el

at
iv

e 
to

 s
ea

 le
ve

l)
E

le
va

tio
n 

(m
 r

el
at

iv
e 

to
 s

ea
 le

ve
l)

B B’

0

-1524

1524

CCCR MIRS SIRE YBFLEGEND:

Fig. 2 Example cross-sections showing the general geology and
structure (Plume 1996) of basins in the carbonate-rock province
(Thomas et al. 1986) of the Great Basin, western USA. CCCR
carbonate and clastic sedimentary rocks, MIRS metamorphic and
igneous rocks; SIRE sedimentary and igneous rocks, YBF younger
basin fill (Holocene to Pliocene)
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In the flow systems of the carbonate-rock province,
recharge is commonly derived from precipitation on
mountains which define the flow system boundaries. The
higher mountains receive larger amounts of precipitation
and generate the greater portion of recharge. Since
recharge areas are scattered along the flow systems,
recharge from multiple locations influences the water
chemistry of the flow system. From the recharge areas,
water may move directly into the volcanic or carbonate-rock
aquifers or through the basin-fill aquifer, then to the
consolidated-rock aquifers. Near the southern end of the
Colorado River flow system, water may also flow through
evaporite deposits rich in gypsum and anhydrite. The
different rock types each have an influence on the chemistry
of the groundwater and are discussed in more detail in the
following. The length of flow path or residence time in the

various rock types further influences the concentration of
specific constituents in the water chemistry.

Local climate conditions in the carbonate-rock prov-
ince are dependent on latitude, elevation, and current
atmospheric conditions. Generally, temperatures are cooler
in the north and increase toward the south. The average
annual minimum and maximum temperatures at valley
locations in northern portions of the province are near –1
and 17 °C, respectively, whereas in the south these values
are 12 and 27 °C (Western Regional Climate Center
2008). Extreme temperatures are as much as 16 °C above
or below the averages. Average annual precipitation
ranges from near 241 mm in northern valley locations to
about 101 mm in southern locations. These precipitation
amounts may easily increase by a factor of two or more at
higher elevations.

Fig. 3 Location of groundwater samples listed in Tables 1 and 2, geographic locations described in the text, and regional groundwater
flow systems (Harrill et al. 1988) in the carbonate-rock province (Thomas et al. 1986) of the Great Basin, western USA. Known regional
springs are represented by grey squares with numerals (Table 1), other springs with chemical data are represented by grey circles with
letters (Table 2), and springs with only temperature (T) and discharge (Q) data are unlabeled and represented by red open circles
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Field and laboratory methods

It is well established that regional springs discharging from
the carbonate-rock aquifer regional flow systems (Fig. 1)
have large and consistent discharge, and consistent temper-
ature, water chemistry, and isotopic signatures (e.g., Eakin
and Moore 1964; Mifflin 1968; Winograd and Thordarson
1975; Harrill et al. 1988; Thomas et al. 1996; Rose and
Davisson 2003); therefore, a single sampling campaign as
conducted for this study over only several months of one
year adequately captures the characteristics of regional
springs. However, it is recognized that seasonal and annual
variations in ‘small-local’ and ‘local’ springs are not
captured in a single sampling campaign and that there is a
possibility, although small, that a non-regional spring could
be incorrectly characterized as a regional spring in this study.

As an initial reconnaissance tool, discharge and
temperature were measured at 95 waters in the carbonate-

rock province—Fig. 3 (see Table 1 of ESM). Based on the
initial results, 34 springs (Fig. 3) were sampled to determine
the concentrations of major ions and selected trace metals,
the δD and δ18O of the waters, the δ13C of dissolved carbon,
and activities of 14C and 3H (Table 1). Springs sampled were
selected based on their availability for sampling, ease of
access, spatial distribution across the province, and location
near a basin’s floor. Sixteen of the springs sampled were
previously identified as known regional springs (Mifflin
1968) in the central and southern portions of the regional
flow system. The remaining 18 springs were not previously
identified as regional, but appeared likely to be regional
based on their temperature and discharge rate. The physical,
chemical, and isotopic characteristics of the known regional
springs formed the basis of comparison for assessing the
likelihood that other springs might be supported by regional
groundwater flow. Springs are referred to in the text by
name. However, for easy identification in figures, a numeral

Table 1 Listing of physical, chemical, and isotopic data for known regional springs in the study area and springs other than known regional
springs. All values (except pH) are in units of mg/L, unless otherwise noted. Chemical and isotope data for Ash Spring and Blue Point Spring, and
isotope data for Point of Rocks Spring are average values reported by Thomas et al. (1996); chemical data for Point of Rocks Spring are from the
Nevada Bureau of Mines and Geology (2009); all other data are from this study. δD and δ18O values are relative to VSMOW; δ13C values are
relative to VPDB. All location data are provided in UTM Zone 11 coordinates, using the North American Datum of 1927

ID Spring name Sample date UTM
north

UTM
east

Field EC
(µS/cm)

Field
pH

Temp.
(°C)

Discharge
(L/s)

Ca2+

(mg/L)
Mg2+

(mg/L)
Na+

(mg/L)
K+(mg/L) Field

HCO3
–

(mg/L)

Field
CO3

–

(mg/L)

SO4
2–

(mg/L)

Known regional springs
1 Ash Spring - 4147631 659926 460 7.2 36 32 46 15 29 7.7 259 0 33
2 Big Muddy

Springs
3/5/92 4066293 704217 917 7.4 32 189 62.9 27.2 98.5 11.9 259 0 164

3 Blue Point Spring - 4029995 731061 3,800 7.0 30 19 510 170 360 23 160 0 2,300
4 Crystal Pool 3/17/92 4030607 560737 700 7.3 31 126 46.2 21.4 76.1 9.60 305 0 84.6
5 Crystal Spring 5/12/92 4155244 656343 479 7.5 27 288 44.7 22.3 24.2 5.35 250 0 32.0
6 Devils Hole 7/9/92 4031120 563498 692 7.2 34 - 48.6 20.4 67.7 8.80 294 0 74.4
7 Fairbanks Spring 3/17/92 4038175 558967 661 7.5 27 120 48.1 21.0 69.7 7.68 310 0 78.8
8 Hiko Spring 12/18/91 4162546 657702 486 7.5 27 95 47.1 23.3 25.7 7.54 262 0 34.8
9 Hot Creek Spring 5/20/92 4249349 661012 547 7.3 32 440 57.5 22.4 24.7 4.99 285 0 42.4
10 Nevares Springs 4/17/92 4040454 516168 1,025 7.4 39 18 42.7 20.6 145 12.3 344 0 162
11 Panaca Spring 5/20/92 4187455 730656 397 7.8 29 60 30.9 10.0 36.8 6.92 180 0 26.6
12 Point of Rocks

Spring
- 4028514 565236 - 7.2 32 60a 49 21 69 7.7 310 0 80

13 Rogers Spring 3/19/92 4028539 729654 3,630 7.0 30 32 423 143 291 22.7 161 0 1,620
14 Tecopa Hot

Springs
5/4/92 3969819 569462 3,700 8.2 42 19 4.55 1.47 783 17.6 708 0 520

15 Texas Springs 4/17/92 4034597 514685 967 7.9 31 12 34.5 18.7 147 12.0 344 0 147
16 Travertine Springs 4/17/92 4033057 515186 974 7.5 34 46 34.5 18.8 145 12.1 339 0 146

Other Springs
A April Fool 12/18/91 4154365 611330 763 7.3 13 0.1 78.6 51.1 28.1 3.73 417 0 110
B Big 6/19/92 4287063 749501 378 7.7 18 234a 46.6 19.9 5.54 1.53 240 0 7.27
C Corn Creek 3/5/92 4033682 647244 488 7.6 22 6.3 45.8 33.7 6.51 2.07 291 0 16.9
D Cresent 12/18/91 4163104 638877 577 7.3 12 0.05 93.6 11.0 20.5 2.91 368 0 14.8
E Hot 5/12/92 4227408 556165 1,347 6.5 59 43a 70.6 22.8 191 25.1 702 0 91.9
F Kious 6/19/92 4317541 701552 440 7.6 14 1.8 52.8 7.69 27.2 1.62 271 0 13.8
G Littlefield 7/22/92 4087048 774078 3,243 6.6 27 75 432 121 288 33.1 465 0 1,300
H Monte Neva Hot 5/28/92 4393017 688616 595 6.6 76 95 66.1 19.5 16.7 6.25 311 0 24.5
I Ox 5/12/92 4237122 621221 492 7.6 12 3 62.8 25.5 8.33 1.18 319 0 13.0
J Petrified 7/22/92 4090520 779801 3,318 7.3 26 N/A 437 122 284 32.8 449 0 1,280
K Ruppes Boghole 5/20/92 4291063 669425 465 7.7 16 1.3a 59.9 24.5 6.27 1.28 300 0 21.4
L Sand 12/17/91 4177373 609993 332 9.3 19 0.1 15.5 10.8 36.8 11.4 126 30 21.9
M Saratoga 5/4/92 3946865 551414 4,625 7.7 28 13 31.8 34.7 977 34.9 427 0 1,020
N South Millick 6/18/92 4353631 726060 432 7.7 13 19 52.4 22.6 8.64 1.35 262 0 14.6
O Unnamed (east of

Piermont Creek)
6/18/92 4373818 715407 137 6.9 15 0.1a 15.8 3.83 6.08 1.22 54 0 9.50

P Unnamed (north of
Shoshone)

5/27/92 4304021 725273 269 7.8 12 19.8a 35.9 11.6 2.60 0.73 182 0 4.08

Q Warm (a) 5/12/92 4257712 605567 749 6.9 64 1.3a 68.3 15.1 68.2 15.8 468 0 46.3

aLocations where discharge was measured at one orifice in a ‘spring group’ with multiple orifices
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is used to represent known regional springs and a letter is
used to identify other sampled waters; the numerals or letters
associated with each water source are given in Table 1.
Springs with only temperature and discharge data are
identified by two letters (see Tables 1 and 2 in ESM).

Because of the range of discharges observed, several
measurement methods were used. Where available, dis-
charge was measured using a flume or weir. In many
locations, less precise methods of measurement were used
such as collecting discharge in a bucket or beaker over a
specific period of time or measuring the channel cross-
sectional area and velocity of the flow away from the spring;
at some locations, it was necessary to visually estimate
discharge because of very low flow volumes. Where springs
emanated from multiple orifices and/or diffuse seepage
areas, discharge was measured only at the sample collection
point. In these instances, the reported discharge under-
estimates the total discharge of the spring area. Temperature

measurements were made using a thermometer placed in the
spring discharge as close to the orifice as possible. Electrical
conductivity (EC), pH, and alkalinity were measured in the
field.

Water samples for chemical analysis were collected in
clean HDPE bottles that were triple rinsed with sample water
prior to filling. All samples were filtered through a 0.45-µm
filter. Reagent-grade HNO3 was added to the cation and trace
metal samples until the pH of the sample was less than 2.
Samples were stored and transported under cool conditions.
Stable isotope samples were collected in clean, triple field
rinsed glass bottles with a Poly-Seal lid. Samples for 14C
analysis were collected in 50 L HPDE carboys. Samples for
3H analysis were collected in 1 L glass bottles.

Chemical analyses were conducted at the Desert
Research Institute’s US Environmental Protection Agency
(EPA) certified Water Analysis Laboratory in Reno,
Nevada, USA following standard US EPA methods for

Cl–

(mg/L)
F–

(mg/L)
SiO2

(mg/L)
NO3

–

(as N, mg/L)
Ba2+

(mg/L)
Li+

(mg/L)
Sr2+

(mg/L)
TDS
(mg/L)

δD
(‰)

δ18Ο
(‰)

14C
(pmc)

δ13C
(‰)

3H
(pCi/L)

Position in
flow system

8 0.9 30 - - - - 429 –108 –14.1 6.3 –6.7 <10 Intermediate
60.1 2.1 29.1 0.43 0.04 0.14 0.99 716 –97 –13.2 9.7 –5.9 <10 End

500 1.4 18 - - - - 4,042 –93 –12.4 7.2 –5.3 - End
23.7 1.7 27.3 0.09 0.07 0.090 0.94 597 –102 –13.7 11.2 –5.7 <10 Intermediate
8.8 0.35 24.6 0.27 0.08 0.03 0.23 413 –109 –15.4 6.2 –7.7 <10 Intermediate
20.7 1.8 22.9 0.18 0.080 0.09 0.85 561 –103 –13.4 2.8 –6.8 <10 Intermediate
21.4 1.7 22.7 0.04 0.06 0.09 0.84 582 –103 –13.8 4.6 –4.9 <10 Intermediate
9.4 0.60 32.4 0.29 0.11 0.04 0.34 444 –109 –13.8 N/A N/A <10 Intermediate
9.6 0.99 26.8 0.10 0.12 0.06 0.36 475 –119 –15.6 4.5 –5.1 <10 Intermediate
35.6 3.3 26.4 0.07 0.04 0.15 1.07 793 –103 –13.6 3.6 –7.8 <10 End
16.0 1.5 47.7 0.63 0.08 0.06 0.3 357 –107 –14.4 23.1 –9.0 <10 Intermediate
21 1.4 23 - - - - 582 –104 –13.6 - - - Intermediate

327 1.4 16.8 0.27 0.02 0.58 4.38 3,011 –92 –12.4 3.0 –2.3 <10 End
423 3.0 86.9 0.07 0.03 0.22 0.11 2,548 –98 –12.7 2.2 –6.3 <10 End

35.7 3.6 31.2 0.14 0.04 0.16 1.06 775 –101 –13.6 3.4 –5.6 <10 End
35.2 3.6 31.6 0.15 0.04 0.16 1.09 767 –102 –13.7 3.5 –7.9 <10 End

15.6 0.60 27.7 0.07 0.05 0.03 0.47 733 –98 –12.7 N/A N/A 11 N/A
5.1 0.15 10.6 0.35 0.12 0.01 0.13 337 –111 –14.9 29.8 –9.5 11 N/A
6.1 0.16 18.4 0.96 0.07 0.01 0.26 422 –93 –13.1 14.1 –8.4 <10 N/A
10.7 0.24 61.3 0.34 0.17 0.02 0.32 584 –95 –12.6 N/A N/A 16 N/A
31.0 3.3 50.1 <0.01 0.13 0.66 2.18 1,191 –114 –14.3 <0.5 –2.3 <10 N/A
34.0 0.70 17.5 0.53 0.03 0.01 0.18 427 –110 –14.5 83.1 –12.4 11 N/A
394 1.3 14.4 0.16 0.02 0.54 4.63 3,054 –97 –12.3 7.8 –5.8 <10 N/A
3.4 0.13 49.9 <0.01 0.38 0.07 0.22 498 –125 –16.6 4.7 –1.5 <10 N/A
4.0 0.09 14.1 0.40 0.02 0.01 0.1 449 –107 –14.3 66.1 –9.9 15 N/A
390 1.2 15.7 0.59 0.02 0.54 4.75 3,018 –97 –12.4 8.9 –2.6 <10 N/A
3.2 0.21 17.4 0.45 0.09 0.010 0.34 435 –114 –15.1 28.4 –8.2 <10 N/A
3.6 1.7 35.4 0.05 0.11 0.09 0.29 314 –107 –14.3 N/A N/A <10 N/A
672 2.6 38.3 0.89 0.02 0.370 2.76 3,242 –88 –10.4 30.3 –7.3 <10 N/A
8.5 0.09 10.5 0.39 0.11 0.01 0.2 381 –116 –15.2 56.8 –10.3 21 N/A
9.2 0.06 3.7 0.21 0.05 <0.005 0.06 104 –121 –16.1 N/A N/A 86 N/A

1.3 0.06 11.8 0.30 0.02 0.01 0.23 251 –111 –15.1 46.8 –9.3 23 N/A

11.1 1.8 44.0 <0.01 0.23 0.240 0.61 740 –121 –15.4 <1.0 –2.3 <10 N/A
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chemical analyses of water; stable isotopic analyses were
conducted at the Desert Research Institute’s Stable Isotope
Laboratory in Las Vegas, Nevada. δ18O samples were
prepared by reacting water with guanidine hydrochloride
to yield CO2; δD samples were prepared using the zinc-
reduction method to form H2. Carbon isotope samples
were treated to precipitate dissolved carbonate species by
adding sodium hydroxide and strontium chloride. The
precipitated carbon for δ13C analysis was converted to
CO2 gas by acid hydrolysis using 100% phosphoric acid.
δ18O, δD, and δ13C samples were analyzed on a gas-ratio
mass spectrometer, with values for δ18O and δD reported
relative to VSMOW (Vienna Standard Mean Ocean
Water) and δ13C values reported relative to VPDB (Vienna
PeeDee Belemnite). The activity of 3H samples was
determined by liquid scintillation counting at the Desert
Research Institute’s Enriched Tritium Laboratory in Reno,
Nevada; the water samples for 3H determination were
electrolytically enriched prior to analysis. 14C analyses were
conducted at Krueger Enterprises Inc., Geochron Laborato-
ries Division, Cambridge, Massachusetts.

Discharge and temperature

Spring discharge and temperature are easily observed
conditions that have been used for preliminary identifica-
tion of regional springs in the carbonate-rock province
(Mifflin 1968). Large and consistent discharge suggests a
supporting groundwater system that is recharged over a
large area where natural small-scale variations in recharge
are smoothed. Warm water temperatures suggest deep
groundwater flow paths under a normal geothermal
gradient or contact with a localized geologic heat source.
Many regional springs are found on valley floors where
faulting has juxtaposed low permeability non-carbonate
rock with the regional carbonate aquifer (Winograd and
Thordarson 1975; Dettinger et al. 1995; Dettinger and
Schaefer 1996) forcing the regional carbonate ground-
water to the surface. In contrast, springs discharging from
local systems are likely to have shallow flowpaths and
smaller recharge areas, suggesting lower temperatures and
discharges. Thus, regional springs are likely to have
relatively high temperatures and discharge rates compared
to local springs. Of course, exceptions to this general-
ization occur, but examining discharge and temperature is
a reasonable first-pass screening method.

The ranges of spring discharge (Q) and temperature (T)
for the springs sampled for this study are shown in Fig. 4.
The known regional springs sampled for this study
(Mifflin 1968) have discharges greater than 10 L/s and
temperatures greater than 25 °C; six springs other than the
known regional springs were observed to discharge at
temperatures in excess of the T/Q criterion—Hot [E],
Littlefield [G], Monte Neva Hot [H], Saratoga [M],
Moorman [BE], Warm (b) [BZ]. As this study was
designed to initially survey as many springs as possible
in the area of interest, only the first four of these springs
were among the 18 selected for additional detailed

sampling and analysis. There are also a number of springs
that meet either the temperature or discharge portion of
this criterion, but fail to meet the other.

Spring chemistry and isotopic composition

In the regional carbonate aquifer, groundwater usually
exhibits chemical characteristics consistent with interaction
with carbonates. Regional carbonate aquifer groundwater is
at saturation with respect to calcite and at, or above,
saturation with respect to dolomite—calculated saturation
indices (SI) for important minerals are listed in the electronic
supplementary material (see Table 2 in ESM); karst features
(e.g., Winograd and Thordarson 1975), along with carbonate
mineral SI indicate incongruent dissolution of calcite and
dolomite. As groundwater moves along a flowpath, concen-
trations of ions such as SO4

2– and Ca2+ increase because of
the dissolution of minor minerals like gypsum (Thomas et al.
1996; Winograd and Thordarson 1975), which is under-
saturated in the regional carbonate aquifer (see Table 2 in
ESM). Na+ and K+ are often derived from the dissolution of
volcanic rocks—under-saturated primary silicate minerals
(see Table 2 in ESM)—and increase in concentration in the
regional carbonate aquifer by mixing with waters from
volcanic aquifers. Cl– concentrations may also increase by
mixing with groundwaters that have undergone evaporation
or by dissolution of sedimentary rocks formed in the oceans
(Hem 1992).

Major dissolved ion contents for the known regional
springs are plotted on a Piper diagram (Fig. 5) showing the
chemical composition of groundwater in the central and
southern portions of the regional carbonate aquifer. Known
regional springs are grouped by both geographic location
within the regional carbonate aquifer and by similarity in
major-ion composition. Illustrated flow directions are from
Harrill et al. (1988) and are shown in Fig. 6. Figure 7 shows
the changes in major-ion composition along the regional
carbonate aquifer with Stiff diagrams. Groundwater in the
central portion of the regional carbonate aquifer (group I)
tends to have anion chemistry dominated by HCO3

–; cation
composition ismixed, and Ca2+ is found in higher proportion
than in groups II, III, IV and V. As groundwater flows
downgradient toward the end of the regional aquifer, the
proportions of (Na+ + K+) and (Cl– + SO4

2–) increase relative
to (Ca2+ + Mg2+) and (HCO3

– + CO3
2–), showing the

influence of dissolution of minor minerals like gypsum
(under-saturated, see Table 2 in ESM) and halite (or connate
Cl–) in either the regional carbonate aquifer or in local
geologic units near the springs, mixing with local volcanic
groundwaters (under-saturated primary silicate minerals, see
Table 2 in ESM), mixing with local evaporated shallow
groundwaters (groups II–VI), and precipitation of carbonate
minerals such as calcite (regional groundwater stays near
saturation with respect to calcite regardless of position in the
flow systems, see Table 2 in ESM).

Spring discharge in the central portion of the regional
carbonate aquifer at Hot Creek (9) and at the Pahranagat
Valley springs ([1], [5], and [8]; group I) are of nearly
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identical major-ion composition, even though these areas
are separated by over 30 km. The major ions are
dominated by Ca2+ and HCO3

–, indicating the dissolution
and precipitation of the predominant carbonate rocks in
the central portion of the aquifer. Total dissolved solids
(TDS) are moderate, with a mean value of 440 mg/L.
From the central portion, groundwater in the regional
carbonate aquifer splits into two different flow systems,
each with a distinct chemical evolution.

Groundwater from the central portion flows south-
eastward and evolves chemically to that observed at Big
Muddy ([2]; group V). Big Muddy [2] discharge has
higher TDS (716 mg/L) than group I and has a molar Na+:
Ca2+:Mg2+ ratio of about 4:1:1 and a molar HCO3

–:SO4
2–:

Cl– ratio of about 2:1:1. From the central portion to Big
Muddy [2], groundwater in the regional carbonate aquifer
passes through Tertiary silicic volcanic rocks and clastic
rocks. Dissolution of the volcanic rocks (under-saturated

primary silicate minerals) adds Na+ to the groundwater
while the clastic rocks composed of sandstone, siltstone,
and clay with abundant gypsum beds, add Na+, K+, and
SO4

2–—cation exchange of Na+ and K+ for Ca2+, and
dissolution of gypsum (under-saturated). From Big
Muddy (2), groundwater in the regional carbonate aquifer
flows toward Lake Mead and the Colorado River. Another
large increase in TDS is observed at Rogers and Blue
Point ([13], [3]; group VI; mean TDS ≅ 3,500 mg/L)—
with increases in the proportion of Ca2+ (molar Na+:Ca2+:
Mg2+ ratio of about 2:2:1) and SO4

2– (molar HCO3
–:

SO4
2–:Cl– ratio of about 1:8:4). As in the vicinity of Big

Muddy [2], groundwater discharging at Rogers [13] and
Blue Point [3] flows through clastic rocks and is greatly
affected by the local presence, and dissolution, of gypsum.

Groundwater from the central portion of the regional
carbonate aquifer also flows southwestward and evolves
chemically to that observed in Ash Meadows ([4], [6], [7];

Fig. 6 Map showing major-ion groupings of known regional springs (see Fig. 5) and general direction of groundwater flow in the regional
carbonate aquifer
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group II). Ash Meadows springs have increased TDS
(mean of ~580 mg/L) compared to the Group I springs,
but the chemical evolution from group I to Ash Meadows
is markedly different than that from group I to group V.
Spring discharge at Ash Meadows has a molar Na+:Ca2+:
Mg2+ ratio of about 3:1:1 and a molar HCO3

–:SO4
2–:Cl–

ratio of about 5:1:1. Schoff and Moore (1964) and
Winograd and Thordarson (1975) attribute the change in
water chemistry to the weathering of Tertiary silicic
volcanic rocks upgradient of Ash Meadows. Dissolution
of volcanic rocks (under-saturated primary silicate minerals;
see Table 2 in ESM) contributes Na+ but little SO4

2– and Cl–.
From Ash Meadows, groundwater continues to flow south-
westward to Death Valley, which is the terminus of the
regional carbonate aquifer in the southwestern part of the
carbonate rock province. Spring discharge at the larger
springs in Death Valley ([10], [15], [16]; group III) has again
increased in TDS (mean of ~780 mg/L) and the proportions
of the major ions have changed. Known regional springs
from group III have molar Na+:Ca2+:Mg2+ ratios of about
6:1:1 and a molar HCO3

–:SO4
2–:Cl– ratio of about 5:1:1.

From Ash Meadows, a portion of groundwater flows
southward and evolves chemically somewhat differently
than the Death Valley springs. Groundwater discharge at
Tecopa Hot ([14]; group IV), thought to be a mixture of flow
from Ash Meadows and the Pahrump Valley (Harrill et al.
1988), has very high TDS (~2,500 mg/L); its cation
chemistry is dominated by Na+ (over 99% of cations by
molar proportion); and it is a mixed-anion water, having a
molar HCO3

–:SO4
2–:Cl– ratio of about 2:1:2.

Springs in groups III and IV, and VI, are located at the
terminus of the Death Valley and Colorado River regional
groundwater flow systems, respectively, and are designated
as “end” springs in Table 1. Known regional springs in other
groups are situated at intermediate locations in the regional
flow systems and are designated “intermediate” springs in
Table 1.

From the major-ion content described in the previous
section, it is apparent that water chemistry in the southern
portion of regional carbonate aquifer is dramatically different
from that in the central portion (Fig. 7) and is greatly
influenced by the dissolution of volcanic rocks, minerals such
as gypsum, andmixing with evaporated shallow groundwater.
In many cases, a single characteristic, such as TDS or
abundance of an individual ion, is not likely to be a good
geochemical indicator of regional flow system discharge. As a
result, this study uses a number of criteria for testing
‘regionalness’ based on physical, chemical, and isotopic
characteristics of waters. Each of these criteria is supported
by empirical observation (i.e., all or most of the known
regional springs examined for this study plot as a group, with
a narrower range in values than the overall population of
waters); however, each criterion is also supported by a
theoretical analysis of the likely characteristics of local vs.
regional waters.

A plot of (Na+ + K+) vs. (Cl– + SO4
2–) for the springs

sampled in this study is shown in Fig. 8a, which is similar
to that of Mifflin (1968) except that he used a sloped line
as the boundary rather than a vertical or horizontal line for
each of the ion pairs. All of the known regional springs
plot in the upper right quadrant of the diagram. Regional
springs classified as intermediate in the flow system
cluster near the center of the graph while those discharg-
ing from the end of a regional flow system plot further
toward the upper right corner. Seven additional waters plot
in the regional spring field. Littlefield [G] and Petrified [J]
are located in the Virgin River Valley in the southern part
of the study area. Hot [E] and Warm (a) [Q], are in the
intermediate portion of the flow system. Saratoga [M] is at
the terminus of the flow system in Death Valley. All these
springs are located on valley floors. April Fool [A] and
Kious [F] also plot in the regional spring field in Fig. 8a.
However, the character of these two springs is considerably
different from the known regional springs. These springs are
situated above the valley floor on bounding mountain
blocks, have relatively low temperatures (12.5 and 14.2 °C,
respectively) and small discharge (0.1 and 0.5 L/s), and are
located in geologic terrains composed of a mixture of basalt,
rhyolite, quartzite, carbonates, and/or quartz monzonite/
granodiorite.
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The ratio of equivalent concentrations of (Ca2+ + Mg2+)
to (Na+ + K+) for springs sampled in this investigation fell
between 0.01 and 32 (Fig. 8b). Known regional springs
exhibit ratios from 0.5 to 4 (except Tecopa Hot [14] at 0.01).
All known regional springs have values of (Na+ + K+)
greater than 1 epm (equivalents per million); known regional
springs at the end of the regional flow system have
noticeably higher concentrations of (Na+ + K+) than do
intermediate regional springs. Winograd and Thordarson
(1975) showed a significant difference in the relative

equivalent amounts of (Ca2+ + Mg2+) and (Na+ + K+)
between groundwater from carbonate aquifers and those
from volcanic aquifers in southern Nevada. Groundwater
from carbonate rocks had equivalent concentrations of
(Ca2+ + Mg2+) at least three times greater than their
equivalent concentrations of (Na+ + K+). Groundwater from
volcanic rocks had equivalent concentrations of (Na+ + K+)
at least twice that of (Ca2+ + Mg2+). They found that
groundwater that flowed through both carbonate and
volcanic rocks had similar equivalent concentrations. Eight
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additional springs plot in the same area of the graph as the
known regional springs. Littlefield [G] and Petrified J] plot
immediately adjacent to Rogers [3] and Blue Point [13]. The
remaining six (April Fool [A], Hot [E], Kious [F], Sand [L],
Saratoga [M], and Warm (a) [Q]) plot in the lower portion of
the ‘regional’ box along with most of the known regional
springs.

In water samples collected for this investigation, F– and
Cl– concentrations increase in the general direction of
groundwater flow through the regional flow systems
(Fig. 8c). Because there tends to be little Cl– in volcanic
rocks as compared to F–, and because there is much less
F– in carbonate rocks than Cl–, the observed increase of
these two ions suggests both mixing of volcanic waters
and dissolution of carbonate aquifer minerals. Hem (1992)
shows the average Cl–:F– ratio in igneous rocks is 0.427—
305 parts per million (ppm) Cl–, 715 ppm F–—while the
average ratio in carbonate rock is 2.72 (305 ppm Cl–,
112 ppm F–). The Cl–:F– ratio for most of the known
regional springs is 5:1 or greater, which indicates that
mixing with local evaporated groundwater is also impor-
tant. Six springs (Rogers [13], Blue Point [3], Tecopa Hot
[14], Littlefield [G], Petrified [J], and Saratoga [M]) have
ratios in excess of 75:1 indicating that there may be a
significant component of evaporated water in these
springs. Seven waters not previously recognized as
regionally sourced plot in the vicinity of known regional
springs. April Fool [A], Hot [E], Kious [F], and Warm [Q]
plot in the vicinity of known regional springs at
intermediate locations in the flow systems. Littlefield
[G], Petrified [J], and Saratoga [M] plot in the general
vicinity of known regional springs at the ends of flow
systems.

Ba2+ and SO4
2– concentrations in known regional

springs exhibit an inverse relationship, with Ba2+ concen-
tration decreasing as SO4

2– increases (Fig. 8d). Compared
to known regional springs at the end of flow systems,
known regional springs intermediate within a flow system
have higher concentrations of Ba2+ and lower concen-
trations of SO4

2–. The likely source of most of the Ba2+ in
the regional carbonate aquifer is from the dissolution of
carbonate minerals since Ba2+ can substitute for Ca2+ and
Mg2+ in the calcite and dolomite crystal structure (Chang
et al. 1998) and or dissolution of small amounts of
witherite (BaCO3). Regional carbonate groundwater is
saturated with respect to calcite, under-saturated to
saturated with respect to dolomite, and under saturated
with respect to witherite (see Table 2, ESM). The
increasing SO4

2– in the regional carbonate aquifer results
from the dissolution of gypsum (or anhydrite) as discussed
above. Because the solubility of gypsum (Ksp=10

–4.6) is
several orders of magnitude higher than that of barite
(Ksp=10

–10), dissolution of gypsum is likely to drive
precipitation of barite; regional groundwater is under-
saturated with respect to gypsum and at, or near, saturation
with respect to barite (see Table 2, ESM). Most of the
other waters sampled for this investigation have SO4

2–

concentrations below 0.55 epm, the lowest observed value
for the known regional springs. Several springs other than

the known regional springs contain SO4
2– concentrations

above 0.55 epm. Hot [E], Monte Neva Hot [H], and Warm
(a) [Q] have SO4

2– concentrations in the range exhibited
by known intermediate regional springs, but have Ba2+

concentrations that are significantly higher. April Fool [A]
plots on the trend of the regional springs between the
intermediate and end springs. Littlefield [G], Petrified [J],
and Saratoga [M] plot in the extreme end of the regional
end spring field, close to Rogers [13].

Li+ and Sr2+ concentrations in known regional springs
exceed 0.003 and 0.002 epm, respectively. A plot of Sr2+

vs. Li+ shows that their equivalent concentrations increase
in near-linear fashion along the regional flow paths
(Fig. 8e) with known regional springs intermediate in the
flow systems having less Li+ and Sr2+ than regional
springs at the end of the regional flow paths. The single
notable exception to this ratio occurs for Tecopa Hot [14];
this water produced an equivalent Sr2+:Li+ ratio of less
than 0.1. The likely source of Li+ is dissolution of
volcanic rocks, although Li+ also occurs in evaporates
and natural brines (Hem 1992). Li+ is not commonly
involved in ion-exchange reactions so it tends to remain in
solution once it is introduced by weathering reactions
(Hem 1992). Sr2+ replaces Ca2+ and Mg2+ in carbonate
minerals so it should increase along the regional carbonate
aquifer as carbonate minerals dissolve. Sr2+ may also
originate from the dissolution of strontianite (SrCO3) and
celestite (SrSO4) as both minerals are under-saturated in
regional carbonate aquifer water (see Table 2, ESM). Most
other springs sampled for this investigation have concen-
trations of Li+ lower than the concentrations observed in
the known regional springs, but eight of these springs plot
among the regional springs. April Fool [A], Monte Neva
Hot [H], and Sand [L] plot in the vicinity of intermediate
regional springs. Hot [E], Littlefield [G], Petrified [J],
Saratoga [M], and Warm (a) [Q] have Li+ and Sr2+

concentrations that plot in the same general area of the
diagram as do the known regional springs at the end of the
flow system (Table 1).

Intermediate regional springs have δ18O values from
–15.6 to –13.4‰, while regional end springs have δ18O
values between –13.7 and –12.4‰ (Fig. 9a). The small
area of overlap is occupied by the springs of Ash
Meadows and Death Valley. All the springs in the northern
part of the carbonate rock province (for this purpose, Hot
[E] and all springs north of it are considered to be in the
northern part of the carbonate rock province, and all
springs south of Hot [E] are in the southern portion; see
Fig. 3) have δ18O values in or below the range of the
intermediate regional springs. The southern springs have
δ18O values in, or slightly above, the range of the regional
end springs. The data show that, in general, spring waters
are more enriched in the heavy isotopes in the down-
gradient direction of regional groundwater flow. At a gross
scale, regional groundwater flow is from north (cooler
temperatures) to south (warmer temperatures) and from
higher to lower elevation, so the enrichment in heavy
isotopes indicates progressive mixing of locally derived
recharge with the isotopically light water from the upper
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potion of the flow system (e.g., Thomas et al. 1996; Rose
and Davisson 2003). Monte Neva Hot [H], the northernmost
spring sampled, has the lightest isotopic signature, while
Saratoga [M], the southernmost spring sampled, has the
heaviest isotopic signature and is clearly evaporated.

Many of the springs show some evidence of an isotopic
shift to the right of the meteoric water line. The greatest
shift occurs for Hiko [8], Hot [E], Littlefield [G], Petrified
[J], Saratoga [M], and Warm (a) [Q]. For Warm [Q] and Hot
[E], (discharge temperatures of 64 and 59 °C, respectively)
this may be the result of kinetically accelerated isotope
exchange with the host rock. Hiko [8] and Saratoga [M]were
sampled from spring pools because their orifices could not
be found, so these waters may have had opportunity to
undergo evaporation prior to sampling.

3H activity was determined for 33 springs, including
the known regional springs. All the known regional
springs and twelve other springs had 3H activity below
detection (<10 picocuries per liter, pCi/L), indicating that
the waters entered the groundwater system prior to 1952
(Clark and Fritz 1997). Below-detectable 3H activity was
shown by Mifflin (1968) to be a good indicator of longer
groundwater flow paths and of regionalness. Eight springs
were found to have detectable 3H activity (Table 1),
indicating that some portion of the waters was recharged
after 1952. All eight of the springs with detectable 3H
activity are located in the northern portion of the area and
most are high elevation springs, which presumably are the
endpoints of small local flow systems. Nine springs (Corn
Creek [C], Hot [E], Littlefield [G], Monte Neva Hot [H],
Petrified [J], Ruppes Boghole [K], Sand [L], Saratoga
[M], South Millick [N], and Warm [Q]) had 3H below 10
pCi/L.

For carbon isotopes, the known regional springs cluster
in the upper-left portion of Fig. 9b, within the 14C activity
range of 2.8–23.1 pmc (with all but Panaca [11] having
14C activity below 11.2 pmc) and the δ13C range of –9.0
to –3.9‰. In these narrow ranges, there is no pattern that
distinguishes intermediate regional and regional end
springs. Panaca [11] has higher 14C activity and lower
δ13C values, indicating a shorter flow path, less exposure

to carbonate rock along the flow path, mixing with
younger waters near the discharge area, exposure to
atmospheric carbon in the spring pool, or some combina-
tion of these conditions. In addition to the known regional
springs, six springs plot in the upper-left portion of the
graph. Three are northern springs on the upper-to-
intermediate part of the flow systems: Hot [E], Monte
Neva Hot [H], and Warm (a) [Q]. They are all thermal
springs, and their carbon isotope values were probably
affected by their high temperatures, as similar carbon
isotope values have been observed for other thermal
springs (Mook 1980). Corn Creek [C], Littlefield [G] and
Petrified [J] are all at or near the end of a flow system, and
have lower temperatures suggesting only normal water–
rock interaction has affected their carbon isotope signa-
tures. Springs in the lower-right portion of the plot (14C
pmc values above 40 and δ13C values of –9.3‰ or lower)
are in the upper to intermediate portion of the flow system:
Kious [F], Ox [I], South Millick [N], and unnamed (north
of Shoshone) [P]. Together, these data suggest that δ13C
values increase and the 14C activity decreases along the
general north to south flow path of the regional groundwater
systems.

Identification of previously unrecognized regional
waters

Classification by examination of physical, chemical,
and isotopic data
Because regional springs exhibit a wide range of physical,
chemical, and isotopic characteristics, no single test based
on these properties would be an accurate indicator of a
spring’s source (small-local, local, or regional). Results of
the chemical, physical, and isotopic tests for regionalness
discussed in the previous sections are summarized in
Table 2. Some waters have no characteristics in common
with the known regional springs (e.g., Ox [I]), indicating
they are local in nature. Other springs share some
characteristics with the known regional springs, but do
not share other important characteristics. For instance,

-18 -16 -14 -12 -10
δ18O (‰)

-130

-120

-110

-100

-90

-80

-70

δD
 (

‰
)

1

2
3

4,6,7,10,
12,15,165 8

9

11

13

A,14
B,P

C
D

E
F

G,J

H

I,L

K

M

N

O Q

Known regional springs
Other springs

0 20 40 60 80 100

-15

-10

-5

0

δ13
C

 (
‰

)

1

2,4,
3

56

7,9,15

10,
16

11

13

B
C

E,Q

F

H

I

J

K

M

N
P

14C (pmc)

a b

G
14

Known regional springs
Other springs

Fig. 9 Plots of isotope values measured in sampled waters. a δD vs. δ18O shown with the global meteoric water line, b δ13C vs. 14C
activity as uncorrected percent modern carbon (pmc)

Hydrogeology Journal DOI 10.1007/s10040-009-0571-7

SE ROA 37392

JA_8898



although 3H activity for Corn Creek [C] is below 10 pCi/
L, it shares only one other characteristic with the known
regional springs (δ13C vs. 14C activity). Exhibiting a few
of the characteristics of the known regional springs is
inadequate to designate a spring as regional; a spring
should meet all or nearly all of the criteria to be designated
as a regional spring.

Five springs not previously recognized as regional
meet either seven or eight of the eight criteria for being so:
Hot [E], Littlefield [G], Petrified [J], Saratoga [M], and
Warm (a) [Q]. Hot [E] and Littlefield [G] both meet all
eight criteria, and are thus classified as regional. Petrified
[J] and Warm (a) [Q] meet all the criteria except for that of
temperature and discharge. Petrified [J] and Warm (a) [Q]
have diffuse discharge from multiple orifices, which made
accurate estimates of discharge difficult. However, visual
estimates suggest their total discharge is over 10 L/s. Their
discharge temperatures (26 and 64 °C, respectively) also
suggest they tap a regional flow system. The physical,
chemical and isotopic characteristics of these springs (and,
for Petrified [J], its close proximity to Littlefield [G]) merit
classification as regional. Saratoga [M] fails only the δ13C
vs. 14C test; its δ13C value of –7.3‰ is higher than the
value of several known regional springs, but its 14C
activity of 30.3 pmc is slightly higher than the highest
value observed for a known regional spring.

Monte Neva Hot [H] meets several of the criteria for
discharging water from a regional flow system. Its
discharge of 95 L/s is higher than many of the known
regional springs, and its high temperature is also indica-
tive of deep, regional flow (the water is boiling when it

emerges from the ground; the reported temperature of
76 °C was measured at the closest safe distance from the
orifice). It is known that geothermal temperatures can
influence ionic composition of waters, especially the ratio
of certain ions (e.g., Shikazono 1976); it is possible that
Monte Neva Hot [H] is discharging from a regional flow
system, but fails to meet two of the chemical criteria
because of geothermal effects on water chemistry. It is
also worth noting that Monte Neva Hot [H] falls just
outside of the regional classification in two of the three
tests that suggested it was not a regional spring. Monte
Neva Hot’s [H] (Na+ + K+) and (Cl– + SO4

2–) concen-
trations are 0.89 and 0.61 epm (respectively), just below
the cutoff values for a regional classification (1.0 and
0.7 epm). In the (Ca2+ + Mg2+) vs. (Na+ + K+) test, Monte
Neva Hot’s [H] (Ca2+ + Mg2+) concentration of 4.9 epm
was higher than many of the known regional springs, but
as with the earlier test, its (Na+ + K+) value was slightly
below the threshold for a regional classification. Finally,
Monte Neva Hot [H] discharges from a valley floor,
supporting the possibility of a regional flow source. On
the basis of these tests, Monte Neva Hot [H] is, therefore,
likely a regional spring.

April Fool [A] passed five of the eight tests. However,
April Fool [A] is a relatively high elevation spring,
discharging from an upland area rather than a valley floor
and had relatively low temperature and discharge (13.1 °C
and 0.1 L/s). It also had 3H activity of 11 pCi/L, which did
not meet the <10 pCi/L cutoff for a regional spring. Thus,
it is unlikely that April Fool [A] is discharging water from
a regional source.

Table 2 Summary of similarities of spring characteristics to those of known regional springs. X indicates that the spring in question meets a
given criterion; NA indicates that data are not available to test the spring for that criterion. Likelihood that a spring represents a discharge
point for a regional flow system is shown by letters in the Regional? column: A very likely to be a regional spring, B somewhat likely to be
a regional spring, C unlikely to be a regional spring

ID Spring name T-Q (Na+ + K+)
vs.
(Cl– + SO4

2–)

(Ca2+ + Mg2+)
vs.
(Na+ + K+)

Cl–

vs.
F–

Ba2+

vs.
SO4

2–

Sr2+

vs.
Li+

δ13C
vs.
14C activity

3H Criteria
met

Criteria
lacking
data

Regional?

A April Fool X X X X X NA 5 1 C
B Big 0 1 C
C Corn Creek X X 2 0 C
D Cresent NA 0 1 C
E Hot X X X X X X X X 8 0 A
F Kious X X X 3 0 C
G Littlefield X X X X X X X X 8 0 A
H Monte Neva

Hot
X X X X X 5 0 B

I Ox 0 0 C
J Petrified X X X X X X X 7 0 A
K Ruppes

Boghole
NA X 1 1 C

L Sand X X NA X 3 1 B
M Saratoga X X X X X X X 7 0 A
N South Millick 0 0 C
O Unnamed (east

of Piermont
Creek)

NA 0 1 C

P Unnamed
(north of
Shoshone)

0 0 C

Q Warm (a) X X X X X X X 7 0 A
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Sand [L] meets only three of the eight criteria for
regionalness. Of the three chemical criteria that it failed, it
plots extremely close to the quadrant defined by the
known regional springs. Its discharge temperature is
relatively high (19 °C), suggesting a deep, regional flow
system. Although the reported discharge volume is low
(0.1 L/s) compared to known regional springs, Sand [L]
has extremely diffuse discharge that was impossible to
measure; the presence of a large spring pool suggests a
much higher discharge. Therefore, Sand [L] is potentially
a regional spring, but carbon isotope values should be
determined before a final classification is made.

Classification by multivariate statistical analysis
of physical, chemical, and isotopic data
The classification above relied on expert analysis of
chemical, physical, and isotopic data. However, classi-
fication of geochemical data by use of multivariate
statistical methods is often considered to be a more robust
and objective approach (e.g., Güler et al. 2002; Thyne et

al. 2004). To examine how spring classification using
multivariate statistical methods would compare to the ‘by-
hand’ classification, hierarchical cluster analysis (HCA)
and principal components analysis (PCA), two widely
used tools for grouping hydrogeochemical data (e.g.,
Brown 1998; Cloutier et al. 2008; Davis 1986; Güler et
al. 2002; Menció and Mas-Pla 2008; Thyne et al. 2004)
were applied to the data. For this classification, the
Euclidean distance measure for the observations and
Ward’s method for the linkage rule were used. Among
the various choices for distance measure and linkage rule
that can be used in hierarchical cluster analysis, this
combination has been shown to yield the most distinctive
groups for hydrogeochemical data (e.g., Cloutier et al.
2008; Güler et al. 2002; Thyne et al. 2004).

First, a subset of variables was selected for the
multivariate analysis. Because some variables are strongly
correlated (e.g., δ18O and δD), performing an analysis
using both variables would result in undue influence of a
given phenomenon. The variables HCO3

–, SO4
2–, Ca2+,

Mg2+, Na+, K+, Cl–, F–, δ18O, δ13C, temperature, and
discharge were chosen for use in the analysis. Many
regional chemical data sets have asymmetric distributions;
in this case, cluster analysis results can be improved by
log transforming data to provide more symmetric input
(Templ et al. 2008). Values for all variables except those
that showed a strong normal distribution (HCO3

–, δ18O,
and δ13C) were transformed by taking the base-10 log. A z
score was then calculated for the value of each variable
using the formula:

zi ¼ xi � x

s

where zi is the standardized score of the sample ‘i’, xi is
the value of the sample ‘i’, x is the mean of the data set to
which ‘i’ belongs (e.g,. Mg2+ concentration), and s is the
standard deviation of the data set to which ‘i’ belongs.
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Fig. 10 Dendrogram showing the results of hierarchical cluster
analysis (HCA). Letters and numbers represent groundwater sample
location names in Table 1

Table 3 Results of principal components analysis of the data. Upper section shows eigenvalues and the percent of variance explained by
each of the first six principal components. Loadings of each variable for the first six principal components are given in the lower section

PC1 PC2 PC3 PC4 PC5 PC6

Eigenvalue 6.122 2.313 1.123 0.593 0.308 0.204
Proportion 0.471 0.178 0.156 0.086 0.046 0.024
Cumulative proportion 0.471 0.649 0.805 0.891 0.937 0.961
Variable
Ca2+ 0.154 0.547a –0.214 0.030 0.222 –0.207
Mg2+ 0.178 0.481a –0.306 0.122 0.167 –0.051
Na+ 0.386a –0.162 –0.031 –0.080 –0.065 –0.030
K+ 0.395 –0.026 0.090 0.050 –0.071 –0.090
HCO3

– 0.193 –0.317 0.245 0.062 0.803a 0.247
SO4

2– 0.382a 0.014 –0.150 –0.127 –0.115 0.157
Cl– 0.351 –0.100 –0.205 –0.235 –0.110 0.235
F– 0.339 –0.215 0.036 0.125 –0.106 –0.628a

pH –0.146 –0.456a –0.359 0.130 –0.241 –0.041
δ18Ο 0.289 –0.145 –0.396 –0.146 0.051 0.210
δ13C 0.162 0.233 0.480a –0.274 –0.367 0.371
Temperature 0.267 –0.007 0.457a 0.217 –0.057 –0.257
Discharge 0.127 0.049 –0.034 0.851a –0.182 0.405

a Loadings for variables that are the major contributors to each principal component
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Data standardization by means of z scores transforms each
data set to have a mean of zero, and range of ~±3 standard
deviations, giving each variable an equal weight when
statistical analysis is performed; in the absence of stand-
ardization, variables with high values would have a

greater influence on Euclidean distances than would
variables with low values (Güler et al. 2002).

Several variables contain missing values. For instance,
two springs do not have measured discharge values, and
there are several springs for which no δ13C value is
known. Many multivariate statistical methods cannot use
variables for which observations are missing. There are
techniques available for estimating missing hydrogeo-
chemical values (e.g., Güler et al. 2002), but they work
well only with specific variables and also are typically
more robust the smaller the area of study and the denser
the data; given the size of the region covered in this study
and the variables with missing observations, missing
observations could not be estimated. To determine which
parameters were important to include in multivariate
statistical analysis in spite of missing observations, a
stepwise regression was performed in using the known
regional springs and 10 springs from within the study area
that were believed to be of local origin. A dummy
parameter of ‘regionalness’ was added; known regional
springs were all assigned values of 1,000, and the local
springs were assigned values of zero. Using stepwise
regression, it was found that temperature is the best single
indicator of regionalness; temperature and HCO3

– are the
best pair of indicators, and temperature, HCO3

–, and δ13C
are the best trio of indicators; discharge is one of the best
quartet of indicators. Based on these results, discharge and
δ13C are considered important variables to include in spite
of missing values.

The results of the cluster analysis are shown in Fig. 10.
Five major clusters were found, with four of the five being
fairly closely related, and the fifth being the most distinct.
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Fig. 11 Plot of scores for principal component 2 vs. scores for
principal component 1. Colors of dots used for each sample represent
the cluster to which the sample was assigned (see Fig. 10). Together,
these two principal components account for ~65% of the variance in
the dataset
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All the known regional springs and the springs classified as
very likely or somewhat likely to be regional on the basis of
the analysis in the previous section (see Table 2) are in
clusters 1–4; all the springs classified as unlikely to be
regional are in cluster 5. A cluster analysis performed without
using discharge or δ13C values was also performed so that
springs missing values for these parameters could also be
classified. Devils Hole [6], Hiko [8], Point of Rocks [12], and
Sand [L] springs grouped in cluster 1; Petrified Spring [J]
grouped in cluster 4, and April Fool [A] and Cresent [D]
grouped in cluster 5. These results suggest the groupings
made ‘by hand’ using the chemical and isotopic data are valid.

To further test the robustness of the clustering,
principal components analysis was applied. The loadings
of the principal components are shown in Table 3 along
with their eigenvalues and the percentages of variance for
which they account. Based on visual examination of break
in slope on a scree plot, six principal components (PCs)
were used; the six principal components account for ~96%
of the variance, while the first two account for a total of
~65% of the variance. PC1 is dominated by Na+, K+, and
SO4

2–, but Cl– and F– are also important contributors. Ca2+,
Mg2+, and pH are the major contributors to PC2, while δ13C
and temperature are the primary contributors to PC3.
Discharge, HCO3

–, and F– are the dominant contributors to
PCs 4, 5, and 6 (respectively).

A plot showing the scores for principal component 2
vs. the scores for principal component 1 is shown in
Fig. 11, with sample points colored on the basis of their
HCA cluster. The distinct grouping of the HCA cluster’s
PCA scores supports the robustness of the cluster output.
Mean values were calculated for each cluster’s variables;
the means of the major ion compositions were plotted on
Stiff diagrams (Fig. 12). In addition, radial plots were
made using means of adjusted standardized values for
chemical, physical and isotopic parameters for each
cluster. To allow plotting on the radial diagram, the z
scores for each variable were adjusted by adding the
absolute value of the minimum sample’s z score to each
score, thus converting each variable’s standardized scores
from a dataset with a mean of zero to a dataset with a
minimum of zero. These plots show some differences in
chemical, physical, and isotopic values among clusters 1–4,
but a more distinct difference between cluster 5 and the
remaining clusters, especially with regard to temperature and
isotopic indicators of residence time (14C and 3H).

Summary and conclusions
The regional carbonate aquifer of the Great Basin is
potentially an important resource for meeting future water
needs in the area. Large regional springs within an
otherwise largely inaccessible flow system are convenient
sampling points for establishing baseline data on the
quantity and quality of water within the aquifer, as well as
for monitoring potential aquifer responses to increased
pumping. Towards this purpose, more than a hundred
springs were investigated as part of this study. Sixteen of
these springs have been previously identified as being

regional in character; the majority, however, had not been
investigated prior to this study. The physical, chemical,
and isotopic characteristics of the known regional springs
were used to identify additional springs that have regional
characteristics. Diagnostic physical characteristics of
regionally sourced springs include discharges greater than
10 L/s and temperatures exceeding 25 °C; chemical
characteristics that can be used to help identify regional
springs in the carbonate aquifer are the relative equivalent
concentrations of (Na+ + K+) vs. (Cl–+SO4

2–), (Ca2+ +
Mg2+) vs. (Na+ + K+), Cl– vs. F–, Ba2+ vs. SO4

2–, and Sr2+

vs. Li+; finally, δ13C vs. 14C and 3H activity can also be
used to diagnose a spring’s regionalness. These tests are
all validated empirically, as shown by the similar
characteristics of known regional springs. In addition to
empirical validation, each of the criteria can be explained
theoretically.

Five springs were identified as being regionally
sourced (Hot [E], Littlefield [G], Petrified [J], Saratoga
[M], and Warm (a) [Q]). Two other springs (Monte Neva
Hot [H], and Sand [L]) were identified as potential
regional springs, but further data should be obtained to
confirm or refute this classification. One spring, April Fool
[A] was determined not to be classified as regional
because of its topographic location above the valley floor
even though it met many of the regionalness criteria. The
classification based on the examination of the chemical
data is supported by the multivariate statistical methods
employed, which suggests that the classification of the
springs made ‘by hand’ is robust.

This research suggests that while some individual criteria
might be good initial screening tools (e.g., discharge,
temperature), no single test appears to provide a good
indication of whether or not a spring is part of a regional
carbonate aquifer flow system. Identification of regional
springs should thus be based on a number of criteria. In other
large regional aquifer systems where the geology is complex
and diverse, these chemical techniques can also be applied to
delineate the extent of the system.
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Nevada’s water-rights seniority justice system, a political growth mantra, waning societal desires 

to protect endangered species, and climate change have spawned vexing problems for the Nevada State 

Engineer (NSE).  If administrative units (hydrographic basins) are collapsed into larger but no more 

rational entities such as the 5-basin “Lower White River Flow System” (LWRFS) there is no improvement 

in analysis potential even as new water-rights disputes are created.  Groundwater sustaining the 

regional springs of southern Nevada is not somehow “extra” water if springflow is fully appropriated, yet 

the NSE has consciously allowed time-to-impact to creep into Nevada Water Law as groundwater models 

became accepted as evidence.  Regional springs are coupled by capture zones to recharge areas in high 

mountains with appropriate regionally-connected lithology, and significant winter snowfall.  In this 

exercise we select the analysis domain (Figure 1), define a recharge-cutoff surface, assign anisotropy 

directions, and characterize the Eureka Low (Figures 2 and 3) subjectively but with no intentional bias. 
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Figure 1 (previous page). Portion of Lower Paleozoic Shelf Domain considered in the MAI groundwater 

model, with generalized geologic boundaries and anisotropy picks [StructuralGrainInset27V2.jpg] 

 

 
Figure 2. Anisotropy angles as mapped to the finite-element mesh (left) and characterization of the 

Eureka Low in terms of rate of heat input to the aquifer (right) [AnisotropyAnglesAndEurekaLowV2.jpg] 

 
Figure 3. Islands of high terrain above the recharge-cutoff surface (left) and recharge assignment to OSD 

rocks within those areas (right).  The Steptoe Valley MX well (blue flag) and Tule Springs (pink flag) are 

manual calibration points for hydraulic head and temperature. [RechargeCutoffOSDandRatesV2.jpg]  
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A north-dipping, planar recharge-cutoff surface isolates terrain ranging from 8,500 feet (2,590 

m) at Latitude 36N, down to 7,000 feet (2,134 m) at Latitude 40N (Figure 3).  Ordovician, Silurian, and 

Devonian Lower Paleozoic Shelf Domain rocks, mapped at 1:250,000 in these “islands” of high terrain, 

are allocated recharge equal to the discharge of regional springs.  

 Output from the model (Figure 4) is a steady-state solution for head and temperature.  

Hydraulic head is smoothly distributed in the region, reflecting the southerly fluid-potential gradient 

driven by regional topography. In contrast, simulated temperatures are highly variable, reflecting 

complex interplay between distributed recharge and an irregular heat source.  With streamlines, the 

solution for head can be presented to illustrate capture zones of the regional springs (Figure 5). 

In this model Las Vegas Valley is a much larger sink (59,000 afy) and the Spring Mountains a 

much smaller regional source (5,200 afy, based on geologic structure and stratigraphy) than estimated 

historically.  Pahrump and Indian Springs are considered local based on their elevations and locations 

adjacent to the Spring Mountains, the source of 11,500 afy non-regional recharge to those flanking 

spring areas.  Pahranagat Valley bypass flow does not reach Ash Meadows in this conceptualization, 

instead turning southeast toward Las Vegas. Discharge at Oasis Valley, Furnace Creek, Ash Meadows, 

and Tecopa originates in central, not eastern or southern Nevada. 

 

 

Figure 4. Solutions for hydraulic head and temperature in the base case model.  

[HeadAndTempSolutions20190310] 

SE ROA 37422

JA_8928



2019ADRappendix20190404a.docx 
 

4 
 

 

Figure 5. A flow divide between groundwater tributary to the Muddy River Springs and groundwater 

tributary to Las Vegas Valley is demarcated (blue dots). At the stagnation point the calculated 

temperature is too high but more importantly the model is numerically stable [FlowDivide20190401.jpg, 

derived from Supermesh3h.fem] 

Thomas and Mihevc (2011, p. 31) state that “Correcting the model ages for diffusion processes 

is beyond the scope of this report”.  From their Executive Summary (Thomas and Mihevc, 2011, p. iii) 

“Carbon-14 corrected groundwater ages were also estimated for the regional warm spring areas of the 

WRFS to provide information on recharge timing and groundwater travel times within the WRFS”.  This 

may be an important consideration: 
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“By plotting the ratio of the rate of diffusion to the rate of decay of carbon-14 over the length 

scales representative of several common hydrogeologic settings, it is demonstrated that diffusion of 

carbon-14 should often be not only a significant process, but a dominant one relative to decay” 

                         …Sanford, 1997 

 Radiocarbon data from regional springs is not diagnostic of groundwater travel time (GWTT), 

but instead is subject to major uncertainties due to matrix diffusion effectively constituting another 14C 

decay mechanism along the groundwater flow path, causing ages to appear older than they actually are.  

However, comparison of percent-modern-carbon analyses in regional springs can be informative, as 

follows.  Preston Big Spring shows 11.2 pmc, Crystal Spring in Pahranagat Valley has ~6.2 pmc for an 

apparent age difference of 4,941 years.  If, however, 200x more matrix water is available to exchange 

with actively-flowing water the actual groundwater travel time is 4941/200 ≈ 25 years.  We’re just 

missing the radiocarbon lost to the matrix and seeing mostly older radiocarbon released from the matrix 

(Figure 6).  Big Muddy Spring has 9.7 pmc, which is not consistent with a Pahranagat Valley source 

without significant local (younger) input, as suggested by Thomas and others (1996).  Panaca Valley, 

given elevated fluoride in several locations, is the more logical source for MRSA discharge with flow 

paths beneath the Meadow Valley Mountains, Kane Springs Wash, and Coyote Spring Valley.  Hershey 

and others (2010) provide a radiocarbon analysis from Panaca Spring, 23.1 pmc, so the apparent age 

difference between Panaca Spring and Big Muddy Spring is 7169 years.  The ongoing crustal extension in 

the region and numerous successful production wells in areas of Quaternary faulting suggest that these 

radiometric age differences are far too large for the system not to be diffusion-dominated. 

 

Figure 6. The OSD carbonate-rock aquifer can be characterized as plotting near the lower left corner of 

the “Fractured rocks” field and even below the x-axis, diffusion-dominated and reflecting the heat-

constrained sub-millimeter-diameter active flow zones [SanfordDiffusion.jpg] 
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Interpretation of stable-isotope analyses should account for matrix storage volume in the region 

roughly 200 times greater than the volume of active flow zones, with consequent “smearing” of 

discharge chemistry.  This dilution factor is based on 3% porosity for the rock matrix based on laboratory 

studies (Hershey and others, 2003) and borehole geophysics (Berger, 1992), and from 0.00015 effective 

(interconnected) regional porosity from the coupled-process finite element model reported here. 

When same-day (or within a day) samples were collected more than once from a group of 

related springs, similar isotopic shifts between times of sampling suggests that analytical uncertainty is 

not responsible for the temporal difference, in which case the differences would be random.  Same-day 

samples from regional springs in eastern Nevada provide a powerful argument that spring-water 

compositions are transient on a management time scale of years to decades (Figure 7).  Two regional 

groundwater systems (two primary systems are suggested here, Figure 5) are discharging a once-only 

record of past climate that should not be ignored or minimized in terms of importance.  When the 

output signals (time-series of isotopic compositions) have been characterized at the main groundwater 

discharge areas for a sufficiently long monitoring interval those net signals arriving from present and 

past recharge areas will hold the key to groundwater travel times being estimated as mixing with explicit 

diffusion, where several signals are combined into one in a demonstrable time frame with 

mathematically defensible error bounds. 

 

Figure 7. Analytical uncertainty notwithstanding, covariance of isotopic compositions in sub-areas 

reflects climate, because neither evaporation nor rock-water interactions can produce the observed 

trends (inset, from Seal and others, 2000) [IsotopicShifts3.jpg] 

The high-resolution temperature-anomaly record from bristlecone pine tree-rings (Salzer and 

others, 2014) reveals by proxy the isotope enrichment- and depletion-producing climate modes that 

must now be in memory in the regional groundwater system (Figure 8).  Unprecedented warming since 
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1850 is evident in the tree-ring record, preceded by a very cold interval (1827-1833) during which 

Francisco Garces, a Spanish explorer and missionary, coined the name “Nevada”, which translates 

precisely as “snow-covered”. 

 

Figure 8. Temperature anomalies in the Great Basin based on long-term average, with model picks by 

the author at 12.5-year intervals (modified after Salzar and others, 2014) [Salzar2014chronology.jpg] 

A diffusion-dominated groundwater system will “smear” the chemical characteristics of the 

active flow zone through matrix diffusion, with fracture water on relatively long flow paths acquiring the 

composition of the volumetrically much-larger and relatively stagnant matrix pore water.  Matrix 

diffusion will therefore lessen the amplitude of compositional variations that are propagated to 

discharge locations, and eliminate the higher-frequency components of the input signal.  We would 

therefore want to model a chemical or isotopic process variable as a “smeared” signal, like what is 

obtained by a 100-year moving average (Figure 9).  In this representation there is an apparent ~200-year 

periodicity of ±0.2⁰C in an overall thousand-year temperature decline before the recent warming that 

began with the Industrial Revolution in the mid-1800s.  We ask if any of this thermal history of the 

recharge areas is recognizable in the regional groundwater systems of eastern Nevada, not as 

temperatures, but expressed as variable stable-isotopic compositions with time at any representative 

monitoring location. 
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Figure 9. 100-year moving average of 12.5-year-interval picks from Salzar (2014) as shown in Figure 1. 

Note the apparent 200-year periodicity [AllSameDay.xlsx, sheet ‘BristleconeT’] 

Calculated equilibrium temperatures from springs presumed to represent modern recharge by 

Thomas and Mihevc (2011) and those near the Fish Hatchery in Ruby Valley follow the same trend with 

latitude as Panaca and Muddy River Springs.  As suggested by Figure 10, the Preston-Pahranagat trend is 

different and representative of a different recharge temperature regime than Panace-MRSA.  If the 

input signal is smeared to the extent shown in Figure 9 by 100-year averaging, the range between 

maximum and minimum recharge temperatures is reduced to about 1.5⁰C.  If we are now at about the 

warmest point since 1850, why are these “modern” waters so light isotopically?  Perhaps matrix 

diffusion is affecting even the “recharge” springs. 

 

Figure 10. Two regional capture zones, first suggested by a scoping model of heat and fluid transport to 

balance the Eureka Low, are also indicated by evidence of recharge under colder-than-modern 

conditions, such that equilibration temperatures in the traditional (Preston to Pahranagat) north-central 

White River Flow System approach the coldest theoretical input in over a thousand years. 

[EquilibriumTemperatures.jpg] 
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 The finite-element analysis was instructive in that time-of-travel capture zones for the MRSA 

were delineated in a minimalist conceptual framework (Figure 11).  The anisotropy field used for this 

base case is experimental and based entirely on professional judgement, as is the operational recharge 

cutoff surface, OSD-only recharge-area lithology by decree, and characterization of the Eureka Low.  All 

of these assignments could be easily tested for solution sensitivity by another user when there are 

concerns or disagreements about properties or boundary conditions, because the model executes in 

about 5 seconds on an i7 laptop.  As quickly as users can adjust their input arrays for a new scenario 

they can test against the base case; there’s only a 5-second delay before they can process results. 

 

Figure 11. Streamlines and isochrons generated by the FEFLOW program, showing feature-based mesh 

refinement around regional recharge and discharge areas, where steady-state hydraulic gradients are 

largest [TimeOfTravelCaptureZonesSR.jpg, derived from Supermesh3h.fem] 
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The 10- and 20-year time-of-travel capture zones indicate that carbonate-rock aquifer pumping 

in Kane Springs Valley would impact the MRSA within 10 years, and development impacts from Delamar 

Valley would be sensed at the MRSA within 20 years. 

The meshing process produces some extra elements where straight lines are necessarily used to 

approximate flow-domain boundaries; as non-participating sub-domains are identified they can be 

removed by assigning them zero transmissivity and thermal conductivity to improve calibration.  

Shading in Figure 11 shows a boundary segment that includes the Mormon Mountains that should be 

removed from the model domain because basement rocks are exposed there.   Doing so would 

compress the streamlines and shift the Panaca-MRSA capture zone slightly westward, producing a new 

base case model for archival if numerical stability is preserved, which depends on many factors. 

In summary, model-derived capture zones of Las Vegas and Muddy River Springs, which envelop 

the capture zones of Pahranagat and Panaca Springs, respectively (Figure 5) are supported by stable 

isotopes and radiocarbon in addition to the simple mass-balance computations of Johnson and others 

(2001).  Groundwater travel time is conceptually complex when matrix diffusion causes climate-driven 

(decades or less) hydraulic pulses of groundwater to regional springs that are compositionally 

representative of an integrated pore water composition acquired from the rock matrix, older and with 

smeared memory of variable climate history, that has largely replaced the soil water molecules and 

solutes in active-flow zones that began a generally southward journey more recently than spring-water 

isotopics suggest.  Flow in the eastern capture zone (Panaca-MRSA) is more sluggish and/or diffusive 

than the central (Preston – Las Vegas) zone based on radiocarbon comparisons and relative distances 

along streamlines. 

The information presented here adds support to the idea that Las Vegas Valley is the terminus 

of a regional groundwater flow system originating north of White River Valley as proposed by Eakin 

(1966), but not ending at the Muddy River Springs Area, which instead is fed by a separate capture zone 

that includes Panaca Valley and terminates at the MRSA.  The implication for water management is that 

developments in areas tributary to Las Vegas Valley will likely not cause harm or even be sensed by 

monitoring, whereas developments in areas tributary to the MRSA , which might exclude alluvial-aquifer 

systems hydraulically isolated from the carbonate-rock aquifer, would be universally harmful to 

endangered species and senior water-rights holders in the headwaters area. 

 

Conclusions and Management Implications 

 A strongly anisotropic, heat-coupled modeling approach associates known discharge areas of 

regional, interbasin groundwater flow systems with probable (based on geology) high-elevation 

recharge areas far to the north, and indicates surprisingly short groundwater travel times when 

constrained by the regional heat budget 

 A finite-element transmissivity model, constrained by physical boundaries, estimated rates of 

groundwater discharge, and groundwater temperatures, suggests groundwater moves within 

hydrodynamic flow-domains that do not respect basin physiography in southeastern Nevada. 
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Instead, primary capture zones (tributary flow fields) of the Muddy River Springs and Las Vegas 

regional discharge areas are suggested 

 Adjustment of radiocarbon ages (residence times) to account for matrix diffusion produces an 

independent and much larger (than that of Thomas and Mihevc, 2011) estimate of groundwater 

velocity between Preston Big Spring and Pahranagat Valley (divide apparent age difference by 

200, the matrix:fracture porosity ratio) that supports the thermohydrologic finite-element 

model 

 Two sources of water for the MRSA, suggested by multiple-regression analysis of climate 

response (prior ADR appendices), appear in this characterization to be associated with 

northeastern Coyote Spring Valley, and with the Meadow Valley Mountains (bounded by 

Meadow Valley Wash) to the east 

 Radiocarbon analyses suggest groundwater movement between Panaca Valley and the MRSA is 

more sluggish and/or more diffusive than flow between northernmost White River Valley and 

Pahranagat Valley, but “ages” are uncertain 

 Big takeaway: The chemical and isotopic compositions of regional springs are transient and 

therefore rich in climate signals spanning perhaps thousands of years, produced as stagnant but 

relatively high-volume matrix pore water replaces active flow-zone water along flow paths to 

and from which diffusion can occur.  Conversely, the matrix-water compositions are always 

seeking equilibrium with fast-moving water in the volumetrically tiny regional flow channels 

 In this conceptualization a portion of the groundwater flow field tributary to Las Vegas Valley 

underlies Delamar and Dry Lake Valleys, following a sinuous boundary with the capture zone of 

the Panaca-MRSA system to the east 

 The southern and westernmost areas of Coyote Spring Valley appear to be tributary to Las Vegas 

Valley, as is most of California Wash; neither of these is tributary to the MRSA, which appears 

hydrodynamically isolated from those areas at the present time 
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Technical Note: Order 1169 Post-Audit Analysis of Pumping Response 
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Introduction 

 Order 1169 monitoring-well databases established before, during, and after the designated MX-

5 pumping-test period allow for conventional well-hydraulic analyses, e.g., derivation of aquifer 

parameters and characterization of boundary conditions.  The analytical starting point is to determine 

the geographic extent and rate at which the cone of depression associated with MX-5 pumping 

(pumping-induced drawdown) develops over time.  To confidently determine drawdown from 

monitoring-well records, particularly when generally larger forcing agents are affecting regional water 

levels, it is necessary to separate water-level variations attributable to pumping from those producing 

background fluctuations.  These larger systematic (annual) and multi-year (secular) water-level 

variations are present in hydrographs of wells finished in carbonate-rock aquifers throughout a large 

region called the Arrow Canyon Range Cell.  A useful analytical strategy to separate out the signal of 

interest (drawdown) from background forcing effects is to reference a monitoring well record that 

faithfully records the regional background forcing but does not display any evidence of being influenced 

by pumping at MX-5. 

Background Well 

 The period between April of 2012 and April of 2013 represented the longest interval of nearly-

continuous pumping of MX-5 since the beginning of the Order 1169 test.  Reference (background) 

monitoring wells on the Moapa Indian Reservation were unresponsive to this prolonged pumping 

episode, based on the absence of any distance-drawdown relationship among the Reservation 

hydrographs.  Instead, the close similarity of the Reservation monitoring-well hydrographs to each other 

demonstrates that they recorded nearly-identical expressions of environmental forcing agents that 

produced large water-level changes independent of MX-5 pumping.  Application of the method of 

differences to resolve drawdowns at wells that were affected by pumping is therefore a useful analytical 

strategy to determine the MX-5 – related pumping cone in terms of extent and magnitude.  This is the 

approach utilized by Halford (2006, p.4), who found water levels from “background” wells (those 

sufficiently removed from pumping effects) can be effective correctors of environmental effects.  The 

large environmental forcing agents producing water-level changes unrelated to MX-5 pumping are 

filtered out by the difference method using an unaffected control-well hydrograph. 

Hydrograph Registration 

 Hydrographs from the Reservation-area monitoring wells are registered (aligned) by subtracting 

the average water levels during the interval of 2009 when their records overlap (Figure 1).  Notably, 

there is no systematic divergence of any of the hydrographs in this period of record.  Paiutes’ M1 has 

the most complete record, and is representative of the Reservation area as a whole (Figure 2).  The 
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Reservation monitoring wells range in distance from 14.7 miles (M1) to 21.3 miles (M2) from MX-5, yet 

the net water-level change is slightly less at M1 than at the other wells.  This is the opposite of what 

would be expected in the presence of a cone of depression resulting from pumping at MX-5.  

Furthermore, the absence of any systematic divergence of the hydrographs from 2009 until mid-2013, 

except for the temporary divergence of the ECP-2 hydrograph in late 2012 – early 2013 attributable to 

intermittent pumping at Paiutes’ ECP-1, indicates that no measurable cone of depression from MX-5 

pumping existed in the Reservation area.  With the exception of ECP-2, any of the Reservation 

monitoring wells could have provided adequate control as a background well. 

 When the hydrograph from MX-4 is compared to that of M1 (the selected background well with 

no evidence of MX-5 pumping-related responses), it is noteworthy that at times when the pump in MX-5 

has been shut off for a month or more, the water level in MX-4 recovers only to the trend defined by M1 

(Figure 3).  When the difference between the M1 and hydrographs of responding wells are plotted with 

a logarithmic time scale referenced to the start of pumping (Figure 4), segmented time-drawdown plots 

typical of bounded aquifers are derived.  There is a prominent steepening of the response curves by the 

end of the first week of pumping (about 104 minutes), indicative of the spreading cone of depression 

encountering a low-permeability boundary.  A flattening phase is partly due to interruptions to 

pumping, but after 105 minutes (about 2 months) the response curves steepen again.   At the time 

pumping ceased on April 30 of 2013, drawdown at MX-4 was about one foot, and about 0.3 feet at 

UMVM-1. 

 
Figure 1. Hourly hydrographs of the Moapa Indian Reservation monitoring wells from January of 2009 to 
September of 2013. [file OffsetWLs.xlsx, sheet ‘OffsetAll’] 
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Figure 2. Comparison of the Paiutes’ M1 hydrograph with the average of the 5 other Reservation wells 
that were monitored between 2009 and 2013 [file OffsetWLs.xlsx, sheet ‘OffsetAll’] 

 
Figure 3. The difference between the M1 and MX-4 hydrographs is drawdown; note that MX-4 recovered 
to the M1 reference level after pumping ceased in 2011, and small residual drawdowns are associated 
with early 2012 and mid-2013 recoveries. [file OffsetWLs.xlsx, sheet ‘OffsetAll’] 
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Figure 4. Daily-average drawdowns derived by the method of differences [file Drawdowns.xlsx, sheet 
‘All’] 

Conceptual Model of the Carbonate-Rock Aquifer 

 

 Geologic mapping by Schmidt and Dixon (1995) strongly suggests a structural discontinuity along 

the trend of SR 168; Ordovician and Devonian rocks crop out within one mile north of the highway, 

indicating the absence of the Mississippian Carbonate-Rock Aquifer tapped by MX-5 (Ertec, 1981). 

Aquifer-test evidence for a near-field low-permeability boundary near MX-5 obtained by Johnson and 

Mifflin (2012) is therefore consistent with geologic relations.  Multiple lines of geologic and hydrologic 

evidence further suggest that another hydraulic barrier is present to the south (Johnson and Mifflin, 

2003), leading to the conclusion that a wedge-shaped aquifer with its apex encompassing the 

headwaters area is likely an approximate configuration of the Carbonate-Rock Aquifer in southeastern 

Coyote Spring Valley (Figure 5).  The analytical approach of Ferris and others (1962, pp. 154-156) was 

used to represent the model domain using image wells. 
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Figure 5. Bounded aquifer (shaded) represented by a 60-degree wedge,  image wells (I1 through I5) used 
to represent pumping in this wedge-shaped model aquifer, and monitoring wells utilized as calibration 
targets  [file WedgeMapCrop.tif, modified after screenshot from model Wedge.aqf] 

 Optimization of transmissivity (T) and storage coefficient (S) using the wedge-aquifer model and 

pumping-response data from MX-4 and RW-2 (Figures 6 and 7) produces parameter estimates 

consistent with those of Johnson and Mifflin (2012) that were based on early-response data only.  The 

optimized T is about 900,000 ft2/day, slightly less than the median T obtained by Johnson and Mifflin 

(2012) using 5 sets of early pumping-response data.  The optimized S is about 0.06, somewhat greater 

than the median value of 0.04 obtained by Johnson and Mifflin (2012) and strongly indicative of 

unconfined conditions in the immediate vicinity of the pumping well, MX-5. 

 

 Analysis of pumping responses at CSVM-1 and UMVM-1 suggests that confined conditions and 

substantially higher transmissivities prevail in down-gradient areas (Figures 8 and 9).  This is also 

consistent with the early-response analysis of Johnson and Mifflin (2012), but with caveats.  A data gap 

in the posted daily water-level records from March 22 until June 24 of 2012 in the CSVM-1 record is 

problematic; Johnson and Mifflin (2012) utilized 30-minute data in their early-time pumping-response 

analysis, so water-level measurements were being made, but their reliability is now in question since 

daily averages are absent from the State Engineer’s Order 1169 database.  In the case of UMVM-1, 

pumping response was below detection limits in the early interval that was examined.  The well log 

(#90051) indicates “water strata” at 382 feet, yet a surface seal was placed to a depth of 1000 feet in 

this 1785-foot well.  The confined response may be an artifact of well design, which isolates the upper 

part of the saturated zone from the screened interval below 1000 feet.  As a result, model response at 

UMVM-1 after one year of pumping is greater than what is observed (Figure 10), leaving the 

representativeness of the UMVM-1 water-level record an open question . 
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Figure 6. Observed and simulated drawdowns (feet) at MX-4 in response to pumping at MX-5 that began 
on April 23, 2012. [file Wedge2aMX4crop.tif, obtained with model Wedge2a.aqf] 

 

 

Figure 7. Observed and simulated drawdowns (feet) at RW-2 in response to pumping at MX-5 that began 
on April 23, 2012. [file Wedge2aRW2crop.tif, obtained with model Wedge2a.aqf] 
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Figure 8. Observed and simulated drawdowns (feet) at CSVM-1 in response to pumping at MX-5 that 
began on April 23, 2012. [file Wedge2cCSVM1crop.tif, obtained with model Wedge2c.aqf] 

 

 

Figure 9. Observed and simulated drawdowns (feet) at UMVM-1 in response to pumping at MX-5 that 
began on April 23, 2012. [file Wedge2bUMVM1crop.tif, obtained with model Wedge2b.aqf] 
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Figure 10. Predicted drawdowns in a 60-degree, wedge-shaped aquifer after one year of pumping 7.43 
cfs from MX-5, with T and S based on an optimized solution to MX-4 and RW-2 pumping response as 
given in Figures 6 and 7.  Only the predicted water levels within the wedge are “real”; image wells 
outside the wedge simulate the effects of 2 impermeable boundaries by assuring there is no hydraulic 
gradient across the boundaries (see Ferris and others, 1962).  The apex of the wedge is 2 km east of Big 
Muddy Spring. [file WedgeContourMapCrop.tif, derived from model Wedge2a.aqf] 

Responses to Comments 

 Comments in response to the HRT PowerPoint presentation of September 12, 2013 suggest 

expanded discussion of the relations presented.  First, it was suggested that the absence of detectable 

drawdown beyond about 5 miles from the pumping well (MX-5) could be taken as an indication that 

SNWA could pump forever and never impact the Springs.  This is not likely, since greater drawdown near 

the pumping well (~1 foot) than mid-way to the Springs (~0.3 feet) reflects a decrease in the regional 

hydraulic gradient toward the Springs and therefore a decrease in groundwater flux to the headwaters 

area.  The following example calculation quantifies the decrease in flux and compares it with the 

documented pumping rate: 
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DateTime MX-4 UMVM-1 Δ (ft) dh/dl=i dist = 24,539 ft  

4/23/2012 9:05 1819.75 1815.55 4.20 0.000171 (i1)    

3/17/2013 11:21 1817.81 1814.08 3.73 0.000152 (i2)    

         

 Darcy's Law       

 Q=K*A*i 

 K*A can be assumed constant due to the great thickness of the aquifer;  

 if Q1 = 55 cfs under non-pumping conditions and gradient i1,        K*A= 2.78E+10 ft
3
/day 

 under gradient i2 with K*A unchanged,         Q2 = 48.8 cfs   

         

  The decrease in discharge is 6.15 cfs   

  Average MX-5 rate = 7.42 cfs   

         

Water-level measurements before the start of pumping on April 23, 2012, and near the end of the 

pumping interval on March 17, 2013 indicate nature of impacts from pumping MX-5 on the Springs-area 

discharge.  Each pair of measurements (at MX-4 and UMVM-1) is indicative of the hydraulic gradient 

along the flow path from Coyote Spring Valley to the headwaters area, and the gradient decreases as 

MX-5 is pumped.  Because of the great thickness of the Carbonate-Rock Aquifer (thousands of feet 

based primarily on water temperatures) the K*A product would not change significantly in response to 1 

foot or less of drawdown, and therefore flux is directly proportional the hydraulic gradient. 

 Another comment was that forcing agents other than pumping could explain the changing 

slopes of response curves on the semi-log time-drawdown plots.  We disagree, and re-emphasize that 

the method of differences removes the effects of environmental forcing agents from the response 

curves, so the observed departures from previous trends on on semi-log drawdown plots are not due to 

anything other than boundary effects (Ferris and others, 1962) or variable pumping rates.  The most 

reasonable and realistic hydrogeologic model is that of a channelized flow system between Coyote 

Spring Valley and the headwaters area that responds to pumping in accordance with flow system theory 

and consistent with parameters estimated from well-hydraulics analyses. 

Discussion 

It is difficult to confidently identify breakthrough of pumping responses in the Muddy River 

Springs discharge system due to the relative magnitudes of MX-5 pumping stress, the much greater 

magnitude of regional flux, heterogeneity, and boundary conditions.  Reconstituted Muddy River flows 

derived by adding groundwater production (with appropriate lag), surface-water diversion, and 

evapotranspiration rates to measured flow demonstrate large secular variations of natural flux.  

Nevertheless, traditional methods of well-test analysis and flow-system delineation provide a 

straightforward logical sequence from parameter estimation to characterization of pumping effects.  

There is no need, as has been suggested, to abandon traditional methods of analysis due to some 

unique complexity associated with flow system that sustains the Muddy River.  There is complexity, but 

at the scale of investigation the theory of porous-media flow (Darcy’s Law and continuity relations) 

apply. 
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Johnson and Mifflin (2012) obtained a median transmissivity (T) of 1.26 X 106 ft2/day and 

median storage coefficient (S) of 0.045, indicative of a highly transmissive, unconfined aquifer in 

southeastern Coyote Spring Valley.  In conventional notation T = K*b, where b represents aquifer 

thickness and K is the hydraulic conductivity.  With T and the K*A product approximately known, 

possible cross-sectional geometries of the flow domain can be explored.  Designating the width of the 

flow domain as w and the hydraulic gradient as i, Q = K*A*i = K*b*w*i = T*w*i.  The width of the flow 

domain is w = K*A/T, on the order 4 miles.  The distribution of high-yield wells in southeastern Coyote 

Spring Valley is consistent with a 4-mile-wide transmissive zone in that area, much wider than an 

individual fault or faults would be likely to produce. 

Conclusion 

The Order 1169 post-audit study supports and extends our earlier impacts assessments by 

applying Darcy’s Law to non-pumping and quasi-steady pumping conditions that were attained after the 

formal conclusion of Order 1169 testing.  Groundwater production from Coyote Spring Valley carbonate-

rock aquifers is registered as equivalent decreases in flux along the groundwater-flow path within 

several months, impacting Muddy River base flow within a matter of a few years or less. 
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What is Drawdown?

� Water-level changes and pumping- induced 
drawdowns are not necessarily equivalent, without 
supporting evidence.

� We are unaware of any attempt to reconcile the 
purported uniform, 2-foot “drawdown” over a 2,000-
square-mile area with available well-hydraulics 
analyses from MX-5 and ECP-1.
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Order 1169 Refinements

� The Order 1169 pump test and associated water-level, 
pumping, and stream- gauging records provided key 
datasets and allowed analyses that lessened 
uncertainties on the nature of groundwater pumping 
impacts on discharge of the Muddy River.

� The most important databases stem from monitoring-
well water-level changes that allow documentation of 
the extents and net magnitudes over time of MX-5 
pumping-induced drawdowns during the testing 
period.
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Aquifer Tests

� The extent and magnitude of the MX-5 pumping cone 
(drawdowns over time in a geographic sense) indicate 
aquifer parameters and boundary conditions.

� Short-term pumping responses, documented and 
analyzed in our Order 1169 report, indicate low-
permeability boundaries near MX-5.

� Well-hydraulics analyses also indicate how much of 
the pumping production at any given time has been 
derived from aquifer storage.

SE ROA 37445

JA_8951



There is no cone of depression (drawdown) 

evident in the MBOP Reservation area
• Reservation 

monitoring wells 
range in distance 
from 14.7 to 21.3 
miles from MX-5.

• There has been no 
systematic 
divergence of the 
Reservation 
hydrographs since 
2009; water-level 
changes are 
uniform across the 
Reservation.
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The Paiutes’ M1 well provides an excellent reference hydrograph

• The most complete 
water-level record is 
available from 
monitoring well M1, 
which is representative 
of the Reservation 
area.

• M1 is therefore suitable 
as a reference 
(background) well, 
allowing 
environmental factors 
to be filtered from the 
raw hydrographs of 
wells affected by 
pumping. -3.5
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Drawdown is obtained by difference

• The M1 hydrograph 
matches recovery 
periods in the MX-4 
and UMVM-1 
hydrographs.

• Drawdown at MX-4, 
326 feet from the 
pumping well MX-5, 
is the difference 
between the MX-4 
hydrograph and the 
M1 (reference) 
hydrograph. -4

-3

-2

-1

0

1

1/1/09 1/1/10 1/1/11 1/1/12 1/1/13 1/1/14

O
ff

se
t 

R
e

la
ti

v
e

 t
o

 2
0

0
9

 A
v

e
ra

g
e

 (
fe

e
t)

Comparison of MX-4 and Paiutes M1 Hydrographs

M1

MX-4

SE ROA 37448

JA_8954



Pumping Response at MX-4

• Drawdown at MX-4 is 
less than one foot 
after a year of 
pumping from MX-5

• Low-permeability 
boundaries are 
indicated by 
steepening of the 
response curve after 
about 1 day (1440 
minutes or 3.16 on the 
horizontal axis) 0
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UMVM-1 Hydrograph during Order 1169 Testing

• Automated (transducer) 
measurements are not available 
after March of 2013 (not posted 
on NSE or SNWA websites as of 
9/9/2013)

• Reference water levels  from M1 
corresponding to manual 
measurements at UMVM-1 
were considered to be the 
average of  the hourly readings 
that bracket each manual 
measurement

• Time reference (PST or PDT) 
differences were not 
considered since they are 
undocumented in SNWA 
datasets
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UMVM-1 Drawdown

• Drawdown at UMVM-1, 
4.6 miles from MX-5, 
was less than 0.3 feet.

• The limited pumping 
cone extent (~ 5 miles to 
practical detection 
limit) indicates a very 
small percentage of 
production water was 
derived from aquifer 
storage.

• MX-5 must therefore 
intercept groundwater 
that would otherwise 
discharge elsewhere.
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There is no shortage of candidate forcing 

agents other than pumping that explain the 

net water-level decline since 2010:

1. Local climate

2. Time-lagged effects of regional climate

3. Seasonal loading superimposed on long-term 
unloading of the Lake Mead Basin

4. Terrestrial moisture loading documented by the 
GRACE program
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The Groundwater Flow System

� There is a broadly based and internally consistent 
body of evidence that Coyote Spring Valley Carbonate 
Rock Aquifers are the prime regional source in close 
hydraulic continuity with the Muddy River discharge 
system.

� The only internally-consistent explanation for the 
source of water being produced at MX-5 is that it is 
being diverted from an outflow boundary, and the only 
such boundary in evidence is the Muddy River 
headwaters.
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According to Darcy’s Law, a decrease in 

hydraulic gradient is accompanied by a 

decrease in discharge:

DateTime MX-4 UMVM-1 Δ (ft) dh/dl=i dist = 24,539ft

4/23/2012 9:05 1819.75 1815.55 4.20 0.000171 (i1)

3/17/2013 11:21 1817.81 1814.08 3.73 0.000152(i2)

Darcy's Law

Q=K*A*i where Q=discharge, A=cross-sectional area of flow, and i=hydraulic gradient dh/dl

K*A can be assumed constant due to the great thickness of the aquifer.

if Q1 = 55 cfs under non-pumping conditions and gradient i1, 
K*A= 2.78E+10ft3/day

under gradient i2 with K*A unchanged, 
Q2 = 48.8cfs

The decrease in discharge is 6.15cfs

Average MX-5 rate = 7.42cfs
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Discussion

� It is difficult to confidently identify breakthrough in 
the Muddy River Springs discharge system due to the 
relative magnitudes of MX-5 pumping stress, the 
much greater magnitude of regional flux, and 
localized boundary conditions. 

� Reconstituted Muddy River flows derived by adding 
groundwater production (with appropriate lag), 
surface-water diversion, and evapotranspiration rates 
to measured flow demonstrate large secular variations 
of natural flux.
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Conclusion

� All groundwater production from Coyote Spring Valley 
carbonate-rock aquifers will be registered as 
equivalent decrease in Muddy River base flow within a 
matter of a few years or less.
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Derivation of Responses to Order 1169 Pumping by the Method of Differences 

Cady Johnson 

Martin Mifflin 

Mifflin & Associates, Inc. 

January 6, 2014 

Introduction 

 The Nevada State Engineer (NSE) Order 1169 test “officially” began in November of 2010, and as 

shown in Figure 1, nearly 2 years of continuous and concurrent water-level and barometric-pressure 

records are available after the test start for 3 of the 5 wells being monitored on the Moapa Indian 

Reservation.  These monitoring wells have produced hourly records for over 13 years.  The barometric-

pressure sensor (uppermost trace on Figure 1) failed in July of 2012 and was temporarily removed from 

service. 

 

Figure 1. Hourly monitoring data from the Moapa Indian Reservation, collected by Mifflin & Associates 

on behalf of the Moapa Band of Paiutes (MBOP) [file PaiutesDataThrough2013.xlsx, sheet ‘WLs’] 

 With Order 1169A, NSE declared the pumping test completed as of December 31, 2012, 

rescinded the requirement for a Southern Nevada Water Authority (SNWA) update to Exhibit 54 (a 

SNWA groundwater model that predicted minimal impacts on Muddy River flows from groundwater 

development in Coyote Spring Valley) and invited Participants in the Order 1169 study to submit reports 

on information obtained, impacts of pumping, and availability of water pursuant to pending 

applications.  Mifflin & Associates (MAI), on behalf of the Moapa Band of Paiutes (MBOP) submitted 

their report on June 28, 2013 (Johnson and Mifflin, 2013a), meeting NSE’s deadline with a 

comprehensive summary of reconstitution of Muddy River flows and well-hydraulic analyses of pumping 

response, with ancillary discussions of the hydrogeologic setting, groundwater temperatures, and 

geochemical mass balance on tributary flows.  However, the Order 1169A reports submitted by 

Participants did not benefit from analysis of the full year of pumping between April of 2012 and April of 

2013, or of the consequent recovery interval. 
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 Over the years, speculation has persisted that the large seasonal fluctuations of groundwater 

levels in the region, even at monitoring localities remote (20 miles or more) from major pumping 

centers, are the result of pumping.  MAI shared this interpretation early in involvement with monitoring 

for the MBOP, but was unable to detect any systematic lag or attenuation of the purported pumping 

signal in the regional monitoring network and rejected the idea by about 2002.  Separation of suspected 

but unproven pumping effects from the dominant, underlying, natural variation has been an ongoing 

analytical challenge for over a decade.  This report provides timing and quantitative estimates of Order 

1169-induced drawdown in monitoring wells beyond 5 miles from MX-5, and of flow reductions in 

selected springs, using the Method of Differences.  The Method, in combination with reconstitution of 

Muddy River flows updated from Johnson and Mifflin (2013a), also provides resolution of Order-1169-

related flow reductions in the River.  The Method fundamentally relies on the availability of historical 

time-series records that are known not to contain the signal component (MX-5 pumping responses) that 

is sought in more recent records; the historical data are used as a basis for comparison by subtracting 

them, day-by-day or hour-by-hour, from recent data, aligning the time series by corresponding calendar 

days. 

Responses in Monitoring Wells 

 The extent of the cone of depression resulting from MX-5 pumping is key to the apportionment 

of pumped waters between release from storage and diversion from system boundaries.  This is a key 

relationship because if lowering of the potentiometric surface in response to pumping is sufficient to 

yield most or all of the water recently pumped from Coyote Spring Valley (CSV), outflow from the CSV 

groundwater flow system to the Muddy River headwaters area would not be substantially affected for a 

considerable period of time.  Conversely, a low-volume cone of depression with limited storage capacity 

demands another source of pumped groundwater, either diversion from outflow boundaries or induced 

inflow.  In a recent analysis report (U.S. Fish and Wildlife Service and others, 2013), several Department 

of Interior (DOI) agencies concluded that 2 feet of drawdown have occurred over a 2,000 square-mile 

area, which would attribute the origin of groundwater pumped from CSV primarily to release from 

storage.  In contrast, MAI analyses of transient pumping response, supported by reconstitution of 

Muddy River discharge, have consistently indicated that groundwater pumped from CSV has been 

diverted from the Muddy River headwaters-area outflow boundary, where it would otherwise have 

discharged.  

Since 2000, MAI has collected hourly water-level measurements at 5 monitoring wells, and 

hourly barometric-pressure measurements at one central location on the Moapa Indian Reservation 

(Figure 1).  All station records are intermittent due to a combination of maintenance-related data gaps 

and culling of record segments judged to be invalid (generally preceding failure of a pressure 

transducer).  Timekeeping in MBOP monitoring records is referenced to Pacific Daylight Time (PDT) 

throughout the year. 

Specific focus is on monitoring wells TH-2 and M1 in the analysis of hourly records that follows; 

the M2 and M3 records contain short data gaps and perturbations that limit their utility.  The analysis is 

then extended in space and time, using daily-average water-level data from MX-4, UMVM-1, EH-4, EH-
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5b, and again, M1.  The M1 record provides the basis for evaluating the need for detailed (hourly) 

barometric-efficiency and well-tide adjustments. 

 With rejection of the notion that the dominant, annually-periodic mode of the hydrographs 

shown in Figure 1 is pumping-related, the search for a more subtle pumping signal embedded in these 

hydrographs might require reduction of noise produced by barometric-pressure fluctuations and well 

tides.  After adjustments (corrections) for these superposed signals were made to the hourly data from 

M1 and TH-2, records from the time interval between 10/9/10 10:00 and 7/4/12 10:00 were compared 

to those from 10/9/01 10:00 and 7/5/03 10:00 (note the effect of the 2012 leap year – end dates do not 

correspond).  Figures 2 and 3 show the adjustment results for the analysis (late) and reference (early) 

intervals, respectively. 

 To compare the hydrographs, hour-by-hour subtractions of the adjusted, hourly total-head 

values were performed (Figures 4 and 5).  The “Recovery Trend” connecting local maxima in these plots 

is a smooth, arbitrary function representing the non-pumping potentiometric level that is attained after 

several months of inactivity at MX-5.  The “Apex Δ” is the increment of quarterly pumping from the 

industrial complex in the Apex area, from the early (2000-2003) to the late (2010-2013) interval, as 

reported to the State Engineer.  The Coyote Springs Investments (CSI) data is reported as weekly 

averages of daily production, since “daily” meter readings represent more than one day of pumping 

when they occur after a day (or more) that the meters were not read. 

 When the total-head differences are referenced to the recovery trend, the magnitude of 

responses to Order 1169 pumping is revealed to be of the order of 0.3 feet (Figures 6 and 7).  M1 and 

TH-2 are at roughly the same distance from MX-5 (14.7 and 16.2 miles, respectively) and their 

drawdowns after several months of pumping are substantially the same and close to steady-state.  

Given this result, pumping response in monitoring wells closer to MX-5 is expected, particularly from the 

full year of nearly-continuous pumping that began in April of 2012.  The same general approach is used, 

but with daily-average water levels and without adjustments for barometric efficiency or well tides. 

 For the derivation of long-term pumping response by differences, daily-average water levels 

from November 1 of 2010 through November 30 of 2013 in monitoring wells M1, EH-4, EH-5b, UMVM-1, 

and MX-4 were compared with those from November 1 of 2000 through December 1 of 2003 in the 

same wells, a ten-year offset of corresponding calendar days.  The early record from MX-4 was used as a 

surrogate for that in UMVM-1, using a constant offset, since the latter well was not completed until the 

summer of 2003.  When comparing daily-average water levels, the semi-diurnal component of 

barometric-pressure-related water-level fluctuations largely cancels, leaving only the synoptic 

component as residual noise in the water-level signal.  Tide predictions are available for wells on the 

Moapa Indian Reservation, and were incorporated in the daily-average M1 record. 

 Figure 8 shows the day-by-day differences from the calendar day 10 years prior in the 6 selected 

observation wells used for this analysis of Order 1169 impacts.  The trends of continuous segments of 

individual hydrographs were derived by Empirical Mode Decomposition (EMD).  The “baseline” trend, 

attributable to greater regional water-level decline in 2010-2013 as compared to 2000-2001, was 

obtained from the average difference between two-week pre-pumping and post-pumping data 

segments. 
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Figure 2. Results of successive total-head adjustments in the Order-1169 time frame based on 

barometric efficiency and fitting a tide-prediction model to the detrended residuals.  For each well, 

“WL+avgBP” refers to the sum of measured water level and average barometric pressure, “adj B.E.” 

refers to total head adjusted according to the barometric efficiency of the well, and “adj Tide” 

incorporates subtraction of the predicted well tide [file TrendsWhilePumping.xlsx, sheet ‘adjTH’] 

 

 

Figure 3. Results of successive total-head adjustments in the pre-Order-1169 time frame based on 

barometric efficiency and fitting a tide-prediction model to the detrended residuals. Nomenclature in 

the legend is the same as in Figure 2 [file TrendsBeforePumping.xlsx, sheet ‘adjTH’] 
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Figure 4. Difference between adjusted, hourly total head in monitoring well TH-2 for record segments 

beginning in October of 2010 and October of 2001.  “Recovery Trend” is an arbitrary, smooth function 

fitted to the maximum water level (total head) attained at the end of non-pumping intervals [file 

1169impactsFromTH2.xlsx, sheet ‘ResidueIN’] 

 

Figure 5. Difference between adjusted, hourly total head in monitoring well M1 for record segments 

beginning in October of 2010 and October of 2001.  “Recovery Trend” is an arbitrary, smooth function 

fitted to the maximum water level (total head) attained at the end of non-pumping intervals [file 

1169impactsFromM1.xlsx, sheet ‘ResidueIN’] 

-1.0E+06

4.9E+07

-2.0

-1.5

-1.0

-0.5

0 100 200 300 400 500 600 700

In
cr

e
m

e
n

t 
o

f 
P

u
m

p
in

g
 i

n
 L

a
te

 I
n

te
rv

a
l 

(g
a

l/
d

a
y

)

O
ff

se
t 

o
f 

La
te

 D
a

ta
 f

ro
m

 E
a

rl
y

 D
a

ta
 (

fe
e

t)

Days since October 9 @ 15:00 PDT

Difference Between TH-2 Record Segments, 2010 - 2012 vs 2001 - 2003

Difference

Recovery Trend

MX-5

Apex Δ

CSI

-1.0E+06

4.9E+07

-1.8

-1.3

-0.8

-0.3

0 100 200 300 400 500 600 700

In
cr

e
m

e
n

t 
o

f 
P

u
m

p
in

g
 i

n
 L

a
te

 I
n

te
rv

a
l 

(g
a

l/
d

a
y

)

O
ff

se
t 

o
f 

La
te

 D
a

ta
 f

ro
m

 E
a

rl
y

 D
a

ta
 (

fe
e

t)

Days since October 9 @ 15:00 PDT

Difference Between M1 Record Segments, 2010 - 2012 vs 2001 - 2003

Difference

Recovery Trend

MX-5

Apex Δ

CSI

SE ROA 37461

JA_8967



SFFdrawdownsV9.docx 

 

6 

 

 

Figure 6. Hourly total-head difference in corresponding hours of 2001-2003 and 2010-2012 at well TH-2, 

referenced to the recovery trend of Figure 4.  Note the correspondence with pumping activity at MX-5, 

indicative of pumping response [file 1169impactsFromTH2.xlsx, sheet ‘ResidueIN’] 

 

 

Figure 7. Hourly total-head difference in corresponding hours of 2001-2003 and 2010-2012 at well M1, 

referenced to the recovery trend of Figure 5.  Note the correspondence with pumping activity at MX-5, 

indicative of pumping response [file 1169impactsFromM1.xlsx, sheet ‘ResidueIN’] 
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 Figure 9 shows the effect of detrending the hydrographs by subtracting the baseline trend.  

These residual differences are attributable to pumping, and the effects of both MX-5 and the Lewis Well 

Field are evident.  The correspondence of water-level trend changes with prolonged intervals of activity 

or inactivity at MX-5 is very clear, particularly at MX-4 and UMVM-1, which are 326 feet and 4.6 miles, 

respectively, from MX-5.  All wells, however, share a prolonged drawdown trend of about 0.00132 

feet/day after several months of pumping at MX-5, as illustrated in Figure 9. 

 The effects of reduced pumping in the Lewis Well Field are also evident, particularly in the EH-5b 

record.  EH-5b is 9.3 miles from MX-5, but only 0.8 miles from LDS-W, the highest-capacity well 

associated with the Lewis Well Field.  Figures 8 and 9 illustrate that in the summer of 2012, pumping 

from the Lewis Well Field (including LDS-W) was reduced below 2002 levels by nearly as much as the 

pumping rate from MX-5.  As a consequence, the difference hydrographs of EH-5b, EH-4 (11.5 miles 

from MX-5), M1, and (probably) TH-2 display a prominent bulge or plateau in the summer of 2012.  Our 

long-standing search for evidence of Lewis-area pumping effects in the Reservation area is therefore 

satisfied, thanks to the fortuitous reduction of pumping by Nevada Energy in the summer of 2012. 

 An average linear recovery rate of 0.00448 ft/day was established in 5 of the 6 monitoring wells 

after the cessation of pumping from MX-5 on April 30, 2013, and continued until complete (?) recovery 

was attained in late September (Figure 9).  Only additional record will confirm if complete recovery has 

occurred.  EH-5b was excluded from the regression because a second season of abnormally low pumping 

was occurring in the Lewis Well Field area, creating a second “hump” in the difference hydrograph for 

EH-5b during recovery from pumping. 

 The linearity of the hydrograph segments highlighted on Figure 9 suggests a very simple 

(conceptually, not geometrically) configuration of boundary conditions.  Groundwater naturally enters 

and discharges from a discrete aquifer volume, where it is temporarily stored.  Mass conservation 

requires that inflow – outflow = rate of accumulation, and the data indicate that the change in storage in 

this aquifer is linearly proportional to quantity pumped.  Pumping 650,000 ft
3
/day from MX-5 eventually 

creates 0.00132 ft/day of steady drawdown in the bounded aquifer; removal of this pumping stress 

allows water levels to return to equilibrium at a rate of 0.00448 ft/day.  If natural groundwater flux to 

the headwaters area is of the order of 4.75 X 10
6
 ft

3
/day (55 cfs), the intermittent MX-5 stress 

represents about 13.7% of the natural flux.  Note that natural discharge to the surface occurs over an 

elevation range between 1811 feet (Pederson Spring) and 1770 feet (Big Muddy Spring), and storage 

coefficients derived from aquifer tests vary between those typical of confined and unconfined aquifers. 

 According to records submitted to the State Engineer by the Southern Nevada Water Authority 

(SNWA), a total of 847,539,002 gallons were pumped from MX-5 during the first interval of the Order 

1169 test, November 15 of 2010 through May 15 of 2011.  From August 8 of 2011 through January 14 of 

2012, the second interval, a total of 787,913,617 gallons were pumped.  In the third and last interval, 

from April 23 of 2012 through April 30 of 2013, 1.789 billion gallons were pumped.  Could these 

quantities of water have been derived from storage and replenished when pumping ceased, without 

impacting discharge in the Springs area? 

As indicated by the first recovery trend shown on Figure 9 (blue dots), 108 days were required 

to replenish the 789 million gallons pumped prior to cessation of pumping on January 14, 2012, 

corresponding to a hypothetical fill rate of about 7.3 million gallons/day (mgd).  The second recovery 

trend (black dots) shows 145 days required to replenish 789 million plus the additional 1 billion gallons 
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pumped (with respect to the first interval) prior to pump shutdown on April 30, 2013, a hypothetical fill 

rate of either 12.3 mgd if the entire volume pumped is being considered, or 6.9 mgd if only the 

increment of pumped water is considered.  All of these hypothetical fill rates substantially exceed the 

pumping rate from MX-5, which is about 5 mgd or less.  How could this tank-like, bounded aquifer be 

replenished so quickly, or be impacted at all, if it can be re-supplied more quickly than water is 

withdrawn?  If such an effective recharge boundary for the water-table aquifer exists, then where does 

the water go in the absence of pumping?  The answer is that groundwater storage contributes much less 

water to the MX-5 pumpage than these trial calculations would suggest.  Demonstrable reductions of 

natural discharge attributable to MX-5 and of the same order of magnitude as the MX-5 pumping rate, 

as presented below, argue that water-table lowering contributes very little to the water balance. 

 Apparently, as the hydraulic gradient toward the headwaters area is decreased by pumping 

(Johnson and Mifflin, 2013b), discharge at the lower elevations is temporarily sustained by release of 

water from storage.  The uniformly-increasing drawdowns that accompany sustained pumping signal an 

unsustainable, transient state of a system that has not yet been stressed to the point of exhausting its 

capacity for groundwater storage.  Re-filling the storage volume must occur at the expense of 

groundwater discharge, however. 

The footnote to Figure 9 gives an indication of the areas, dewatered at rates corresponding an 

average of 4.842 million gallons per day (gpd), required to balance MX-5 production by release of 

groundwater from storage at the observed drawdown rates.  Interestingly, at 1% drainable porosity 

1,764 square miles would be required, which closely agrees with the conclusions of U.S. Fish and Wildlife 

and others (2013).  In reality, the drainable porosity (on a regional scale) and affected area are likely 

much less.  Johnson and Mifflin (2012) derived an impulse response function that suggests an affected 

area of the order of 80 square miles, based on response times documented here.  The flow domain, 

which conceptually resembles a tank, must have multiple outlets and some internal heterogeneity. 

A conservative estimate of the lateral extent of the dewatered volume is small because 1) thick, 

down-faulted, low-permeability basin sediments occur east and south of the model cone of depression, 

2) basement rocks occur to the northeast in the Mormon Mountains, 3) lower Paleozoic rocks occur 

within about 2 miles north of MX-5, and 4) low-permeability boundaries are evident in the near-field 

pumping response (Johnson and Mifflin 2013a, 2013b).  Therefore, most of the groundwater diverted at 

MX-5 (and from up-gradient locations in Coyote Spring Valley) must represent groundwater flux that 

would otherwise continue flowing southeastward to either discharge in the Muddy River headwaters 

area or sustain upwelling beneath the Moapa Indian Reservation that is well-documented by 

paleohydrologic features, water temperatures, stable isotopes, and major-ion chemistry (Johnson and 

others, 2001). 

The results illustrated in Figures 8 and 9 further suggest that the concept of a leaky, northeast-

trending hydraulic barrier introduced by Johnson and Mifflin (2006) may be valid.  Whereas response to 

MX-5 pumping is almost instantaneous at UMVM-1, as it is at MX-4, responses in monitoring wells on 

the Reservation do not occur until about 4 weeks after the pump in MX-5 is turned on or off. 
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Figure 8. “Baseline” represents the average rate of decline of non-pumping (static) water levels between early November of 2010 and late 

September of 2013; this is the non-pumping-related component of water-level decline [file 1169differenceTrends.xlsx, sheet ‘Differences’] 
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 Figure 9. A steady drawdown rate of 0.00132 feet/day characterizes Order 1169 pumping response from December of 2012 through April of 

2013, when pumping at MX-5 ceased.  Linear response like this is characteristic of a bounded domain, like a tank, and is unsustainable. [file 

1169differenceTrends.xlsx, sheet ‘Detrend’]         Footnote:  
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Responses in Springs 

Responses at the outflow boundary (headwaters area) seem to mimic the pumping responses 

derived above.  At Pederson Spring, the highest of the headwaters-area springs, daily discharge data are 

available from November of 1999 through November of 2001, and November of 2010 through 

November of 2013, providing a basis for comparison of the recent record with a historic baseline.  Figure 

10 shows day-by-day differences, across an 11-year time span, in the discharge at Pederson Spring.  

When compared with the water-level differences presented in Figure 8, the discharge hydrograph from 

the third pumping interval resembles the MX-4 and UMVM-1 records much more closely than EH-4, 

which is only 1180 feet from Pederson Spring.  However, Pederson Spring appears to have been 

insensitive to the first two, shorter intervals of sustained pumping.  This behavior suggests an 

association between depletion of groundwater storage and decreased response time at the outflow 

boundary.  Johnson and Mifflin (2012) derived an impulse response function with a time constant of 1-2 

months, dependent on the areal extent of the model domain that was considered.  No such rapid 

response in the headwaters area was recognized at that time, posing a dilemma; Johnson and Mifflin 

suggested groundwater storage as the mechanism responsible for delaying the predicted arrival of the 

pumping signal in the headwaters area.  Local recharge from the unusually wet winter of 2010-2011 may 

also have masked the expected responses by opposing the depletion of groundwater storage that would 

otherwise have accompanied the new pumping stress from MX-5.  The recent (2012-2013) behavior of 

Pederson Spring is consistent with the predictions of Johnson and Mifflin (2012), at the low end of the 

range of aquifer areas that were considered. 

Discharge records from Big Muddy Spring, the lowest-elevation and largest spring in the 

headwaters area, were corrupted prior to the summer of 2010 by operations associated with a 

swimming pool at the spring orifice, complicating any quantitative comparisons of the recent record 

with a historical baseline (Figure 11).  Qualitatively, the record becomes erratic in about 2006, with the 

present rising trend beginning in 2009.  Possible response signatures are evident, with trend reversals 

occurring at 5 of the 6 major step changes in pumping activity that have occurred during the Order 1169 

test (Figure 12). 
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Figure 10. Comparison of recent (2010-2013) daily-average discharge measurements at Pederson Spring 

compared to corresponding calendar days in 1999-2002 [file PedersonDiffs.xlsx, sheet ‘PedersonQ’] 

 

 

Figure 11. Historic discharge record from Big Muddy Spring [file BigMuddy8513.tif, downloaded from 

http://waterdata.usgs.gov/nv/nwis/dv/?dd_cd=01_00060_00003&format=img_default&site_no=09415

900&begin_date=19850822&end_date=20131212] 
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Figure 12. Recent discharge record from Big Muddy Spring, showing trend reversals associated with 

changes in status of pumping activity at MX-5 [file BigMuddy1013.xlsx] 

 

Muddy River Response 

The main-stem Muddy River integrates the many influences from springflow, diffuse seepage 

discharge, evapotranspiration, groundwater pumping, surface-water diversions, and storm runoff 

(Figure 13).  The discharge record at the Moapa Gage is far too complex to interpret by inspection, and 

comparison with the record from 10 years prior reveals no obvious correspondence of discharge 

fluctuations with MX-5 activity (Figure 14).  Day-to-day fluctuations in the discharge record are of the 

same order of magnitude as the pumping stress imposed by MX-5, a signal to noise ratio of 1:1 with 

respect to the signal we wish to filter from the record.  The main-stem Muddy River hydrograph must be 

reconstituted (Johnson and Mifflin, 2013a) to permit meaningful analysis of its individual components.  

As illustrated in Figure 15, when daily diversions are accounted for and the raw hydrographs are 

adjusted accordingly there is good correspondence between flow reductions and pumping events.  In 

fact, after several (~5) months of pumping at MX-5 the flow reductions are of about the same 

magnitude as the pumping rate. 
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Figure 13. Raw and base flow hydrographs for the Muddy River [file MR1013_BFI_input.xlsx, sheet ‘BFI’, 

source data in file mr1013n3.q] 

 

 

Figure 14. Difference between recent Muddy River base flow hydrograph and that of corresponding 

calendar days 10 years prior. [file MR1013_BFI_input.xlsx, sheet ‘CompareEarly’]
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Figure 15. When the daily hydrograph of the Muddy River is reconstituted to account for all diversions except those from Coyote Spring Valley, 

there is correspondence between intervals when MX-5 is pumped and decreases in the 2010-2013 hydrograph with respect to corresponding 

calendar days in 2000-2003. “Degraded Data” is attributable to NV Energy reporting for 2010 and 2013, when the State Engineer did not require 

daily monitoring records.  Several months are required before groundwater withdrawals in Coyote Spring Valley are fully expressed as flow 

reductions in the Muddy River. [file MRreconstDiffs2.xlsx, sheet ‘Compare’]
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Conclusions 

 The Order 1169 Test has succeeded in creating measurable impacts on water levels, springflow, 

and Muddy River Discharge across a large (~80-400 square mile) area down-gradient of Coyote Spring 

Valley.  The most useful aspects of the Test were its long (2-year) duration, availability of monitoring 

data reported on a daily basis and in many cases hourly or better, baseline data from a decade (or more) 

prior to the Test, and particularly the intermittent operation of a single, high-capacity well (MX-5).  

During the 2-year Test, three intervals of pumping lasting 3 months or more were separated by recovery 

intervals of similar duration, providing an unprecedented opportunity for these step changes in pumping 

stress to be recognized in a variety of monitoring records. 

 Seasonal fluctuations of the regional hydrographs and ongoing drought have misled numerous 

investigators to attribute both the seasonality and intermittent, long-term decline of groundwater levels 

to pumping stress.  For the first time, we have confidently isolated the overprint of pumping effects 

from the underlying trends, using data from a decade prior as a basis for comparison.  This “Method of 

Differences” is based on the comparison of recent with historic records to isolate the effects of a forcing 

agent that has only appeared recently; the Method has proved to be highly successful. 

 Linear time-drawdown trends are diagnostic of a bounded domain being dewatered, and after 

MX-5 is pumped for a few months an unsustainable, linear trend of water-level decline is established.  

Although the affected area is large, the amount of water released from storage as groundwater levels 

are lowered must be very small in proportion to the amount pumped, since springflow reductions in the 

headwaters area begin within about a month of pump starts and the flow of the Muddy River is 

impacted by an amount comparable to the pumping rate after just a few months. 

These findings indicate that full development of existing permitted groundwater rights (or 

pending applications) in Coyote Spring Valley, if it is allowed, would not only result in approximately 1:1 

reduction of Muddy River flows (in proportion to the pumping rate), but that depletion of groundwater 

storage in the region would proceed toward an unknown end-state that must follow the observed, 

unsustainable, pseudo-steady state (in terms of regional drawdown rates) trend that develops within 

less than a year.   As Muddy River drought-period flows, absent of significant groundwater production 

from Coyote Spring Valley, have been as little as 19 cfs at the Moapa Gage, it’s conceivable (we think 

highly likely) that full development of the existing CSV permitted groundwater rights of 18,100 acre-

feet/year (~25 cfs  on an annualized basis) would directly cause future periods of little or no flow being 

registered at the Moapa gage, with most spring-area tributary flows being heavily impacted or 

eliminated at times as well.  The Order 1169 test has therefore produced useful results upon which State 

and Federal regulators may base further actions. 
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Consider a startling observation: the MRSA dace counts 
closely follow Big Muddy Spring discharge trends!
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Regional Topography
• The color scheme here 

gives us an excellent base 
map

• The National Elevation 
Dataset (NED) is also 
available at 10-meter 
resolution

• The “snow capped 
mountains” area is of 
particular interest

• Groundwater Discharge 
Deposits (GWD) are 
concentrated in the low 
country of southern 
Nevada
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Natural Flow Boundaries
• Some bedrock geology 

helps limit our discussion

• The Roberts Mountains 
Thrust bounds the Lower 
Paleozoic Shelf Domain to 
the west

• The Monitor-Uinta Arch 
forms another natural 
structural divide

• The Adaven precipitation 
record and streamflow 
records of the North Fork 
of the Virgin River (Zion) 
and the Humboldt River at 
Palisade span roughly 100 
years
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Sevier Faults and Extension within 
the Lower Paleozoic Shelf Domain

• The Paleozoic Shelf Domain was 
contracted by faulting of the 
Cretaceous (?) Sevier Orogeny

• Cenozoic extensional faulting 
fragmented the belt of thrust faults, 
which today form important offset 
markers due to unique characteristics of 
many of the thrusts

• The magnitude of extension and 
geometry of normal faults remain 
topics of active debate

• Are groundwater temperatures 
suggestive of shallow circulation 
systems floored by detachment faults?
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Tom Eakin suggested in 1964 that above-average discharge of the Muddy River during the period 1956-1960 was the 
response to above-average recharge during the period 1935-1941 based on the Adaven precipitation record. Regional 
climate trends from 1927-1978 (inset) support the Adaven record as representative of a regional climate cycle
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Mission-oriented groundwater models have no crucial validation tests; the 
pluvial state in the USGS model, transient responses by SNWA still invalid
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Widespread GWD and evaporation from a ~26 ka DV Lake required  LOT of water!
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ASTER (Advanced Space-borne Thermal Emission and Reflection 
Radiometer) imagery reveals fundamentally different GWD 
chemistries in western (Ash Meadows) and eastern (Las Vegas) 
paleodischarge deposits, more magnesian (pink) in the west and 
calcic (blue) in the east
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How did all that groundwater get to the paleodischarge areas?

The area over which Pleistocene groundwater discharge occurred is 
vast, yet discharge areas are typically only a small percentage of their 
supporting recharge areas.

In The Paleozoic Shelf Domain of Nevada, regional groundwater flow is 
through layered media with a hummocky water-table configuration 
(Freeze and Witherspoon, 1967, WRR v.3 no.2 pp. 623-634)
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We discovered, by trial-and-error, a multiple-regression model to explain the discharge of Big Muddy 
Spring in terms of a contiguous set of annual base flows of the Humboldt River at Palisade: the 1960 
Muddy River high that Eakin and Maxey noted is also hindcast to have occured at Big Muddy Spring!
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There was only one time window, 12-22 years before a trial response at 
Big Muddy Spring, that yielded all positive regression coefficients 
(Spring discharge is rationally explained by River base flow history)
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Remember this startling observation: the MRSA dace 
counts closely follow Big Muddy Spring discharge trends!
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• Hydraulic responses of Big Muddy Spring to a northern climate “Sweet Spot” first suggested by 
Thomas Eakin in 1964 and supported by our work occur within decades, not after centuries

• If the USGS DVRFS model can remove pumping effects to hindcast water levels at Devils Hole, a 
similar multiple-regression model might be attainable there if adjustments can produce a clean 
“training” period for the model

• The State Engineer should reconsider his Ruling 6167 in light of these findings, since SNWA 
failed to appreciate and report our evidence of the climate “Sweet Spot” from 2016.  SNWA will 
be faced with unmanageable problems if transient responses from planned northern 
developments are as we predict, occurring within two decades at MRSA

• A next-generation of AVIRIS (Airborne Visible InfraRed Imaging Spectrometer) is available and 
should be directed toward paleodischarge deposits as flux proxies and tracers of the pluvial-state 
groundwater systems, an elusive aspect of regional groundwater model validation

• A couple of R-code input and output snippets follow to illustrate the implementation of trial-
and-error multiple regression in the R programming environment
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> filepath<-system.file("data","NFvirginBFI2.txt",package="stats")
> WLmodel<-read.table(filepath,header=TRUE)
#
# assign names to columns of complete source data file with water year, EH-4 water level,
# and lagged Virgin River (North Fork) annual base flows as explanatory variables
#
> VarNamesLV <- c("WY", "EH4", "LV0",
+ "LV1", "LV2", "LV3", "LV4", "LV5", "LV6", "LV7", "LV8", "LV9", "LV10",
+ "LV11", "LV12", "LV13", "LV14", "LV15", "LV16", "LV17", "LV18", "LV19", "LV20",
+ "LV21", "LV22", "LV23", "LV24", "LV25", "LV26", "LV27", "LV28", "LV29", "LV30",
+ "LV31", "LV32", "LV33", "LV34", "LV35", "LV36", "LV37", "LV38", "LV39", "LV40",
+ "LV41", "LV42", "LV43", "LV44", "LV45", "LV46", "LV47", "LV48", "LV49", "LV50",
+ "LV51", "LV52", "LV53", "LV54", "LV55", "LV56", "LV57", "LV58")
#
# initialize counters
#
> LagStart <- 2                                                                            # first column of lagged climate indices
> LagEnd <- 17                                                                            # last column of lagged climate indices
> nCases <- 0                                                                               # step in the loop
#
# begin loop to move fixed-width time window containing explanatory variables back in time,
# performing multiple regression to explain EH-4 water levels at each step
#
> while(LagEnd<58){                  # number of steps is limited by the width of the lag table WLmodel
+ LagStart <- LagStart+1                                                            # increment counters to move window
+ LagEnd <- LagEnd+1
+ myvars <- c("EH4",VarNamesLV[LagStart:LagEnd])          # assemble the column names to be called
+ LVdata <- WLmodel[myvars]                                                # create temporary data frame for analysis
+ fit <- lm(EH4~.,data=as.data.frame(LVdata))                    # perform the multiple regression
+ out <- capture.output(summary(fit))                                  # multiple regression output for this step
+ nCases <- nCases+1                                                                # count steps of window movement
+ cat(nCases, out,file="data/sumEH4_16x43.txt", sep="\n", append=TRUE)  # append output file
+ }                                                                                                 # end loop for 16-year windowsSE ROA 37488

JA_8994



2

Call:
lm(formula = EH4 ~ ., data = as.data.frame(LVdata))

Residuals:
Min      1Q  Median      3Q     Max 

-1.3469 -0.4373  0.1067  0.4324  1.3020 

Coefficients:
Estimate Std. Error t value Pr(>|t|)    

(Intercept) 1.800e+03  3.187e+00 564.807   <2e-16 ***
LV1         8.518e-06  1.061e-05   0.802   0.4393    
LV2         1.015e-05  1.032e-05   0.984   0.3464    
LV3         7.238e-06  1.057e-05   0.685   0.5075    
LV4         1.947e-05  1.121e-05   1.737   0.1103    
LV5         2.446e-05  1.037e-05   2.359   0.0379 *  
LV6         1.710e-05  9.739e-06   1.756   0.1068    
LV7         1.624e-05  8.375e-06   1.939   0.0785 .  
LV8         1.007e-05  7.695e-06   1.309   0.2174    
LV9         1.574e-05  7.604e-06   2.070   0.0628 .  
LV10        2.402e-05  8.876e-06   2.707   0.0204 *  
LV11        2.008e-05  9.376e-06   2.142   0.0554 .  
LV12        2.439e-05  1.098e-05   2.222   0.0482 *  
LV13        3.031e-05  1.138e-05   2.663   0.0221 *  
LV14        1.858e-05  1.173e-05   1.584   0.1414    
LV15        1.182e-05  1.178e-05   1.003   0.3373    
LV16        7.169e-06  1.194e-05   0.601   0.5603    
---
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Residual standard error: 0.9487 on 11 degrees of freedom
Multiple R-squared:  0.7694, Adjusted R-squared:  0.434 
F-statistic: 2.294 on 16 and 11 DF,  p-value: 0.08342
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EMD: A Package for Empirical Mode
Decomposition and Hilbert Spectrum
by Donghoh Kim and Hee-Seok Oh

Introduction

The concept of empirical mode decomposition
(EMD) and the Hilbert spectrum (HS) has been de-
veloped rapidly in many disciplines of science and
engineering since Huang et al. (1998) invented EMD.
The key feature of EMD is to decompose a signal
into so-called intrinsic mode function (IMF). Further-
more, the Hilbert spectral analysis of intrinsic mode
functions provides frequency information evolving
with time and quantifies the amount of variation due
to oscillation at different time scales and time loca-
tions. In this article, we introduce an R package
called EMD (Kim and Oh, 2008) that performs one-
and two- dimensional EMD and HS.

Intrinsic mode function

The essential step extracting an IMF is to iden-
tify an oscillation embedded in a signal from local
time scale. Consider the following synthetic signal
x(t),0 < t < 9 of the form

x(t) = 0.5t + sin(πt) + sin(2πt) + sin(6πt). (1)

The signal in Figure 1 consists of several com-
ponents, which are generated through the process
that a component is superimposed to each other.

Figure 1: A sinusoidal function having 4 components

An intrinsic oscillation or frequency of a compo-
nent, for example, sin(πt), t ∈ (0,9) in Figure 1 can
be perceived through the red solid wave or the blue
dotted wave in Figure 2. The blue dotted wave in
Figure 2 illustrates one cycle of intrinsic oscillation
which starts at a local maximum and terminates at
a consecutive local maximum by passing through
two zeros and a local minimum which eventually
appears between two consecutive maxima. A com-
ponent for a given time scale can be regarded as the
composition of repeated intrinsic oscillation which is
symmetric to its local mean, zero.

Figure 2: A sinusoidal function

Thus the first step to define intrinsic oscillation
is to detect local extrema or zero-crossings. The
function extrema() identifies local extrema and zero-
crossings of the signal in Figure 2.

> ### Identify extrema and zero-crossings
> ndata <- 3000
> tt <- seq(0, 9, length=ndata)
> xt <- sin(pi * tt)
>
> library(EMD)
> extrema(xt)
$minindex

[,1] [,2]
[1,] 501 501
[2,] 1167 1167
[3,] 1834 1834
[4,] 2500 2500

$maxindex
[,1] [,2]

[1,] 168 168
[2,] 834 834
[3,] 1500 1501
[4,] 2167 2167
[5,] 2833 2833

$nextreme
[1] 9

$cross
[,1] [,2]

[1,] 1 1
[2,] 334 335
[3,] 667 668
[4,] 1000 1001
[5,] 1333 1334
[6,] 1667 1668
[7,] 2000 2001
[8,] 2333 2334
[9,] 2666 2667

$ncross
[1] 9

The function extrema() returns a list of follow-
ings.
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• minindex : matrix of time index at which local
minima are attained. Each row specifies a start-
ing and ending time index of a local minimum.

• maxindex : matrix of time index at which local
maxima are attained. Each row specifies a start-
ing and ending time index of a local maximum.

• nextreme : the number of extrema.

• cross : matrix of time index of zero-crossings.
Each row specifies a starting and ending time
index of zero-crossings.

• ncross : the number of zero-crossings.

Once local extrema is obtained, the intrinsic mode
function is derived through the sifting procedure.

Sifting process

Huang et al. (1998) suggested a data-adapted algo-
rithm extracting a sinusoidal wave or equivalently a
frequency from a given signal x. First, identify the lo-
cal extrema in Figure 3(a), and generate the two func-
tions called the upper envelope and lower envelope
by interpolating local maxima and local minima, re-
spectively. See Figure 3(b). Second, take their aver-
age, which will produce a lower frequency compo-
nent than the original signal as in Figure 3(c). Third,
by subtracting the envelope mean from the signal x,
the highly oscillated pattern h is separated as in Fig-
ure 3(d).

Huang et al. (1998) defined an oscillating wave
as an intrinsic mode function if it satisfies two con-
ditions 1) the number of extrema and the num-
ber of zero-crossings differs only by one and 2)
the local average is zero. If the conditions of
IMF are not satisfied after one iteration of afore-
mentioned procedure, the same procedure is ap-
plied to the residue signal as in Figure 3(d),
(e) and (f) until properties of IMF are satisfied.
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Figure 3: Sifting procedure

This iterative process is called sifting. The fol-
lowing code produces Figure 3, and the function
extractimf() implements the sifting algorithm by

identifying the local extrema with the extrema().
Note that when setting the option ‘check=TRUE’, one
must click the plot to proceed to the next step.

> ### Generating a signal
> ndata <- 3000
> par(mfrow=c(1,1), mar=c(1,1,1,1))
> tt2 <- seq(0, 9, length=ndata)
> xt2 <- sin(pi * tt2) + sin(2* pi * tt2) +
+ sin(6 * pi * tt2) + 0.5 * tt2
> plot(tt2, xt2, xlab="", ylab="", type="l",
+ axes=FALSE); box()
>
> ### Extracting the first IMF by sifting process
> tryimf <- extractimf(xt2, tt2, check=TRUE)

The function extractimf() extracts IMF’s from a
given signal, and it is controlled by the following ar-
guments.

• residue : observation or signal observed at
time tt.

• tt : observation index or time index.

• tol : tolerance for stopping rule.

• max.sift : the maximum number of sifting.

• stoprule : stopping rule.

• boundary : specifies boundary condition.

• check : specifies whether the sifting process is
displayed. If check=TRUE, click the plotting area
to start the next step.

Stopping rule

The sifting process stops when the replication of
sifting procedure exceed the predefined maximum
number by max.sift or satisfies the properties of
IMF by stopping rule. The stopping rule stoprule
has two options – "type1" and "type2". The option
stoprule = "type1" makes the sifting process stop
when the absolute values of the candidate IMF hi are
smaller than tolerance level, that is, |hi(t)| < tol for
all t. Or by the option stoprule = "type2", the sift-
ing process stops when the variation of consecutive
candidate IMF’s is within the tolerance level,

∑
t

(
hi(t)− hi−1(t)

hi−1(t)

)2

< tol.

Boundary adjustment

To eliminate the boundary effect of a signal, it is nec-
essary to adjust a signal at the boundary. Huang et
al. (1998) extended the original signal by adding arti-
ficial waves repeatedly on both sides of the bound-
aries. The waves called characteristic waves are
constructed by repeating the implicit mode formed
from extreme values nearest to boundary. The argu-
ment boundary specifies the adjusting method of the
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boundary. The argument boundary = "wave" con-
structs a wave which is defined by two consecutive
extrema at either boundary, and adds four waves at
either end. Typical adjusting method extends a sig-
nal assuming that a signal is symmetric or periodic.
The option boundary = "symmetric" or boundary =
"periodic" extends both boundaries symmetrically
or periodically.

Zeng and He (2004) considered two extended sig-
nals by adding a signal in a symmetric way and re-
flexive way called even extension and odd exten-
sion, respectively. Even extension and odd exten-
sion produce the extended signals so that its aver-
age is zero. This boundary condition can be specified
by boundary = "evenodd". For each extended signal,
upper and lower envelopes are constructed and en-
velope mean of the extended signals is defined by the
average of four envelopes. Then, the envelope mean
outside the time scale of the original signal is close to
zero, while the envelope mean within the time scale
of the original signal is almost the same as the enve-
lope mean of the original signal. On the other hand,
the option boundary = "none" performs no bound-
ary adjustments.

Empirical mode decomposition

Once the highest frequency is removed from a sig-
nal, the same procedure is applied on the residue sig-
nal to identify next highest frequency. The residue is
considered a new signal to decompose.

Suppose that we have a signal from model (1).
The signal in Figure 1 is composed of 4 compo-
nents from sin(6πt) with the highest frequency to
0.5t with the lowest frequency. We may regard the
linear component as a component having the low-
est frequency. The left panel in Figure 4 illustrates
the first IMF and the residue signal obtained by the
function extractimf(). If the remaining signal is
still compound of components with several frequen-
cies as in the left panel in Figure 4, then the next
IMF is obtained by taking the residue signal as a
new signal in the right panel in Figure 4. The num-
ber of extrema will decrease as the procedure contin-
ues, so that the signal is sequently decomposed into
the highest frequency component im f1 to the low-
est frequency component im fn, for some finite n and
a residue signal r. Finally, we have n IMF’s and a
residue signal as

x(t) =
n

∑
i=1

im fi(t) + r(t).

Signal = 1−st IMF + 1−st residue 1−st residue = 2−nd IMF + 2−nd residue

1−st imf 2−nd imf

1−st residue 2−nd residue

Figure 4: Two IMF’s by the sifting algorithm

The above-mentioned decomposition process is
implemented by the function emd() that utilizes the
functions extractimf() and extrema(). The final
decomposition result by the following code is illus-
trated in Figure 5.

> ### Empirical Mode Decomposition
> par(mfrow=c(3,1), mar=c(2,1,2,1))
> try <- emd(xt2, tt2, boundary="wave")
>
> ### Ploting the IMF's
> par(mfrow=c(3,1), mar=c(2,1,2,1))
> par(mfrow=c(try$nimf+1, 1), mar=c(2,1,2,1))
> rangeimf <- range(try$imf)
> for(i in 1:try$nimf)
+ plot(tt2, try$imf[,i], type="l", xlab="",
+ ylab="", ylim=rangeimf, main=
+ paste(i, "-th IMF", sep="")); abline(h=0)
> plot(tt2, try$residue, xlab="", ylab="",
+ main="residue", type="l")

1−st IMF

2−nd IMF

3−rd IMF

residue

Figure 5: Decomposition of a signal by model (1)

The arguments of emd() are similar to those of
extractimf(). The additional arguments are

• max.imf : the maximum number of IMF’s.

• plot.imf : specifies whether each IMF is dis-
played. If plot.imf=TRUE, click the plotting
area to start the next step.

Up to now we have focused on artificial signals
without any measurement error. A typical signal in
the real world is corrupted by noise, which is not the
component of interest and contains no interpretable

The R Journal Vol. 1/1, May 2009 ISSN 2073-4859
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information. A remedy to smooth out the noise is
to apply smoothing technique not interpolation dur-
ing the sifting process. Then the first IMF might
capture the entire noise effectively. As an alterna-
tive, Kim and Oh (Kim and Oh, 2006) proposed an
efficient smoothing method for IMF’s by combining
the conventional cross-validation and thresholding
approach. By thresholding, noisy signal can be de-
noised while the distinct localized feature of a signal
can be kept.

Intermittence

Huang et al. (1998, 2003) pointed out that intermit-
tence raises mode mixing, which means that different
modes of oscillations coexist in a single IMF. Since
EMD traces the highest frequency embedded in a
given signal locally, when intermittence occurs, the
shape of resulting IMF is abruptly changed and this
effect distorts procedures thereafter.

Huang et al. (2003) attacked this phenomenon by
restricting the size of frequency. To be specific, the
distance limit of the successive maxima (minima) in
an IMF is introduced. Thus, IMF composes of only si-
nusoidal waves whose length of successive maxima
(minima) are shorter than their limit. Equivalently,
we may employ the length of the zero-crossings to
overcome the intermittence problem. Consider a sig-
nal x(t) combined by two sine curves (Deering and
Kaiser, 2005),

x(t)

=

{
sin(2π f1t) + sin(2π f2t), 1

30 ≤ t ≤ 2
30 ,

sin(2π f1t), otherwise.
(2)

Figure 6 illustrates the signal x(t) when f1 = 1776
and f2 = 1000 and the corresponding two IMF’s. The
first IMF absorbs the component that appeared in the
second IMF between 1

30 and 2
30 . Thus, the resulting

IMF has a mode mixing pattern.

> ### Mode mixing
> tt <- seq(0, 0.1, length = 2001)[1:2000]
> f1 <- 1776; f2 <- 1000
> xt <- sin(2*pi*f1*tt) * (tt <= 0.033 |
+ tt >= 0.067) + sin(2*pi*f2*tt)
>
> ### EMD
> interm1 <- emd(xt, tt, boundary="wave",
+ max.imf=2, plot.imf=FALSE)
> par(mfrow=c(3, 1), mar=c(3,2,2,1))
> plot(tt, xt, main="Signal", type="l")
> rangeimf <- range(interm1$imf)
> plot(tt, interm1$imf[,1], type="l", xlab="",
+ ylab="", ylim=rangeimf, main="IMF 1")
> plot(tt, interm1$imf[,2], type="l", xlab="",
+ ylab="", ylim=rangeimf, main="IMF 2")
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Figure 6: Signal x(t) by model (2) and first two IMF’s

By following the approach of Huang et al. (1998,
2003), we can remove waves whose empirical period
represented by the distance of other zero-crossings
is larger than 0.0007 in the first IMF. The period in-
formation obtained by histogram in Figure 7 can be
used to choose an appropriate distance. We eliminate
the waves with lower frequency in the first IMF with
the histogram of other zero-crossings.

> ### Histogram of empirical period
> par(mfrow=c(1,1), mar=c(2,4,1,1))
> tmpinterm <- extrema(interm1$imf[,1])
> zerocross <-
+ as.numeric(round(apply(tmpinterm$cross, 1, mean)))
> hist(diff(tt[zerocross[seq(1, length(zerocross),
+ by=2)]]), freq=FALSE, xlab="", main="")
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Figure 7: Histogram of the empirical period

Figure 8 shows the resulting IMF’s after treating
intermittence properly. The argument interm of the
function emd() specifies a vector of periods to be ex-
cluded from the IMF’s.

> ### Treating intermittence
> interm2 <- emd(xt, tt, boundary="wave",
+ max.imf=2, plot.imf=FALSE, interm=0.0007)
>
> ### Plot of each imf
> par(mfrow=c(2,1), mar=c(2,2,3,1), oma=c(0,0,0,0))
> rangeimf <- range(interm2$imf)
> plot(tt,interm2$imf[,1], type="l",
+ main="IMF 1 after treating intermittence",
+ xlab="", ylab="", ylim=rangeimf)
> plot(tt,interm2$imf[,2], type="l",
+ main="IMF 2 after treating intermittence",
+ xlab="", ylab="", ylim=rangeimf)
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Figure 8: Decomposition of signal x(t) by model (2)
after treating the intermittence.

Hilbert spectrum

When a signal is subject to non-stationarity so that
the frequency and amplitude change over time, it is
necessary to have a more flexible and extended no-
tion of frequency. Huang et al. (1998) used the con-
cept of instantaneous frequency through the Hilbert
transform. For a comprehensive explanation of the
Hilbert transform, refer to Cohen (1995). For a real
signal x(t), the analytic signal z(t) is defined as
z(t) = x(t) + i y(t) where y(t) is the Hilbert trans-
form of x(t), that is, y(t) = 1

π P
∫ ∞
−∞

x(s)
t−s ds where

P is the Cauchy principal value. The polar coor-
dinate form of the analytic signal z with amplitude
and phase is z(t) = a(t)exp(iθ(t)) where amplitude
a(t) is ||z(t)|| =

√
x(t)2 + y(t)2 and phase θ(t) is

arctan
(

y(t)
x(t)

)
. The instantaneous frequency as time-

varying phase is defined as dθ(t)
dt . After decompos-

ing a signal into IMF’s with EMD thereby preserving
any local property in the time domain, we can ex-
tract localized information in the frequency domain
with the Hilbert transform and identify hidden lo-
cal structures embedded in the original signal. The
local information can be described by the Hilbert
spectrum which is amplitude and instantaneous fre-
quency representation with respect to time. Figure 9
describes the Hilbert spectrum for IMF 1 of the sig-
nal of model (2) before and after treating the inter-
mittence. The X-Y axis represents time and instanta-
neous frequency, and the color intensity of the image
depicts instantaneous amplitude.

> ### Spectrogram : X - Time, Y - frequency,
> ### Z (Image) - Amplitude
> test1 <- hilbertspec(interm1$imf)
> spectrogram(test1$amplitude[,1],
+ test1$instantfreq[,1])
> test2 <- hilbertspec(interm2$imf, tt=tt)
> spectrogram(test2$amplitude[,1],
+ test2$instantfreq[,1])
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Figure 9: The Hilbert spectrum for IMF 1 of the signal
of model (2)

For multiple signals, the function hilbertspec()
calculates the amplitudes and instantaneous fre-
quency using Hilbert transform. The function has the
following arguments,

• xt : matrix of multiple signals. Each column
represents a signal.

• tt : observation index or time index.

The function hilbertspec() returns a matrix of am-
plitudes and instantaneous frequencies for multiple
signals. The function spectrogram() produces an
image of amplitude by time index and instantaneous
frequency. The horizontal axis represents time, the
vertical axis is instantaneous frequency, and the color
of each point in the image represents amplitude of a
particular frequency at a particular time. It has argu-
ments as

• amplitude : vector or matrix of amplitudes for
multiple signals.

• freq : vector or matrix of instantaneous fre-
quencies for multiple signals.

• tt : observation index or time index.

• multi : specifies whether spectrograms of mul-
tiple signals are separated or not.

• nlevel : the number of color levels used in leg-
end strip

• size : vector of image size.

Extension to two dimensional im-
age

The extension of EMD to an image or two dimen-
sional data is straightforward except the identifica-
tion of the local extrema. Once the local extrema
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are identified, the two dimensional smoothing spline
technique is used for the sifting procedure.

For the two-dimensional case, we provide four R
functions.

(1) extrema2dC() for identifying the two dimen-
sional extrema,

(2) extractimf2d() for extracting the IMF from a
given image,

(3) emd2d() for decomposing an image to IMF’s
and the residue image combining two R func-
tions above, and

(4) imageEMD() for displaying the decomposition
results.

As in a one-dimensional case, extractimf2d()
extracts two dimensional IMF’s from a given image
based on local extrema identified by extrema2dC().
Combining these functions, emd2d() performs de-
composition and its arguments are as follows.

• z : matrix of an image observed at (x, y).

• x, y : locations of regular grid at which the val-
ues in z are measured.

• tol : tolerance for stopping rule of sifting.

• max.sift : the maximum number of sifting.

• boundary : specifies boundary condition ‘sym-
metric’, ‘reflexive’ or ‘none’.

• boundperc : expand an image by adding speci-
fied percentage of image at the boundary when
boundary condition is ‘symmetric’ or ‘reflex-
ive’.

• max.imf : the maximum number of IMF.

• plot.imf : specifies whether each IMF is dis-
played. If plot.imf=TRUE, click the plotting
area to start the next step.

The following R code performs two dimensional
EMD of the Lena image. The size of the original im-
age is reduced for computational simplicity.

> data(lena)
> z <- lena[seq(1, 512, by=4), seq(1, 512, by=4)]
> lenadecom <- emd2d(z, max.imf = 4)

The R function imageEMD() plots decomposition
results and the argument extrma=TRUE illustrates the
local maxima (minima) with the white (black) color
and grey background. See Figure 10.

> imageEMD(z=z, emdz=lenadecom, extrema=TRUE,
+ col=gray(0:100/100))

Figure 10: Decomposition of the Lena image

Conclusions

IMF’s through EMD provide a multi-resolution tool
and spectral analysis gives local information with
time-varying amplitude and phase according to the
scales. We introduce EMD, an R package for the
proper implementation of EMD, and the Hilbert
spectral analysis for non-stationary signals. It is ex-
pected that R package EMD makes EMD methodol-
ogy practical for many statistical applications.
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Abstract

In support of a larger study to evaluate geothermal resource 
development of high-permeability stratigraphic units in sedimen-
tary basins, this paper integrates groundwater and thermal data 
to evaluate heat and fluid flow within the eastern Great Basin. 
Previously published information from a hydrogeologic frame-
work, a potentiometric-surface map, and groundwater budgets 
was compared to a surficial heat-flow map. Comparisons between 
regional groundwater flow patterns and surficial heat flow indicate 
a strong spatial relation between regional groundwater movement 
and surficial heat distribution. Combining aquifer geometry and 
heat-flow maps, a selected group of subareas within the eastern 
Great Basin are identified that have high surficial heat flow and are 
underlain by a sequence of thick basin-fill deposits and permeable 
carbonate aquifers. These regions may have potential for future 
geothermal resources development.

Introduction

Located within the Basin and Range Physiographic Province, 
the Great Basin carbonate and alluvial aquifer system (GBCAAS) 
covers an area of approximately 284,900 km2 (110,000 mi2) 
and lies predominantly within eastern Nevada and western Utah 
(Heilweil et al., 2011). Altitudes range from below sea level to 
above 4,500 m (14,000 ft). Most of the study area is categorized 
as having a semi-arid or steppe climate, except for the extreme 
southwestern basins which have an arid desert climate, and the 
extreme northeastern mountains which have an alpine/tundra cli-
mate (Heilweil et al., 2011). Annual precipitation ranges between 
3.8 cm (1.5 inches) in southern Nevada to 178 cm (70 inches) in 
northern Utah (Heilweil et al., 2011). The physical geography 
of the study area is characterized by north or northeast trending 
mountain ranges approximately 8-24 km (5-15 mi) wide separated 

by broad basins approximately 8-16 km (5-10 mi) wide (Heilweil 
et al., 2011). Mountain ranges can be longer than more than 80 km 
(50 mi); basins are typically 56-112 km (35-70 mi) long, although 
some are as long as 241 km (150 mi). These longer basins are 
bordered by multiple mountain ranges. Topographic relief between 
the mountain crests and basin floors generally ranges from 305 to 
1,830 m (1,000 to 6,000 ft). 

Interest in the development of geothermal energy includes a 
national effort to evaluate potential resources. Current installed 
and utilized power production capacity in the U.S. is more than 
2,500 Megawatts-electric (MWe) and the potential for additional 
conventional geothermal resource development is estimated to be 
about 9,000 MWe (Williams et al., 2008). Historical geothermal 
power development has largely focused on hydrothermal system 
fault-controlled reservoirs. Estimated potential for Enhanced 
Geothermal System (EGS) development from low-permeability 
reservoirs adds more than 500,000 MWe to this estimate. In addi-
tion, there is significant potential for unconventional geothermal 
resources associated with deep sedimentary basins in the U.S. 
Following on this, Allis et al. (2011) noted that there are large 
areas in the western U.S., especially in the Basin and Range high 
heat-flow province, where high near-surface temperature gradients 
indicate the potential for elevated temperatures at relatively shallow 
depths. There is a particular focus on areas of the Great Basin where 
significant permeability in consolidated rock exists at depths of 
2,000 to 5,000 m and the consolidated rock is blanketed by basin-
fill sediments with low thermal conductivity (Allis et al., 2012, in 
prep.). Such areas may have significant potential for geothermal 
production where this bedrock permeability is laterally extensive.

This study examines carbonate aquifer thickness, extent, 
depth beneath sediments and groundwater flow in the context 
of geothermal resource potential by using recently published 
data. A hydrogeologic study of the eastern Great Basin (Heilweil 
and Brooks, 2011) included a three-dimensional hydrogeologic 
framework (Sweetkind et al., 2011a), evaluation of groundwater 
flow directions (Sweetkind et al., 2011b), and groundwater budget 
estimates (Masbruch et al., 2011). The eastern Great Basin study 
follows upon several previous regional groundwater studies 
(Welch et al., 2007; Harrill and Prudic, 1998; Prudic et al., 1995). 
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In addition, a recently published surficial heat-flow map of the 
conterminous U.S. (Blackwell et al., 2011) improves upon the 
spatial resolution of previously reported surficial heat flow 
in the eastern Great Basin (Blackwell, 1983).

Purpose and Scope

The objectives of this study are to (1) evaluate potential 
effects of groundwater flow on subsurface thermal conditions, 
and (2) identify areas where carbonate rocks are covered by 
at least 2 km of basin-fill sediments and are located in high 
heat-flow areas. These areas may have potential for geo-
thermal resources development in the eastern Great Basin. 
To meet these objectives, hydrogeologic and thermal data 
were combined using geographic information system (GIS) 
techniques to generate maps and cross sections highlighting 
these areas.

Groundwater Flow

The GBCAAS comprises Cenozoic unconsolidated 
basin-fill sediments and volcanics, Paleozoic carbonates, 
and Late Proterozoic and Early Cambrian bedrock. Perme-
able Cenozoic rocks, which exceed thicknesses of 5,000 m 
in places, have been divided into three hydrogeologic units: 
an upper basin-fill aquifer unit (UBFAU), a lower basin-fill 
aquifer unit (LBFAU) and a volcanic unit (VU) (Sweetkind 
et al., 2011b). In many areas, these Cenozoic aquifers are un-
derlain by permeable carbonate rocks which form regionally 
extensive aquifers that are hydraulically connected between 
basins. These carbonate aquifers have been divided into a 

lower carbonate aquifer unit (LCAU) and 
an upper carbonate aquifer unit (UCAU). 

Groundwater movement within the 
GBCAAS typically is from recharge ar-
eas in higher- altitude mountains towards 
lower-altitude discharge areas (figure 1), 
consistent with previous conceptual mod-
els of groundwater flow in areas of high 
topographic relief (Toth, 1963). Within the 
study area, most groundwater flow occurs 
in the UBFAU, the UCAU, and the LCAU. 

Figure 2 is a simplified version of a 
recently published (Heilweil and Brooks, 
2011, plate 1) potentiometric-surface map 
showing contours of equal groundwater-
level altitude, indicating generalized 
hydraulic gradients throughout the GB-
CAAS. Groundwater generally flows 
perpendicular to these contours, moving 

Figure 1. Schematic diagram showing conceptualized groundwater flow in the Great Basin carbonate 
and alluvial aquifer system study area (from Sweetkind et al., 2011b).

Figure 2. Potentiometric-surface map of the 
Great Basin carbonate and alluvial aquifer 
system study area (modified from Heilweil and 
Brooks, 2011).
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from higher to lower groundwater-level altitudes. Because of 
the large contour interval (1,000 ft), this potentiometric-surface 
map indicates only regional-scale movement of groundwater. 
Groundwater flow is indicated from the higher-altitude areas in 
the center of the area towards the Great Salt Lake Desert, the 
Muddy River Springs Area, the Virgin River, Death Valley, and 
the Humboldt River. 

It has been previously recognized that regional-scale ground-
water flow likely influences the thermal regime of the eastern Great 
Basin, sweeping heat away from several areas (Lachenbruch and 
Sass, 1977; 1978). The presence of regionally extensive aquifer 
units and groundwater flow at depth, such as within the LCAU, 
likely results in heat transport through advective flow. Heat trans-
port by groundwater flow, therefore, needs to be considered when 
evaluating the geothermal resource potential.

Carbonate rocks within the GBCAAS study area have relatively 
high bedrock permeability (geometric mean of 4 ft/d) and underlie 
2,000 m of basin-fill sediments in several areas (Sweetkind et al., 
2011a). In general, the carbonate units are more continuous in 
the north-south direction than in the west-east direction, mainly 
because of structural extension and the existence of intervening 
mountain ranges and normal faults in the west-east direction (Det-
tinger and Schaefer, 1996). Figure 3 shows both north-south and 
west-east cross sections through the study area. Cross-section B-B’ 
extends from Ruby Valley in the north to Las Vegas Valley in the 
south and shows continuity of LCAU along this north-south pro-
file. Cross-section J-J’, extending east from Rock Creek Valley in 
north-central Nevada to the Wasatch Mountains of Utah, illustrates 
the disconnected nature of LCAU along this west-east profile.

Heat Flow

The Great Basin portion of a surficial heat-flow map 
recently updated by Blackwell et al. (2011) is reproduced 
in figure 4. Heat flow within the Basin and Range province 
is complicated by a combination of extension (including 
volcanism and intrusion), effects of thermal refraction, 
variations in radioactive heat production, erosion and 
sedimentation, and advective effects of groundwater flow 
(Blackwell, 1983). Surficial heat-flow values in the study 
area range from 45 to 100 milliwatts per square meter 
(mW/m2) (Blackwell et al., 2011); values of less than 
70 mW/m2 might be the result of  groundwater move-
ment flushing heat from the subsurface, as proposed by 
Lachenbruch and Sass (1977; 1978). One area of low 
surficial heat flow that has undergone detailed hydrologi-
cal study in recent years is the Snake Valley area along 
the Utah-Nevada border. It is likely that groundwater is 
significantly affecting surficial heat flow in this area. Re-
sults of a groundwater flow and heat transport numerical 
model (Melissa Masbruch, U.S. Geological Survey, written 
commun., May 2012), recent temperature measurements 
(Blackett, 2011), and analysis of groundwater geochemical 

Figure 3. Cross sections B-B’ (north-south) and J-J’ (west-east) representing the three-
dimensional hydrogeologic framework developed for the Great Basin carbonate and 
alluvial aquifer system study area (from Sweetkind et al., 2011a). See figure 2 for 
cross-section locations.

Figure 4. Surficial heat flow in the Great Basin carbonate and alluvial 
aquifer system study area and an area of high recharge in the Snake Valley 
study area (modified from Blackwell et al., 2011).
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data (Phil Gardner, U.S. Geological Survey, written commun., 
May 2012) indicate that low surficial heat flow south of Baker, 
Nevada, corresponds to an area with high groundwater recharge 
rates and active groundwater flow from southwest to northeast. 

On the basis of these Snake Valley area findings, it is possible 
that similar areas of low surficial heat flow in a large portion of 
east-central Nevada are also caused by the flushing of heat by 
groundwater flow. Figure 5 shows groundwater-budget imbal-
ances and possible subsurface flow between groundwater flow 
systems and subareas within the GBCAAS study area (Masbruch 
et al., 2011), and areas of low surficial heat flow (less than 
70 mW/m2) (Blackwell et al., 2011). This suggests that heat 
is being swept by regional groundwater flow, particularly by 
subsurface outflow from the Diamond Valley, Newark Valley, 
and the northern part of the Colorado groundwater flow systems. 
Additionally, these areas of low surficial heat flow contain thick, 
continuous deposits of permeable carbonates (Cederberg et al., 
2011) which are likely conduits for groundwater flow.

Use of Hydrogeologic and Surficial  
Heat-Flow Data to Highlight Areas of  
Potential Geothermal Development

A study by Allis et al. (2012, in prep.) indicates that at least 
2,000 m of sediments and high surficial heat flow (greater than 
80 mW/m2) are needed to produce temperatures of more than 

150 °C at about 3,000 m depth; this combination of high tem-
perature at relatively shallow depths is preferred for geothermal 
development. Figure 6 shows locations within the GBCAAS 
where pre-Cenozoic rocks underlie sequences of Cenozoic units 
(UBFAU, LBFAU, VU) that have thickness greater than 2,000 
m. Where thick sequences of Cenozoic units overlie permeable 
bedrock, a geothermal resource may occur at depths of 2,000 to 
3,000 m.

GIS techniques were used to combine areas of high surficial 
heat flow (greater than 80 mW/m2) and areas of thick (greater than 
2,000 m) Cenozoic units (figure 7) in the GBCAAS study area. 
Areas with high potential for geothermal development include 

Figure 5. Possible subsurface flow between groundwater flow systems and 
groundwater budget imbalances in groundwater flow systems and subar-
eas in the Great Basin carbonate and alluvial aquifer system study area 
and areas of low surficial heat flow (modified from Masbruch et al., 2011).

Figure 6. Surface exposure and depth to pre-Cenozoic rocks in the Great 
Basin carbonate and alluvial aquifer system study area (from Sweetkind et 
al., 2011a).
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(1) Oasis Valley, Nevada, in the Death Valley groundwater flow 
system; (2) Sevier Desert, Utah, in the Sevier Lake groundwater 
flow system; (3) East Shore, Promontory Mountain, and Malad-
Lower Bear River areas, Utah, in the Great Salt Lake groundwater 
flow system; and (4) Marys River and Starr Valley areas, Nevada, 
in the Humboldt groundwater flow system.

Conclusions

The following conclusions can be drawn from recently pub-
lished hydrogeologic concepts of the Great Basin carbonate and 
alluvial aquifer system and surficial heat flow, as presented in 
this paper:

The continuity of thick, permeable carbonates at depth allow 
for regional-scale groundwater flow within the study area. 

The existence of areas of low surficial heat flow (less than 
70 mW/m2) within the study area may indicate flushing of heat 
by groundwater flow. Such areas may not be ideal targets for 
geothermal resources development because of the likelihood of 
cooler groundwater temperatures and lower geothermal gradients.

The existence of thick sequences of low thermal conduc-
tivity Cenozoic units in areas of high surficial heat flow such as 
Marys River and Starr Valley areas, and Oasis Valley, Nevada, 
and East Shore, Promontory Mountain, and Malad-Lower 
Bear River areas, and Sevier Desert, Utah, indicate potential 
areas that may warrant further investigation of geothermal 
resources development within the study area.

Future Work

We recommend a more detailed study than has been 
possible for this paper on groundwater flow and surficial 
heat-flow relations.  This is likely to provide more insight 
regarding effects of groundwater movement on lateral heat-
flow variations.
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An animated tectonic reconstruction of southwestern North America
since 36 Ma
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ABSTRACT

We present tectonic reconstructions and
an accompanying animation of deformation
across the North America–Pacific plate
boundary since 36 Ma. Intraplate defor-
mation of southwestern North America was
obtained through synthesis of kinematic
data (amount, timing, and direction of dis-
placement) along three main transects
through the northern (408N), central (368N–
378N), and southern (348N) portions of the
Basin and Range province. We combined
these transects with first-order plate bound-
ary constraints from the San Andreas fault
and other areas west of the Basin and
Range. Extension and strike-slip deforma-
tion in all areas were sequentially restored
over 2 m.y. (0–18 Ma) to 6 m.y. (18–36 Ma)
time intervals using a script written for the
ArcGIS program. Regions where the kine-
matics are known constrain adjacent areas
where the kinematics are not well defined.
The process of sequential restoration high-
lighted misalignments, overlaps, or large
gaps in each incremental step, particularly
in the areas between data transects, which
remain problematic. Hence, the value of the
reconstructions lies primarily in highlight-
ing questions that might not otherwise be
recognized, and thus they should be viewed
more as a tool for investigation than as a
final product.

The new sequential reconstructions show
that compatible slip along the entire north-
south extent of the inland right-lateral
shear zone from the Gulf of California to
the northern Walker Lane is supported by
available data and that the east limit of ac-
tive shear has migrated westward with re-
spect to North America since ca. 10 Ma.
The reconstructions also highlight new
problems regarding strain-compatible ex-

tension east and west of the Sierra Nevada–
Great Valley block and strain-compatible
deformation between southern Arizona and
the Mexican Basin and Range. Our results
show ;235 km of extension oriented
;N788W in both the northern (50% exten-
sion) and central (200% extension) parts of
the Basin and Range. Following the initia-
tion of east-west to southwest-northeast ex-
tension at 15–25 Ma (depending on longi-
tude), a significant portion of right-lateral
shear associated with the growing Pacific–
North America transform jumped into the
continent at 10–12 Ma, totaling ;100 km
oriented N258W, for an average of ;1 cm/
yr since that time.

Keywords: Basin and Range, kinematic re-
construction, extension, plate tectonics, ve-
locity field.

INTRODUCTION

The large-scale horizontal velocity field at
Earth’s surface is one of the main predictions
of physical models of lithospheric deforma-
tion (e.g., England and McKenzie, 1982).
Two-dimensional, cross-sectional models of
finite deformation of mountain belts incorpo-
rating strong heterogeneity in rheologic pa-
rameters have been developed over the last de-
cade (e.g., Lavier and Buck, 2002; Braun and
Pauselli, 2004). Owing to advances in com-
putation, fully three-dimensional models of
plate boundary deformation zones, incorpo-
rating both horizontal and vertical variations
in lithospheric rheology, will soon become
common. Thus, a key observational frontier
will be the determination of precise displace-

*Current address: Department of Geosciences,
Guyot Hall, Princeton University, Princeton, New
Jersey 08544, USA.

ment vector fields of continental deformation
in order to test these models. The most dra-
matic recent improvement in obtaining such
velocity fields has been the advent of space-
based tectonic geodesy (especially using con-
tinuous global positioning systems [GPS]),
which is yielding velocity fields that are un-
precedented in terms of both the scale of ob-
servation and the accuracy of the velocities.
These data have already been used as tests for
physical models in southwestern North Amer-
ica (e.g., Bennett et al., 1999, 2003; Flesch et
al., 2000) and elsewhere (e.g., Holt et al.,
2000). Substantial progress has also occurred
over the last decade in determining longer-
term velocity fields using the methods of plate
tectonics and regional structural geology.

These longer-term displacement histories
are essential for addressing the question of
how the lithosphere responds to major varia-
tions in plate geometry and kinematics (e.g.,
Houseman and England, 1986; England and
Houseman, 1986; Bird, 1998) because such
variations occur on the million-year time
scale. Plate tectonics is a precise method for
constraining the overall horizontal kinematics
of plate boundaries, using seafloor topograph-
ic and magnetic data in concert with the geo-
magnetic time scale. For the diffuse defor-
mation that characterizes the continental
lithosphere along plate boundaries, however,
tectonic reconstruction at scales in the 100 km
to 1000 km range is not as straightforward. It
is based primarily on structural geology and
paleomagnetic studies and requires the iden-
tification of large-scale strain markers and
consideration of plate tectonic constraints
(e.g., Wernicke et al., 1988; Snow and Wer-
nicke, 2000; McQuarrie et al., 2003). Regional
strain markers within the continents may not
exist in any given region, and even if they do,
they may not be amenable to accurate recon-
struction at large scales.
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Figure 1. Schematic diagram illustrating
the method of using regional structural
constraints to limit possible displacement
paths in tectonic reconstructions. See text
for discussion and explanation of letters.

In southwestern North America, a zone of
plate boundary deformation on the order of
1000 km wide is developed along the plate
boundary. In mid-Tertiary time (36 Ma), this
boundary was strongly convergent, with the
Farallon plate subducting eastward beneath
the North American plate. Beginning at ca. 30
Ma, the Pacific-Farallon ridge came in contact
with the North American plate. Since then, the
Pacific–North America boundary has grown
through the migration of triple junctions along
the coast. Now, the entire margin from south-
ern Baja California to Cape Mendocino is a
transform Pacific–North America boundary,
rather than a convergent Farallon–North
America boundary (Atwater, 1970). This
change in the configuration of the plate
boundary is both relatively simple and pro-
found, making southwestern North America
an ideal laboratory for investigating how con-
tinental lithosphere responds to changes in rel-
ative plate motion.

Refined plate tectonic reconstructions have
provided an improved kinematic model of the
change from convergent to transform motion
and have shown that there were significant
variations in the obliquity of the transform af-
ter it developed. In particular, during the in-
terval ca. 16 to ca. 8 Ma, Pacific–North Amer-
ica motion was highly oblique and included a
margin-normal extensional component of as
much as 2 cm/yr, coeval with a rapid pulse of
Miocene extension that formed the Basin and
Range province (Atwater and Stock, 1998;
Wernicke and Snow, 1998). At ca. 8 Ma,
Pacific–North America motion changed to
more purely coastwise motion, which appears
to have changed the intraplate tectonic regime
from profound extension to a more complex
mixture of extension, shortening, and trans-
form motion, responsible for the opening of
the Gulf of California, thrust faulting of the
western Transverse Ranges, and development
of the San Andreas fault–eastern California
shear zone–Walker Lane, respectively.

Over the last several years, high-quality,
large-scale kinematic constraints, many of
which resulted from decades of field work and
attending debate, have become available,
reaching the point where synthesis into a
large-scale velocity field is feasible. A rudi-
mentary kinematic model using many of the
constraints along the plate boundary and in
the plate interior was incorporated into a pub-
licly available animation of the post–38 Ma
evolution of the entire Pacific–Farallon–North
America system (Atwater and Stock, 1998;
animation available at http://emvc.geol.ucsb.
edu/download/nepac.php).

In this paper, we synthesize the current state

of information on the kinematics of the dif-
fusely deforming North American plate since
36 Ma, based on offsets of regional structural
markers, and construct a strain-compatible ki-
nematic model of the horizontal motions at 2
m.y. (0–18 Ma) and 6 m.y. (18–36 Ma) inter-
vals, presented as a continuous animation. The
model is by no means a final product, as new
kinematic information and testing will require
significant modifications of the model. Rather,
the model is an attempt to be quantitatively
rigorous in a way that will be useful for com-
parison with large-scale, three-dimensional
physical models and for the identification of
issues regarding the structural kinematics that
might not otherwise be detected. Thus, in ad-
dition to the animation, we have constructed
‘‘instantaneous’’ velocity fields based on 2
m.y. averages from 0 Ma to 18 Ma and 6 m.y.
averages from 18 Ma to 36 Ma. These results
are our best attempt at ‘‘paleogeodesy,’’ pre-
senting the geology-based kinematic model in
a format similar to modern GPS velocity
fields, which in turn may be quantitatively
compared to physically based model velocity
fields.

METHODS

By combining regional structural con-
straints into a single model, the self-consistency
of the model (i.e., its strain compatibility
through time) provides powerful additional
constraints on the kinematics in at least three
ways. The first and most important is the fact
that high-quality local kinematic information
imposes severe constraints on its surroundings
where information may not be available. As a
hypothetical example, consider a large region
of oblique extension between two undeformed
blocks (Fig. 1). The strain and strain path need
not be known for each geological element in
the deforming region in order to constrain the
large-scale kinematics. If the sum of fault dis-
placements across just a single reconstruction
path (p) is known, restoring point A to a po-
sition at point B, and it is known that the
blocks have not rotated, then the single path
imposes a strong constraint on the overall ki-
nematics of all of the other paths between the
blocks (Fig. 1A).

The second additional constraint is on er-
rors in reconstructions. In the example in Fig-
ure 1, let us suppose that the minimum value
of all fault displacements along reconstruction
path p restores the block to point B, but there
is no constraint on the maximum value along
the path itself. The side of the block contain-
ing A would overlap the block on the other
side of the rift if the displacement along the

path were in excess of AC (Fig. 1B), violating
the condition of strain compatibility. There-
fore, the displacement is constrained to be be-
tween AB and AC, rather than some value
greater than AB.

A third and perhaps most useful additional
constraint arises when local constraints con-
tradict one another. For example, if recon-
struction along path q (Fig. 1A) required that
point A restore to a position D, which is well
within the other block, then the violation of
strain compatibility forces reevaluation of the
geological constraints. The geological recon-
struction for displacement along q, the paleo-
magnetic constraints on the blocks, and the
presumed rigidity of the blocks cannot all be
correct. Thus, the exercise of regional recon-
struction focuses attention on information that
is most critical for improving the accuracy of
the reconstruction. For southwestern North
America, there is now enough high-quality lo-
cal kinematic information that large-scale self-
consistency of the model imposes useful ad-
ditional constraints in all of these ways.

In making the reconstruction, the methods
used in the local study of Wernicke et al.
(1988) and Snow and Wernicke (2000) in the
Death Valley region of the central Basin and
Range province were applied at large scale. In
Snow and Wernicke (2000), each step in the
reconstruction showed the paleoposition of
existing mountain ranges. Although the recon-
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Figure 2. Map of western North America showing the primary tectonic elements in the
reconstruction. The gray shaded polygons represent the physiographic or geologic ex-
pression of mountain ranges, which in the Basin and Range are fault bounded and sep-
arated by alluvial valleys. Dashed boxes are the locations of Figures 3–5. The numbers
refer to specific mountain ranges identified in Tables 1–6.

struction allowed for the ranges to change
shape as extension is restored (i.e., the ranges
may decrease in area), in our reconstruction,
the mountain ranges are shown as digitized
polygons that approximate: (1) the modern
bedrock-alluvium contact (e.g., a typical range
in the Basin and Range), (2) faults bounding
individual crustal blocks (e.g., the Santa Ynez
Mountains block in the western Transverse
Ranges), or (3) the physiographic boundaries
of large, intact crustal blocks (e.g., the Colo-
rado Plateau). In some cases, especially where
large extensional strains are involved, the re-
construction overlaps individual polygons to
account for extension, essentially using the
modern bedrock-alluvium contact as a geo-
graphical reference marker. Because the strain
is extensional, and in the case of metamorphic
core complexes, one range has literally moved
off of the top of another, these overlaps do not
violate strain compatibility.

The individual positions of polygons were
restored in each 2 m.y. time frame through an
ArcGIS script that reads and updates a table
listing the kinematic data for each range. The
script, created by Melissa Brenneman of the
Redlands Institute at the University of Red-
lands, is written in Visual Basic and is incor-
porated as a tool in a custom ArcMap docu-
ment. The script reads a dBASE 4 table that
contains the movement parameters (direction,
distance rotation, and time interval) for each
range (Appendix 1).1 The movement parame-
ters listed in the table include both the avail-
able data (Figs. 2–5), as well as the motion
required for strain compatibility. For the re-
gions where kinematic data are not available,
the kinematics could be defined by inserting
data from proximal areas, or individual ranges
could be moved by hand with the motion up-
dated and recorded in the dBASE table using
the ArcGIS script. The ArcGIS format and ac-
companying script allows for exact displace-
ments to be incorporated into the model, as
well as the individual adjustment of ranges to
ensure strain compatibility. The GIS script re-
cords the geographical position of the centroid
of each range at each 2 m.y. or 6 m.y. epoch.
This allows for the data to be displayed in a
variety of ways, including palinspastic maps
for each 2 m.y. or 6 m.y. epoch, instantaneous
velocity vectors at each 2 m.y. or 6 m.y. ep-
och, ‘‘paths’’ that individual ranges take over

1GSA Data Repository item 2005200, Appendix
1, Movement Table, paleogeographic maps, and
ArcGIS files (shape files for each reconstructed time
step), is available online at www.geosociety.org/
pubs/ft2005.htm, or on request from editing@
geosociety.org or Documents Secretary, GSA, P.O.
Box 9140, Boulder, CO 80301-9140, USA

the 36 m.y. span of the reconstruction, or an
animation that shows the integrated motion
over 36 m.y. Instantaneous geology velocity
fields are obtained from connecting the cen-
troids of specific ranges at one time with the
centroid of the same range in a later time.

DATA

The primary tectonic elements in the recon-
struction are large crustal blocks comprising
flat-lying pre–36 Ma strata, or geologic ele-
ments that are otherwise little deformed, and
the straining areas in between them. The large
unstrained blocks include the Great Plains–
Rocky Mountains region (nominal North
America reference frame), the Sierra Madre
Occidental, the Colorado Plateau, the Sierra
Nevada–Great Valley block, and Peninsular
Ranges block (Fig. 2). The strained areas
around them include the Rio Grande rift and
Basin and Range province, the Gulf of Cali-
fornia, the Transverse Ranges, the Coast
Ranges, and the Continental Borderlands
province offshore of southern California and
Baja California.

The constraints used in the reconstruction
are organized into six major categories (Tables
1–6). The first covers a range-by-range recon-
struction path across the northern Basin and
Range near latitude 408N (Fig. 3 and Table 1).
The second includes a similar reconstruction
path across the central Basin and Range near
latitude 378N (Fig. 4 and Table 2). These two
reconstructions collectively constrain the mo-
tion of the Sierra Nevada–Great Valley block.
The third includes constraints from the south-
ern Basin and Range, mainly the mid-Tertiary
metamorphic core complexes of the Colorado
River corridor and southern Arizona, west of
the Sierra Madre Occidental, and extension
across the Rio Grande rift north and east of
the Sierra Madre Occidental (Table 3). The
fourth includes the complex Oligocene to re-
cent strike-slip and extensional displacements
of the Mojave region, which connect the Si-
erran displacement to regions farther south
(Fig. 5 and Table 4). The fifth includes paleo-
magnetic and geologic constraints on vertical
axis rotations of large crustal blocks, includ-
ing the Sierra Nevada and Colorado Plateau,
as well as small, individual ranges within the
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Figure 3. Map of the northern Basin and Range showing the kinematic data incorporated
into the model. Black numbers indicate horizontal displacement amount, red bold num-
bers indicate age range of motion. Arrows indicate approximate magnitude and direction
of individual relative displacements between polygons. Data compiled from Allmendinger
et al., 1986; Armstrong et al., 2004; Bartley and Wernicke, 1984; Coogan and DeCelles,
1996; DeCelles et al., 1995; Dilles and Gans, 1995; Faulds et al., 2003; Hardyman et al.,
1984; Hintzi, 1973; Hudson and Oriel, 1979; Lee, 1999; Miller et al., 1999; Niemi, 2002;
Niemi et al., 2004; Smith, 1992; Smith et al., 1990; Smith and Bruhn, 1984; Stockli, 2000,
2001; Surpless, 1999.

central Basin and Range and Mojave regions
(Table 5). Lastly, constraints on the large dis-
placements along the San Andreas fault–Gulf
of California shear system, and strains and ro-
tations within the Continental Borderlands, in-
cluding the large clockwise rotation of the
Santa Ynez Mountains block, are included in
Figure 6 and Table 6.

Northern Basin and Range

The extensional kinematics of the northern
Basin and Range are dominated by two large-
offset normal fault systems, the Snake Range
detachment system (78 km of total offset) and
the Sevier Desert detachment (40 km of total
offset). The Snake Range detachment system
affects the Egan, Schell Creek, and Snake
Ranges (Fig. 2, ranges 6–8). Although the
coupling of this system of faults to deep crust-
al extension has been debated (e.g., Gans and
Miller, 1983; Miller et al., 1983; Bartley and
Wernicke, 1984; Miller at al., 1999; Lewis et
al., 1999), a magnitude of upper crustal exten-
sion of 78 km 6 10 km, as determined
through mapped and restored stratigraphic

markers, is not controversial (Gans and Miller,
1983; Bartley and Wernicke, 1984). More
controversial is the geometry of the exten-
sional faults in the Sevier Desert basin (be-
tween ranges 3 and 4, Fig. 2), including the
very existence of the Sevier Desert detach-
ment, which is known only from interpreta-
tions of seismic reflection profiles and well
data (Anders and Christie-Blick, 1994; Wills
et al., 2005). The 40-km offset along the Se-
vier Desert detachment used in this paper is
based on restoring Sevier fold-thrust belt
structures that are offset by the detachment,
and high-angle normal faults in the hanging
wall imaged in the Consortium for Continental
Reflection Profiling (COCORP) and industry
seismic reflection lines (Allmendinger et al.,
1986; Allmendinger et al., 1995; Coogan and
DeCelles, 1996). An opposing view to the
large-offset kinematics of a shallow detach-
ment suggests that the imaged reflection sur-
face is a composite of aligned features that
includes basin-bounding high-angle normal
faults, a subhorizontal thrust fault, and an
evaporite horizon (Anders and Christie-Blick,
1994). According to this interpretation, exten-

sion across ranges within and around the Se-
vier Desert basin could be as little as 10 km
(versus 40 km), which would subtract ;15%
from our overall estimate of extension along
the transect.

To the west of the Egan Range area, the
remainder of the northern Basin and Range
deformation is partitioned into extensional and
right-lateral strike-slip offsets, both of which
accommodate translation of the Sierra–Great
Valley block away from the interior of North
America. The extension (94 km) is accom-
modated by several systems of steeply tilted
normal fault blocks in the western Basin and
Range, with individual fault systems accom-
modating up to 16 km of extension (Fig. 2,
ranges 13, 19, and 20) (Surpless, 1999; Dilles
and Gans, 1995; Smith, 1992), and a number
of high-angle, presumably modest-offset nor-
mal faults that define the Basin and Range
physiography across the central part of the re-
construction path, which we assume have 3–
4 km of horizontal offset each.

Right-lateral shear is accommodated pre-
dominantly through northwest-trending faults
concentrated near the western edge of the
northern Basin and Range in the northern
Walker Lane Belt (Fig. 2, range 18). Right-
lateral offset on a series of faults, which in-
dividually have 5–15 km of offset, totals 20–
56 km (Faulds et al., 2005; Hardyman et al.,
1984). Because the faults strike more westerly
than the North American margin, their motion
accommodates a component of westward mo-
tion of the plate boundary.

Timing of extension in the northern Basin
and Range is constrained by a large body of
work on the ages of faulted Cenozoic volcanic
and sedimentary units and cooling ages of up-
lifted footwall blocks. For example, the early
‘‘core complex’’–related extension (ca. 35–25
Ma) is seen in coeval faulting and volcanism
at 35 Ma in the Egan Range (Gans and Miller,
1983) and 40Ar/39Ar cooling ages indicative of
rapid cooling from 30 to 25 Ma in the western
portion of the northern Snake Range and from
20 to 15 Ma in the eastern portion of the range
(Lee, 1995). Apatite fission track (AFT) cool-
ing ages from the northern Snake Range in-
dicate 10–13 km of fault slip from 18 to 14
Ma. Initiation of later ‘‘Basin and Range’’ ex-
tension is seen predominantly in the fission-
track and helium cooling ages of apatite and
zircon. The cooling ages across the width of
the extending zone cluster ca. 15 Ma (Stockli,
1999), with 18 Ma ages in the footwall of the
Snake Range detachment (Miller et al., 1999)
(Fig. 2, range 6) and Sevier Desert detachment
(Stockli et al., 2001) (Canyon Range, Figure
2, range 3).
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Figure 4. Map of the central Basin and Range showing the kinematic data incorporated
into the model. Motion of the Sierra Nevada with respect to the Colorado Plateau in this
region is predominantly constrained by two distinctive sedimentary deposits (indicated as
stars and hexagons) offset along extensive normal and strike-slip fault systems. Arrows
indicate approximate magnitude and direction of individual relative displacements be-
tween polygons. Black numbers indicate horizontal displacement amount, bold red num-
bers indicate age range of displacement. Data from Axen et al., 1990; Brady et al., 2000;
Burchfiel, 1968; Burchfiel et al., 1987; Cemen et al., 1985; Duebendorfer et al., 1998;
Fitzgerald et al., 1991; Fowler and Calzia, 1999; Guth, 1989; Holm and Dokka, 1991,
1993; Hoisch and Simpson, 1993; Niemi et al., 2001; Snow and Lux, 1999; Snow and
Wernicke, 1989, 2000; and Wernicke et al., 1988.

Central Basin and Range

The central Basin and Range province is in
many respects an ideal location for a province-
wide restoration of Basin and Range extension
(Snow and Wernicke, 2000, and references
therein). A regionally conformable miogeo-
cline, Mesozoic thrust structures and distinc-
tive Tertiary sedimentary deposits tightly limit
the extensional history of both the Lake Mead
(Fig. 2, ranges 22–25) and the Death Valley
(Fig. 2, ranges 27–34) extensional systems
(Wernicke et al., 1988; Wernicke, 1992). Mo-
tion of the Sierra Nevada with respect to the
Colorado Plateau in this region is primarily
constrained by displacements of two distinc-
tive Miocene basins developed early in the
history of the extension of each system (Fig.
4).

In the Lake Mead system, restoring numer-
ous proximal landslide breccias at Frenchman
Mountain (Fig. 2, range 24) to their source

areas in the Gold Butte block (Fig. 2, range
23) also restores piercing lines defined by the
southward truncation of Triassic formational
boundaries by the basal Tertiary unconformity
in both areas. The correlation of these features
in the Frenchman Mountain and Gold Butte
areas suggests 65 km 6 15 km of extension
between the two blocks (Fig. 4).

In the Death Valley system, Wernicke et al.
(1988) initially proposed that the Panamint
thrust at Tucki Mountain (Panamint Range,
Figure 2, range 28) is correlative with the Chi-
cago Pass thrust in the Nopah–Resting
Springs Range (Fig. 2, range 27) and the
Wheeler Pass thrust in the Spring Mountains
(Fig. 2, range 25), suggesting a total of 125
km 6 7 km of post-Cretaceous, west-
northwestern extension has separated them
(Table 2). This offset is strengthened by cor-
relations of additional contractile structures
exposed across the Death Valley extensional
system (Snow and Wernicke, 1989; Snow,

1992; Snow and Wernicke, 2000) and distinc-
tive middle Miocene sedimentary deposits
that occur along the extensional path (Niemi
et al., 2001). These include proximal con-
glomeratic strata of the Eagle Mountain For-
mation, which were derived from the north-
eastern margin of the Hunter Mountain
batholith in the southern Cottonwood Moun-
tains (Fig. 2, range 32). Recognition and cor-
relation of this dismembered early extensional
basin, in conjunction with stratigraphic con-
straints from other Tertiary deposits in the re-
gion, indicates that its fragmentation occurred
mainly from 12 Ma to 2 Ma (Fig. 4). The
correlation of these deposits yields a displace-
ment vector of 104 km 6 7 km oriented
N678W between the Nopah–Resting Springs
Range (Fig. 2, range 27) and the Cottonwood
Mountains (Fig. 2, range 32).

To the ;170 km of displacement from these
constraints, we add four additional estimates
to complete the reconstruction path. In the
Lake Mead system, 15 km of extension be-
tween the Gold Butte area and the Colorado
Plateau (Fig. 2, range 23) (Brady et al., 2000)
and a maximum of 8 km of extension between
the Spring Mountains (Fig. 2, range 25) and
Frenchman Mountain (Fig. 2, range 24) (Wer-
nicke et al., 1988) increases the total displace-
ment of the Spring Mountains relative to the
Colorado Plateau to ;88 km. In the Death
Valley system, an addition of 9 km of dis-
placement in both the Panamint and Owens
Valleys increases the total displacement to
;147 km between the Spring Mountains and
the Sierra Nevada.

The sum of all displacements along the path
is therefore 235 km 6 20 km (Table 2), which
represents a combination of areal dilation
(crustal thinning) and plane strain (strike-slip
faulting). Approximately 80% of the elonga-
tion is accommodated by vertical thinning and
;20% by north-south contraction (Wernicke
et al., 1988; Snow and Wernicke, 2000). In
addition to this path, there are a number of
more local offsets that were used to position
polygons to the north and south, which are
shown in Figure 4 and summarized in Table 2.

Southern Basin and Range–Rio Grande
Rift

Extension in the southern Basin and Range
is almost completely dominated by the for-
mation of large-offset normal faults that form
the metamorphic core complexes (Coney,
1980; Spencer and Reynolds, 1989; Dickin-
son, 2002). The core complexes ring the
southwestern margin of the Colorado Plateau
(Fig. 2, ranges 37–44), and estimates of the
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Figure 5. Map of the Mojave and Southern Basin and Range region showing distribution
of strike-slip faults (bold lines), vertical axis rotation data (curved arrows), and extensional
offsets (straight arrows). For strike-slip faults, reported slip amounts (black numbers) are
contrasted with model slip (bold blue numbers). For extension and rotation constraints,
black numbers indicate horizontal displacement or amount of rotation, bold red numbers
indicate age range of deformation. Red shaded area is the area of the model that undergoes
24–18 Ma core complex extension in the Mojave region. WRT indicates measured dis-
placement is ‘‘with respect to’’ the Colorado Plateau. Data from Ballard, 1990; Bassett
and Kupfer, 1964; Dokka, 1983, 1989; Foster et al., 1993; John and Foster, 1993; Ham-
ilton, 1987; Howard and Miller, 1992; Miller, 1980; Miller and Morton, 1980; Powell,
1981; Richard et al., 1992; Richard, 1993; Richard and Dokka, 1992; Spencer and Reyn-
olds, 1989; Spencer et al., 1995; Schermer et al., 1996; Walker et al., 1995.

total extension they represent are remarkably
systematic in magnitude, direction, and rate
(Table 3). The timing of extension varies in
age from 28 Ma to 14 Ma as the extension
migrates from southeast to northwest. The mi-
gration of extension has been related to a sim-
ilar migration in volcanism. Both extension
and volcanism have been proposed to be a re-
sult of the northwestward foundering of the
Farallon plate (e.g., Humphreys, 1995; Dick-
inson, 2002).

In a similar time frame (ca. 26 Ma), vol-
caniclastic sediments deposited east of the
Colorado Plateau in the Rio Grand Rift (Fig.
2, location 45) have been interpreted as rep-
resenting the onset of extension (Chapin and
Cather, 1994). Ingersoll (2001) counters that
the early sediments are broad volcaniclastic
aprons that show no evidence of syndeposi-
tional faulting. He places the initiation of rift-
ing slightly later (ca. 21 Ma). Based on initi-
ation of half-graben sedimentation and stratal
tilting, rapid extension occurred between 17

and 10 Ma (Ingersoll, 2001; Chapin and Cath-
er, 1994). The total magnitude of extension is
small and ranges from 6 km in the northern
part of the rift to 17 km in the south, consis-
tent with the 1.58 clockwise rotation of the
Colorado Plateau (Chapin and Cather, 1994;
Russell and Snelson, 1994).

Extension within the Rio Grande rift is con-
tiguous with the broad extended region farther
south, east of the Sierra Madre Occidental (in
Chihuahua), the magnitude of which is poorly
understood (Dickinson, 2002). Generally, ex-
tension in the Mexican Basin and Range is
partitioned both in time and space. Early core
complex extension is documented in north-
western Mexico (in Sonora), just west of the
Sierra Madre Occidental (Nourse et al., 1994;
Gans, 1997) (Fig. 2). Palinspastic reconstruc-
tions over small regions in Sonora suggest cu-
mulative extension of 90%, mostly between
26 and 20 Ma, and more modest extension
(10%–15%) between 20 and 17 Ma (Gans,
1997). Limited crustal extension is also doc-

umented east of the Sierra Madre Occidental
during the same time period (Dickinson,
2002). Major extension occurred in both Chi-
huahua (Henry and Aranda-Gomez, 2000;
Dickinson, 2002) and Sonora Mexico (e.g.,
Stock and Hodges, 1989; Henry, 1989; Lee et
al., 1996) from ca. 12 Ma to 6 Ma as a prelude
to the opening of the Gulf of California at 6
Ma (Oskin et al., 2001). During the 12 Ma to
6 Ma interval, very small magnitude east-west
‘‘Basin and Range’’ extension affected Ari-
zona (Spencer and Reynolds, 1989; Spencer
et al., 1995).

Mojave Region

Cenozoic deformation of the Mojave region
occurred in two main stages. Deformation be-
gan in the late Oligocene–early Miocene with
the formation of large-offset normal faults and
associated core complexes (Glazner et al.,
1989; Dokka, 1989; Walker et al., 1990). Ex-
tension in the Mojave region (Fig. 2, location
41, and Fig. 5) may be linked to core complex
extension in the southern Basin and Range
corridor (Fig. 2, ranges 38 and 44) through a
diffuse transfer zone that involves both rota-
tion and strike-slip faulting (Bartley and Glaz-
ner, 1991; Martin et al., 1993). The magnitude
of extension is determined through alignment
of pre-extensional markers that include facies
trends in Paleozoic strata, a unique gabbro-
granite complex, and late Jurassic dikes, in-
dicating a total of 40–70 km of offset (Glazner
et al., 1989; Walker et al., 1990; Martin et al.,
1993). Extension began in synchronism with
the eruption and emplacement of 24–23 Ma
igneous rocks (Walker et al., 1995) and is
capped by the flat-lying, 18.5 Ma Peach
Springs Tuff (Glazner et al., 2002). The frac-
tion of the Mojave Desert region that was af-
fected by mid-Tertiary extension is controver-
sial (e.g., Dokka, 1989; Glazner et al., 2002).
Glazner et al. (2002) propose that only a small
region north of Barstow (Fig. 2, location 41)
was affected by the early extension, with the
southern boundary of this extensional domain
linked to core complex extension to the south-
east through diffuse right-lateral shear. The
northern boundary of the extensional domain
is more problematic; however, regional kine-
matic compatibility requires a northern trans-
fer zone that links Mojave extension to similar
age extension to the north or west. Rotation
of the Tehachapi Mountains and/or extension
in the southern San Joaquin Valley may rep-
resent the northern portion of this system
(McWilliams and Li, 1985; Plescia and Cald-
erone, 1986; Tennyson, 1989; Goodman and
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Malin, 1992; Walker et al., 1995; Glazner et
al., 2002).

Following this early phase of extensional
deformation, a system of right- and left-lateral
strike-slip faults similar to those active today
was established, with right-lateral shear along
a series of northwest-striking faults predomi-
nant (Fig. 5). The total accumulated shear
across the Mojave, as documented by field
studies, is 53 km 6 6 km (Table 4). The tim-
ing of right-lateral shear is not well con-
strained. Motion on the faults is inferred to be
post–10 Ma based on strain compatibility with
deformation directly north and south (Tables
2 and 5).

Vertical Axis Rotations East of the San
Andreas Fault

There are two zones of vertical-axis rotation
east of the San Andreas fault: the Eastern
Transverse Ranges located immediately south
of the Mojave block and the northeastern Mo-
jave rotational block (Carter et al., 1987;
Schermer et al., 1996; Dickinson, 1996) (Fig.
5 and Table 4).

The Eastern Transverse Ranges include a
series of structural panels separated by east-
west–oriented, left-lateral faults (Dickinson,
1996). Paleomagnetic studies show that 10 6
2 Ma rocks within this zone record the entire
458 rotation (Carter et al., 1987), while 4.5 Ma
volcanic rocks are unrotated (Richard, 1993).
These constraints imply that all of the rotation
and most of the right-lateral strike-slip motion
in the Mojave region immediately to the north
are ca. 10 Ma and younger.

The northeastern corner of the Mojave re-
gion is another area of pronounced clockwise
rotation. Schermer et al. (1996) proposed that
the northeastern Mojave underwent 238 of ro-
tation accompanied by 5 km of left-lateral slip
on faults within the rotating region and 158 of
‘‘rigid body’’ rotation. Total right-lateral shear
predicted by this model is 33 km.

San Andreas System and Areas to the
West

Deformation west of the San Andreas fault
is defined by four first-order constraints (Fig.
6 and Table 6). The first is motion on the San
Andreas fault itself, which is tightly con-
strained in central California at 315 km 6 10
km by restoring the Pinnacles volcanics west
of the fault to the Neenach volcanics to the
east of it (Matthews, 1976; Graham et al.,
1989; Dickinson, 1996). The offset volcanics
were extruded from 22 Ma to 24 Ma, but ten-
tatively correlative late Miocene strata (7–8

Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/1/3/147/3332410/i1553-040X-1-3-147.pdf
by guest
on 03 September 2019

SE ROA 37563

JA_9069



156 Geosphere, December 2005

N. MCQUARRIE and B.P. WERNICKE

T
A

B
LE

4.
D

A
T

A
U

S
E

D
F

O
R

R
E

S
T

O
R

IN
G

S
T

R
IK

E
-S

LI
P

D
IS

P
LA

C
E

M
E

N
T

S
IN

T
H

E
M

O
JA

V
E

R
E

G
IO

N

F
au

lt
H

or
iz

on
ta

ld
is

pl
ac

em
en

t
of

ra
ng

e
bl

oc
k

(m
od

el
po

ly
go

n)
H

or
iz

on
ta

lc
om

po
ne

nt
of

fa
ul

t
sl

ip
(d

at
a)

T
im

in
g

of
sl

ip
D

at
a

us
ed

(o
ffs

et
fe

at
ur

es
)

R
ef

er
en

ce
s

C
um

ul
at

iv
e

di
sp

la
ce

m
en

t
of

rig
ht

-la
te

ra
lf

au
lt

sl
ip

da
ta

(6
cu

m
ul

at
iv

e
er

ro
r)

C
en

tr
al

M
oj

av
e

(4
1)

63
km

40
–5

0
km

24
-1

8
M

a
O

ffs
et

fe
at

ur
es

th
at

in
cl

ud
e

Ju
ra

ss
ic

di
ke

s,
in

tr
us

iv
e

ro
ck

s,
an

d
sh

el
f

to
oc

ea
n

fa
ci

es
tr

an
si

tio
n

G
la

zn
er

et
al

.,
19

89
;

M
ar

tin
et

al
.,

19
93

;
F

le
tc

he
r

et
al

.,
19

95
;

In
ge

rs
ol

le
t

al
.,

19
96

A
zt

ec
M

in
es

W
as

h
fa

ul
t

8
km

8
km

LL
po

st
lo

w
er

M
io

ce
ne

In
tr

us
iv

e
co

nt
ac

t
be

tw
ee

n
S

an
G

ab
rie

lt
er

ra
ne

an
d

C
re

ta
ce

ou
s

pl
ut

on

P
ow

el
l,

19
81

B
lu

e
C

ut
fa

ul
t

4
km

6-
9–

9
km

A
nt

ifo
rm

in
gn

ei
ss

ic
fo

lia
tio

n
H

op
e,

19
66

B
ul

lio
n/

R
od

m
an

/P
is

ga
h

fa
ul

t
13

km
6.

4–
14

.4
km

R
L

K
an

e
sp

rin
gs

fa
ul

t
D

ok
ka

,
19

83
10

.4
km

6
4

km
C

hi
ria

sc
o

fa
ul

t
7–

16
km

11
km

LL
D

ac
ite

di
ke

,
an

d
st

ee
pl

y
di

pp
in

g
R

ed
C

lo
ud

th
ru

st
fa

ul
t

P
ow

el
l,

19
81

C
hu

ck
w

al
la

V
al

le
y

ba
si

n
31

km
(R

L)
gr

av
ity

lo
w

G
ra

vi
ty

da
ta

in
di

ca
te

co
m

pl
ex

ba
si

n
st

ru
ct

ur
e

R
ot

st
ei

n
et

al
.,

19
76

;
R

ic
ha

rd
,

19
93

C
ib

ol
a

fa
ul

t
7

km
7

km
R

L
W

es
t

di
pp

in
g

no
rm

al
fa

ul
ts

,
an

d
ea

st
di

pp
in

g
co

nt
ac

t
be

tw
ee

n
la

va
s

R
ic

ha
rd

et
al

.,
19

92

F
or

d
La

ke
N

or
th

ba
si

n
5

km
3.

5
km

R
L

B
as

e
of

M
cC

oy
M

ou
nt

ai
ns

fo
rm

at
io

n
S

to
ne

an
d

P
el

ka
,

19
89

In
di

an
W

as
h

B
as

in
7

km
7

km
R

L
S

tr
at

ig
ra

ph
ic

se
pa

ra
tio

n
R

ic
ha

rd
,

19
93

Ir
on

M
ou

nt
ai

ns
fa

ul
t

5
km

5.
5

km
R

L
R

oc
k

un
its

(u
ns

pe
ci

fie
d)

H
ow

ar
d

an
d

M
ill

er
,

19
92

La
gu

na
fa

ul
t

sy
st

em
36

km
2

km
R

L
S

lip
es

tim
at

ed
by

es
tim

at
in

g
ex

te
ns

io
n

ne
ce

ss
ar

y
fo

r
20

8
di

p
in

co
ng

lo
m

er
at

e

R
ic

ha
rd

,
19

93

M
am

m
ot

h
W

as
h

fa
ul

t
;

12
km

;
9

km
LL

In
te

rs
ec

tio
n

of
gr

ee
ns

ch
is

t
w

ith
C

ho
co

la
te

M
ou

nt
ai

n
T

hr
us

t
D

ill
on

,
19

75

M
ar

ia
fa

ul
t

4.
5

km
R

L
T

hr
us

t
fa

ul
ts

an
d

sy
nc

lin
e

H
am

ilt
on

,
19

87
;

B
al

la
rd

,
19

90
M

es
qu

ite
La

ke
fa

ul
t

3.
5

km
R

L
F

ol
ds

in
P

le
is

to
ce

ne
se

di
m

en
ts

B
as

se
tt

an
d

K
up

fe
r,

19
64

P
ac

ka
rd

W
el

lf
au

lt
16

km
16

km
R

L
M

es
oz

oi
c

ro
ck

s
an

d
st

ru
ct

ur
es

P
ow

el
l,

19
81

;
R

ic
ha

rd
an

d
D

ok
ka

,
19

92
P

in
to

M
ou

nt
ai

n
fa

ul
t

no
t

av
ai

la
bl

e
18

–2
2

km
LL

In
tr

us
iv

e
co

nt
ac

ts
H

op
e,

19
66

;
D

ib
bl

ee
,

19
82

S
al

to
n

C
re

ek
fa

ul
t

8
km

8
km

LL
C

or
re

la
tio

n
w

ith
A

zt
ec

m
in

es
fa

ul
t

P
ow

el
l,

19
81

S
he

ep
H

ol
e,

D
ry

La
ke

s
fa

ul
t

31
km

23
km

R
L/

11
km

R
L

to
ea

rly
P

le
is

to
ce

ne
P

ho
to

in
te

rp
re

ta
tio

n
P

ow
el

l,
19

81
;

H
ow

ar
d

an
d

M
ill

er
,

19
92

V
al

le
y

M
ou

nt
ai

n
fa

ul
t

21
km

6.
5–

14
.4

km
R

L
D

ok
ka

,
19

83
;

R
ic

ha
rd

,
19

93
C

le
gh

or
n

P
as

s
fa

ul
t

va
lle

y
m

t
of

fs
et

12
km

R
L

to
ea

rly
P

le
is

to
ce

ne
In

tr
us

iv
e

co
nt

ac
ts

H
ow

ar
d

an
d

M
ill

er
,

19
92

C
le

gh
or

n
La

ke
s

fa
ul

t
’’

3
km

R
L

to
ea

rly
P

le
is

to
ce

ne
In

tr
us

iv
e

co
nt

ac
ts

H
ow

ar
d

an
d

M
ill

er
,

19
92

C
ad

iz
La

ke
fa

ul
t

16
–2

5
km

25
km

R
L

to
ea

rly
P

le
is

to
ce

ne
R

oo
f

pe
nd

an
ts

w
ith

di
st

in
ct

iv
e

lit
ho

lo
gy

H
ow

ar
d

an
d

M
ill

er
,

19
92

B
ro

ad
w

el
lL

ak
e

fa
ul

t
6

km
6

km
R

L
to

ea
rly

P
le

is
to

ce
ne

M
io

ce
ne

st
ra

ta
H

ow
ar

d
an

d
M

ill
er

,
19

92
16

km
6

4
km

S
ou

th
B

ris
to

lf
au

lt
9

km
6.

5
km

R
L

to
la

te
P

le
is

to
ce

ne
M

es
oz

oi
c

gr
an

iti
te

s,
m

et
av

ol
ca

ni
cs

H
ow

ar
d

an
d

M
ill

er
,

19
92

22
.5

km
6

4
km

B
ris

to
l,

G
ra

ni
te

M
ou

nt
ai

n
fa

ul
t

27
km

10
km

R
L

(0
-1

0)
U

nk
no

w
n,

or
pl

ut
on

s
an

d
vo

lc
an

ic
ro

ck
s

H
ow

ar
d

an
d

M
ill

er
,

19
92

;
D

ok
ka

an
d

T
ra

vi
s,

19
90

27
.5

km
6

6.
4

km

Lu
dl

ow
14

km
.

6
km

R
L

to
ea

rly
P

le
is

to
ce

ne
S

ou
rc

e
ar

ea
fo

r
P

le
is

to
ce

ne
co

ng
lo

m
er

at
e

H
ow

ar
d

an
d

M
ill

er
,

19
92

33
.5

km
6

6.
4

km

C
al

ic
o

10
km

9.
6

km
R

L
O

ffs
et

ea
rly

M
io

ce
ne

fa
ul

t
D

ok
ka

,
19

89
;

G
la

zn
er

et
al

.,
20

02
43

.1
km

6
6.

4
km

B
la

ck
w

at
er

4.
5

km
1.

8
km

la
st

3.
77

m
.y

.
O

ffs
et

vo
lc

an
ic

s,
ba

se
m

en
t

lit
ho

lo
gi

es
O

sk
in

et
al

.,
20

04

G
ra

ve
lH

ill
s

1
H

ar
pe

r
La

ke
12

.5
km

3.
2

km
R

L
1

3
km

R
L

O
ffs

et
lit

ho
lo

gi
es

D
ok

ka
an

d
T

ra
vi

s,
19

90
;

D
ib

bl
ee

,
19

68
C

am
p

ro
ck

11
km

4
km

R
L

O
ffs

et
ba

se
m

en
t

lit
ho

lo
gi

es
D

ok
ka

,
19

83
;

D
ib

bl
ee

,
19

64
47

.1
km

6
6.

4
km

H
en

da
le

4
km

3
km

R
L

O
ffs

et
lit

ho
lo

gi
es

M
ill

er
an

d
M

or
to

n,
19

80
50

.1
km

6
6.

4
km

Lo
ck

he
ar

t
4

km
.

0
R

L
D

ok
ka

an
d

T
ra

vi
s,

19
90

Le
nw

oo
d

5
km

2
km

R
L

O
ffs

et
vo

lc
an

ic
s,

gr
ab

en
w

id
th

M
.

S
tr

an
e,

P
er

s.
C

om
m

,
20

05
53

km
6

6.
4

km
N

E
M

oj
av

e
ro

ta
tio

n
23

km
22

–2
3

km
R

L
P

al
eo

m
ag

ne
tic

ro
ta

tio
ns

S
ch

er
m

er
,

19
96

;
M

ill
er

an
d

Y
ou

nt
,

20
02

T
ot

al
sh

ea
r

in
th

e
M

oj
av

e
99

km
53

6
6.

4
km

N
ot

e:
R

L
an

d
LL

in
di

ca
te

rig
ht

-la
te

ra
lm

ot
io

n
an

d
le

ft-
la

te
ra

lm
ot

io
n,

re
sp

ec
tiv

el
y.

Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/1/3/147/3332410/i1553-040X-1-3-147.pdf
by guest
on 03 September 2019

SE ROA 37564

JA_9070



Geosphere, December 2005 157

ANIMATED TECTONIC RECONSTRUCTION

T
A

B
LE

5.
D

A
T

A
U

S
E

D
F

O
R

R
E

S
T

O
R

IN
G

V
E

R
T

IC
A

L
A

X
IS

R
O

T
A

T
IO

N
IN

R
E

C
O

N
S

T
R

U
C

T
IO

N

R
ot

at
io

ns
R

ot
at

io
n

in
m

od
el

M
ea

su
re

d
ro

ta
tio

ns
fr

om
da

ta
A

ge
R

at
e

D
ire

ct
io

n
R

ef
er

en
ce

s
Lo

ng
.

(x
)

La
t.

(y
)

C
ol

or
ad

o
P

la
te

au
(4

5)
[7

4]
1.

58
18

–1
.5

8
12

–1
8

M
a

.1
87

58
/m

.y
.

cw
P

al
eo

m
ag

ne
tis

m
,e

xt
en

si
on

de
te

rm
in

ed
th

ro
ug

h
cr

os
s

se
ct

io
n

re
st

or
at

io
n

C
ha

pi
n

an
d

C
at

he
r,

19
94

2
11

0.
14

43
5

37
.2

68
94

E
as

te
rn

T
ra

ns
ve

rs
e

R
an

ge
s

(4
6)

[9
0–

99
]

45
8

41
.4

8
6

7.
7

af
te

r
10

.4
M

a
cw

P
al

eo
m

ag
ne

tic
da

ta
C

ar
te

r
et

al
.,

19
87

N
or

th
ea

st
er

n
M

oj
av

e
(4

7)
[m

oj
av

e
6]

36
8–

38
8

23
8

lo
ca

lly
63

8
af

te
r

10
.4

M
a

cw
P

al
eo

m
ag

ne
tic

da
ta

S
ch

er
m

er
et

al
.,

19
96

Ju
ra

ss
ic

di
ke

s
in

N
E

M
oj

av
e

(4
7)

40
–5

08
cw

R
on

an
d

N
ur

,
19

96
M

oj
av

e
ro

ta
tio

ns
(4

7)
30

8
21

–4
8

M
a

cw
P

al
eo

m
ag

ne
tic

da
ta

D
ok

ka
an

d
T

ra
vi

s,
19

90
;

D
ok

ka
et

al
.,

19
98

C
ot

to
nw

oo
d

an
d

F
un

er
al

M
tn

s.
(3

1,
32

)
[7

0,
60

]
40

8
m

id
M

io
ce

ne
or

la
te

r
cw

P
al

eo
m

ag
ne

tic
da

ta
S

no
w

an
d

Lu
x,

19
99

;
S

no
w

an
d

W
er

ni
ck

e,
20

00
2

11
7.

57
84

1
36

.8
71

60

B
la

ck
M

ou
nt

ai
ns

(3
0)

[5
2]

50
–8

08
af

te
r

m
id

M
io

ce
ne

pl
ut

on
P

al
eo

m
ag

ne
tic

da
ta

H
ol

m
et

al
.,

19
93

2
11

6.
59

67
1

36
.0

39
65

G
ra

pe
vi

ne
M

ou
nt

ai
ns

(3
1)

[7
2]

;
20

8
cc

w
P

al
eo

m
ag

ne
tic

da
ta

N
ie

m
i,

20
02

;
S

no
w

an
d

W
er

ni
ck

e,
20

00
2

11
7.

21
77

6
37

.1
20

56

B
ar

e
M

ou
nt

ai
n

(3
1)

[5
8]

80
8

80
8

pr
e

m
id

-M
io

ce
ne

cw
P

al
eo

m
ag

ne
tic

da
ta

S
no

w
an

d
P

ra
ve

,
19

94
2

11
6.

67
92

4
36

.8
75

79
P

in
tw

at
er

,
S

po
tte

d
an

d
S

pe
ct

er
R

an
ge

an
d

S
tr

ip
pe

d
H

ill
s

(2
6)

[5
6]

O
ro

cl
in

al
fle

xu
re

(7
5–

90
8)

be
tw

ee
n

16
an

d
14

M
a

cw
C

ar
r

et
al

.,
19

86
;

H
ud

so
n

et
al

.,
19

94
;

N
ie

m
i,

20
02

2
11

6.
18

40
7

36
.6

23
82

N
or

th
er

n
W

al
ke

r
La

ne
(1

8–
19

)
[3

26
,

35
5]

35
8–

51
8

9–
13

M
a

cw
P

al
eo

m
ag

ne
tic

da
ta

on
vo

lc
an

ic
ro

ck
s

C
as

hm
an

an
d

F
on

ta
in

e,
20

00

S
ie

rr
a

N
ev

ad
a

(3
4)

[6
5]

28
(c

cw
)

68
6

88
po

st
C

re
ta

ce
ou

s
cw

P
al

eo
m

ag
ne

tic
da

ta
F

re
ie

t
al

.,
19

84
;

F
re

i,
19

86
;

B
og

en
an

d
S

ch
w

ei
ck

er
t,

19
85

;
G

ild
er

an
d

M
cN

ul
ty

,
19

99

2
11

9.
80

16
3

37
.8

85
03

W
es

te
rn

T
ra

ns
ve

rs
e

R
an

ge
s

(5
0)

11
78

90
8–

11
08

;
15

M
a

68
/m

.y
.

cw
P

al
eo

m
ag

ne
tic

da
ta

H
or

na
fiu

s
et

al
.,

19
86

;
Lu

ye
nd

yk
,

19
91

N
ot

e:
T

ab
le

5
is

an
in

co
m

pl
et

e
lis

tin
g

of
an

ex
te

ns
iv

e
pa

le
om

ag
ne

tic
da

ta
se

t
fo

r
w

es
te

rn
N

or
th

A
m

er
ic

a.
Lo

ng
.—

lo
ng

itu
de

;
La

t.—
la

tit
ud

e;
cw

—
cl

oc
kw

is
e

r
ot

at
io

ns
;c

cw
—

co
un

te
rc

lo
ck

w
is

e
ro

ta
tio

ns
.N

um
be

rs
in

pa
re

nt
he

se
s

re
fe

r
to

sp
ec

ifi
c

ra
ng

es
id

en
tifi

ed
on

F
ig

2;
nu

m
be

rs
in

br
ac

ke
ts

re
fe

r
to

th
e

R
A

N
G

E
pI

D
nu

m
be

r
fo

r
in

di
vi

du
al

ra
ng

es
in

th
e

A
rc

G
IS

sh
ap

e
fil

es
an

d
th

e
M

ov
em

en
tT

ab
le

(A
rc

G
IS

fil
es

,M
ov

em
en

tT
ab

le
[s

ee
fo

ot
no

te
1]

).

Ma) are apparently offset 255 km (Graham et
al., 1989; Dickinson, 1996).

The second constraint is the ;1108 clock-
wise rotation of major fault-bounded blocks in
the western Transverse Ranges (Hornafius et
al., 1986; Luyendyk, 1991). Because of the
length and structural integrity of these blocks
(in particular, the Santa Ynez Mountains), this
rotation requires a coast-parallel displacement
of ;270 km (Hornafius et al., 1986).

The shear and rotation of these blocks are
confirmed by the third major constraint, re-
construction of now-scattered outcrops of the
distinctive Eocene Poway Group. Exposures
along the Channel Islands were rifted away
from counterparts in southernmost California,
which are in turn offset from their source area
in northern Sonora, Mexico, by the southern
San Andreas fault system (Abbott and Smith,
1989). Rifting and rotation of the western
Transverse Ranges away from the Peninsular
Ranges formed the strongly attenuated crust
of the Continental Borderlands on their trail-
ing edge. The magnitude of this extension is
proposed to be ;250 km based on seismic
reflection data delineating the geometry of ex-
tensional fault systems and correlation of
‘‘mega key beds’’ or lithotectonic belts (fore-
arc basin sediment, Franciscan subduction
complex) (Crouch and Suppe, 1993; Bohan-
non and Geist, 1998).

The final first-order constraint is the open-
ing of the Gulf of California. Although offset
of the Poway Group suggests roughly 250 km
of displacement, recognition of correlative py-
roclastic flows on Isla Tiburon and near Puer-
tecitos on the Baja Peninsula dated at 12.6 Ma
and 6.3 Ma constrains the full transfer of Baja
California to the Pacific plate to have occurred
no earlier than ca. 6 Ma, with 255 km 6 10
km of displacement along the plate boundary
since then (Oskin et al., 2001). Including ad-
ditional deformation of the adjacent continen-
tal margins increases the magnitude of dis-
placement to as much as 276 km 6 10 km
(Oskin and Stock, 2003).

WESTERN NORTH AMERICA
ANIMATION

The western North America animation (An-
imation 1) combines 13 individual paleogeo-
graphic maps (Figs. 7–9) (Appendix 1, paleo-
geographic maps [see footnote 1])2 generated
by ArcGIS into a digital animation illustrating
a model of how extension and right lateral
shear evolved in the region. The color scheme

2If you are reading this offline, please visit
www.gsajournals.org to view Animation 1.
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Figure 6. A: First-order constraints for displacement along the San Andreas fault and
associated displacements to the west. Arrows indicate approximate magnitude and direc-
tion of individual relative displacements between polygons. Black numbers indicate hor-
izontal displacement amount, bold red numbers indicate age range of displacement. Stip-
pled areas labeled EPG show distribution of Eocene Poway Group and equivalents.
Stippled area labeled SEPG marks the location of the source area for the Eocene Poway
Group. Triangle pattern (Gulf of California), and stars (central California) show distri-
bution of correlative volcanic units offset by the San Andreas–Gulf of California rift
system. MTJ is modern location of the Mendocino triple junction. Data from Abbott and
Smith, 1989; Bohannon and Geist, 1998; Crouch and Suppe, 1993; Dickinson and Wer-
nicke, 1997; Dickinson, 1996; Graham et al., 1989; Hornafius et al., 1986; Luyendyk, 1991;
Matthews, 1979; Oskin et al., 2001. B: Successive locations of the eastern edge of Pacific
plate oceanic lithosphere relative to stable North America. The thick colored lines rep-
resent minimum extent of oceanic lithosphere at the times shown (from Atwater and Stock,
1998). These positions constrain the maximum westward extent of continental North
America through time.

for the animation includes yellow, orange, and
red polygons on a white background. The
polygon shape reflects the modern bedrock-
alluvium contact, fault-bounded crustal blocks
or the physiographic boundaries of large, in-
tact crustal blocks. Yellow polygons indicate
areas where there are no data for how the re-
gion is deforming. Orange polygons (ranges)
are ranges whose motion is directly con-
strained by kinematic data. These polygons
turn red during the time period of motion (i.e.,
Baja California turns red from 6 to 0 Ma as it
separates from North America and moves
northward on the Pacific Plate). A notable ex-
ception to this is the Colorado Plateau–Rio

Grand rift area. Neither the Colorado Plateau,
nor the Rio Grande rift turn red during rota-
tion and extension even though there are data
that describe this deformation (Table 5). The
space created (additional white space between
the colored polygons) as the movie progresses
in time indicate areas of extension. The re-
moval of white space (as polygons move clos-
er together) indicates areas of compression.
The thick blue line on the left of the animation
represents successive locations of the eastern
edge of Pacific plate oceanic lithosphere rel-
ative to stable North America at the time pe-
riod annotated on the upper left edge of the
line (from Atwater and Stock, 1998). The po-

sition of this line constrains the maximum
westward extent of continental North America
at the time indicated because it shows the min-
imum east limit of extant oceanic crust. De-
tails of the reconstruction can be seen by mov-
ing the slider bar on the animation. To move
back and forth over a narrow window of time,
just hold the mouse key down over the trian-
gle on the slider bar and move it back and
forth over the time window of interest.

DISCUSSION

The exercise of developing a self-consistent,
strain-compatible model has raised a number
of issues that are difficult to resolve satisfac-
torily in the reconstruction and require further
investigation. The most apparent (among
many!) are (1) the need for middle to late
Miocene right-lateral shear in the eastern Mo-
jave region to make room for the northerly
motion of the Sierra Nevada determined from
the central and northern Basin and Range re-
construction paths; (2) the need for large
amounts of relatively young extension in
northern Mexico both east and west of the Si-
erra Madre Occidental to reconcile core com-
plex extension in Arizona and the late Miocene–
Pliocene opening of the Gulf of California; (3)
the apparent rotational history of the Sierra
Nevada–Great Valley block; and (4) generally
large amounts of Miocene-Pliocene shortening
and extension in the Transverse Ranges, Coast
Ranges, and Borderlands provinces, which
arise from the need to reconcile San Andreas
offset with the position of oceanic crust off-
shore, differences in the age of extension
north and south of the Garlock fault, and large
clockwise rotation of the Santa Ynez Moun-
tains block (Animation 1).

Eastern Mojave Region

The eastern California shear zone–Walker
Lane belt is an ;120-km-wide zone of right-
lateral, intraplate shear east of the Sierra Ne-
vada and San Andreas fault. Geodetically this
shear zone accommodates up to 25% of the
Pacific–North America relative plate motion
(Bennett et al., 2003; McClusky et al., 2001;
Miller et al., 2001; Sauber et al., 1994). Geo-
logic estimates of displacements vary along
the north-south extent of the eastern California
shear zone. Proposed net displacement along
the eastern California shear zone (oriented
;N208W) varies from 65 km in the Mojave
region (Dokka and Travis, 1990) to 133 km in
the central Basin and Range (Snow and Wer-
nicke, 2000; Wernicke et al., 1988). In the
northern Walker Lane region, shear estimates
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range from 20 km to 54 km (Faulds et al.,
2005; Hardyman et al., 1984), plus an addi-
tional component of northwest-directed exten-
sion due to a change in extension direction in
the northern Basin and Range from east-west
in the east to northwest-southeast in the west.

One of the goals of this study was to de-
velop a kinematically consistent model of the
eastern California shear zone that fits within
the errors provided by both local and regional
studies. We found 100 km 6 10 km right-
lateral shear oriented N258W was compatible
with data in both the northern and central Ba-
sin and Range (Animation 1). In the Mojave
region of the eastern California shear zone,
however, available data suggest no more than
53 km 6 6 km of right-lateral shear oriented
N258W, about half of what is required to the
north. Kinematic compatibility with the mag-
nitude of deformation north of the Garlock
fault requires ;100 km of right-lateral shear
though the Mojave region, with the majority
of additional shear located on the eastern edge
of the shear zone during its early (12–6 Ma)
history (Figs. 5,7,8, Animation 1). The 27 km
and 45 km of right-lateral offset along the
Bristol Mountains–Granite Mountain and
southern Death Valley fault zones is signifi-
cantly greater than previous estimates (0–10
km and 20 km, respectively), but solid pierc-
ing points that limit the net offset are scarce
and debatable (Howard and Miller, 1992;
Dokka and Travis, 1990; Davis, 1977). The
;30 km of displacement along the eastern
edge of the Mojave must be transferred south-
ward along the Sheep Hole fault to the Laguna
Fault system of Richard (1993). The 36 km of
model offset is significantly greater than the 2
km of right-lateral offset proposed by Richard
(1993) (Table 4, Fig. 5). Additional faults with
significantly greater offsets than that docu-
mented by geology are the 11–13 km model
offsets on the Camp Rock, Gravel Hills, and
Harper Lake fault systems, where current es-
timates suggest no more than 3 km of offset
on any of these faults (Dibblee, 1964; Oskin
and Iriondo, 2004; M. Strane, 2005, personal
commun.). The difference between the model
and data requires that the slip discrepancy
must be taken up on other faults (most likely
to the east) in the Mojave shear system. Al-
though the details concerning both timing and
distribution of shear within the eastern Cali-
fornia shear zone will continue to evolve with
time, the strength of the central Basin and
Range offsets combined with kinematic com-
patibility constraints require reevaluation of
geologic evidence for total magnitude of right-
lateral shear through the Mojave. Therefore,
we have modeled many of the faults in the
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Figure 7. Reconstructed paleogeographic maps (from 0–6 Ma) used in the reconstruction. The color scheme is the same as that for the
animation, yellow polygons on a white background. Yellow polygons indicate areas where there are no data for how the region is
deforming. Polygons (ranges) that have data associated with their motion are orange when associated faulting is inactive and red during
fault activity. Panels represent different time slices: (a) 0 Ma, (b) 2 Ma, (c) 4 Ma, and (d) 6 Ma.
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Figure 8. Reconstructed paleogeographic maps (from 8 to 14 Ma) used in the reconstruction. The color scheme is the same as Figure
7. Panels represent different time slices: (a) 8 Ma, (b) 10 Ma, (c) 12 Ma, and (d) 14 Ma.
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Figure 9. Reconstructed paleogeographic maps (from 16 to 36 Ma) used in the reconstruction. The color scheme is the same as Figure
7. Panels represent different time slices: (a) 16 Ma, (b) 18 Ma, (c) 24 Ma, (d) 30 Ma, and (e) 36 Ma.
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Figure 9. (continued).

Mojave with greater net offset than suggested
by offset markers. From the model slip
amounts shown on Figure 5, we obtain 100
km of right-lateral shear oriented N258W
since 12 Ma, at a long-term rate of 8.3 mm/
yr 6 1 mm/yr. We suggest that the discrep-
ancy may be due to penetrative shear in the
largely granitic crust between the strike-slip
faults (e.g., Miller and Yount, 2002).

Increasing right-lateral shear in the eastern
Mojave has implications on how shear is dis-
tributed along the entire plate boundary. Since
much of the additional shear predates the
opening of the Gulf of California (Oskin et
al., 2001), it implies ;50 km of dextral shear
between 6 and 12 Ma in the Sonora region.
The total magnitude of separation of the Baja
Peninsula from Sonora predicted from the
model is 350 km, 300 km of which is post 6
Ma. This is slightly greater than the 296 6 20
km, 276 6 10 km of which is post 6 Ma mea-
sured by Oskin and Stock (2003), but still sig-
nificantly less than the 450 km total continen-
tal separation proposed by Fletcher (2003).

Dokka and Travis (1990) proposed that the
eastern California shear zone accommodated
9%–14% of total predicted relative motion be-
tween plates if shear initiated at 10 Ma. The
model of eastern California shear zone defor-
mation that we propose here (Animation 1)
suggests that eastern California shear zone de-

formation is ;28% of San Andreas motion
averaged since 12 Ma and 15% of total plate
motion since 16 Ma.

Arizona–Mexican Basin and Range

The geographic region that has the fewest
local kinematic constraints is Sonora–Chihuahua
Mexico. However, the kinematics of Baja Cal-
ifornia, based on plate tectonic reconstructions
(Atwater and Stock, 1998), is an especially
powerful constraint on intraplate deformation
in this region. The constraint arises from the
simple fact that oceanic and continental lith-
osphere cannot occupy the same surface area
at the same time (Atwater and Stock, 1998)
(Fig. 6B). The plate tectonic constraint sug-
gests ;330 km 6 50 km of extension between
6 Ma and 24 Ma, because after restoring the
offset across the Gulf of California (Oskin et
al., 2001; Oskin and Stock, 2003), this is the
total overlap between continent and ocean. In
concert with strong northeast-southwest exten-
sion in Arizona, we suggest similar magni-
tudes of extension (44 km and 86 km) oc-
curred from 16 Ma to 24 Ma and was oriented
N508E–N608E (making room for the brown
and green curves in Fig. 6B). We show anoth-
er pulse from 12 Ma to 8 Ma oriented
N658W–N788W, reflecting the growing influ-
ence of the Pacific plate’s northerly motion on

intraplate deformation, as appears to be the
case to the north (Animation 1).

Restoring 330 km of extension, however,
particularly the northwesterly extension in the
window of time from 16 Ma to 8 Ma, opens
up a large northeast-trending gap in southern
Arizona and northern Sonora. This gap is a
result of differences in both magnitude and
timing of extension between southern Arizona
and northern Sonora and suggests (incorrect-
ly) that there is ;60 km of NW-SE compres-
sion between 16 and 8 Ma (Figs. 8–9). Large
magnitude core complex extension in southern
Arizona initiates at ca. 28 Ma and wanes from
16 Ma to 14 Ma (Table 3). Significant exten-
sion in Sonora occurs over a similar time
range (Nourse et al., 1994; Gans, 1997). At
ca. 12 Ma, however, significant extension is
recorded in both the Gulf extensional province
west of the Sierra Madre Occidental (e.g.,
Stock and Hodges, 1989; Henry, 1989; Lee et
al., 1996, Gans et al., 2003) and east of the
Sierra Madre Occidental (Henry and Aranda-
Gomez, 2000), while only minimal magni-
tudes of east-west extension are recorded in
southern Arizona. This problem is similar to
that arising from the difference in timing of
extension north of the Colorado River exten-
sional corridor between the Mojave Desert
and central Basin and Range. Here, the Gar-
lock fault accommodates different amounts of
extension, not only from 10 Ma to the present
(Davis and Burchfiel, 1973), but potentially
throughout the history of extension in the re-
gion (24–0 Ma). Although the difference in
timing and magnitude of extension between
the Mojave region and the southern Arizona
Basin and Range versus the Mexican Basin
and Range in Sonora and Chihuahua is
generally recognized (e.g., Henry and Aranda-
Gomez, 2000; Dickinson, 2002), the geometry
and genetic relationship of the transfer system
that must separate them is problematic.

In the model presented here, the amount of
extension in the Mexican Basin and Range is
partitioned between the extending regions east
(;134 km) and west (;180 km) of the un-
strained Sierra Madre Occidental block. Al-
though both regions display numerous exten-
sional structures, the exact magnitude of
extension is unknown. Because of the differ-
ence in post–16 Ma extension in Chihuahua
and the Rio Grande rift (90 and 20 km, re-
spectively) after ca. 16 Ma, the model includes
a zone of right-lateral shear that extends
through southeastern Arizona between the two
provinces (Animation 1). The existence of this
shear zone is unlikely, leaving two possible
solutions. The first is that extension system-
atically increases from the Rio Grande rift to
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Chihuahua Mexico due to clockwise rotation
of the Sierra Madre Occidental (rotation
would need to be greater than the 1.58 rota-
tional opening of the Rio Grande rift). Anoth-
er solution would be partitioning a much
greater magnitude of extension in the Gulf ex-
tensional province (;270–300 km), but this is
thus far not supported by mapping in the re-
gion (Henry and Aranda-Gomez, 2000). Most
likely some combination of these factors is
necessary to match the first-order geologic
constraints of the region.

Sierra Nevada–Great Valley Block
Rotation

The reconstruction presented here shows
significant extension in the northern Basin and
Range between 36 Ma and 24 Ma, with es-
sentially no extension occurring over this time
period in the central Basin and Range. To ac-
commodate this difference, the Sierra Nevada–
Great Valley Block must rotate or deform in-
ternally. We propose that the block behaves
fairly rigidly and rotates counterclockwise
(Animation 1). After initiation of extension in
the central Basin and Range at ;16 Ma, the
Sierra Nevada–Great Valley Block rotates
clockwise for a final net rotation of 28 (Table
5, Appendix 1, Movement Table [see footnote
1]). The animation shows the early 36–24 Ma
rotation accommodated by ;35 km of dextral
shear along the proto–Garlock fault and ac-
companying compression in the southeastern
Sierra Nevada region (Animation 1). The ac-
tual effects of this rigid body rotation on the
deformation of surrounding regions (particu-
larly to the north and south) are highly depen-
dent on the axis of rotation and how rigidly
the block behaved, both of which are un-
known. The rotation of the Tehachapi Moun-
tains may include this early counterclockwise
rotation of the Sierras, as well as potentially
being linked to southern Basin and Range
core-complex formation, which immediately
followed (McWilliams and Li, 1985; Plescia
and Calderone, 1986; Walker et al., 1995;
Glazner et al., 2002).

Areas West of the San Andreas Fault

Based on the timing and magnitude of dis-
placement on a few fault systems (San An-
dreas, northern Gulf of California, Mojave,
central Basin and Range, and the Santa Ynez
Mountains), continental basins must open
(creation of white spaces in the movie [Ani-
mation 1, Figs. 7–9] suggesting pulses of ex-
tension) and close (closing of spaces or over-
lap of polygons suggesting pulses of

contraction) from 24 Ma to 0 Ma. Even at this
large and relatively simplified scale, extension
and contraction are spatially and temporally
complex throughout the region west of the
San Andreas fault, and we expect even greater
complexities in timing and magnitude at a
more detailed level. The following discussion
highlights the magnitudes of displacement and
summarizes data that either support or conflict
with the model displacements.

Transverse Ranges
The clockwise rotation of the Western

Transverse Ranges (Hornafius et al., 1986; Lu-
yendyk, 1991) suggests regions of extension
and subsequent compression both north and
south of the rotating Santa Ynez Mountains
block (Fig. 2, range 50) (Animation 1). The
magnitude of predicted extension (Fig. 8) and
contraction (Fig. 7) (oriented ;north-south) is
as great as 130 km to the north of the western
side of the block from ca. 12 Ma to the pres-
ent. Motion of Baja California northward from
6 Ma to the present suggests as much as 90
km of shortening in the southern Transverse
Ranges (Santa Ynez and San Gabriel Moun-
tains blocks) (Fig. 7, Animation 1). Transpres-
sive motion involving the San Gabriel Moun-
tains, San Bernardino Mountains, and Mojave
blocks implies ;40 km of north-south short-
ening immediately north of the Peninsular
Ranges block. Balanced cross sections
through the San Emigdio, Santa Ynez, and
San Gabriel Ranges indicate 53 km of short-
ening since 3 Ma (Namson and Davis, 1988a).
Although the shortening estimate is strongly
dependent on the details of how the Santa
Ynez and Peninsular Ranges–Baja California
blocks move, the reconstruction presented
here suggests ;60 km of north-south short-
ening at the longitude of the eastern Santa
Ynez Mountains block since 6 Ma. As sug-
gested by Namson and Davis (1988a), short-
ening of this magnitude in the upper mantle
lithosphere is supported by a large volume of
high-velocity material imaged tomographical-
ly beneath the region (e.g., Humphreys et al.,
1984).

Coast Ranges
Differences in the timing of extension with-

in the Mojave and Basin and Range north and
south of the Garlock fault, in conjunction with
plate tectonic constraints on the westernmost
limit of the North America continental edge
(Atwater and Stock, 1998), indicate a period
of extension (20–16 Ma) and subsequent com-
pression (14–0 Ma) to the west of the Sierra–
Great Valley block (Figs. 7–9, Animation 1).
Approximately 80 km of core-complex exten-

sion south of the Garlock fault occurred prior
to significant extension in the central Basin
and Range. In order to maintain a quasilinear
ocean-continent boundary, a zone of extension
roughly equal in magnitude to the core-complex
extension is required north of the Garlock
fault and west of the Sierra Nevada–Great Val-
ley block. This becomes most visible in the
reconstruction at 16 Ma (Fig. 9A). As exten-
sion evolves in the central Basin and Range,
this same zone undergoes contraction to main-
tain the quasilinear plate boundary suggested
by the extant distribution of oceanic crust
from 16 Ma to the present.

The Neogene tectonic and volcanic history
from the Great Valley to the edge of the con-
tinent is broadly consistent with the model
(data summarized in Tennyson, 1989). Al-
though the model and geologic data are diffi-
cult to compare quantitatively because there
are no obvious normal faults with measurable
offsets, the magnitude of extension (and sub-
sequent compression) is significantly less than
that predicted by the model. Development of
local nonmarine basins and eroded highs, fol-
lowed by significant subsidence at ;16–18
Ma and the development of the relatively deep
marine Monterey basin strongly suggests an
extensional event. Rotation of the Tehachapi
Mountains and/or extension in the southern
San Joaquin Valley (McWilliams and Li,
1985; Plescia and Calderone, 1986; Tennyson,
1989; Goodman and Malin, 1992) may be in-
dicative of this extension but may represent
far less than the ;80 km predicted by the
model.

The subsequent compression in the Coast
Ranges is more quantifiable and appears to be
significantly less than that suggested by the
model. Estimates of compression in the Coast
Ranges east and west of the San Andreas fault
range from 20 km to 48 km (Page et al., 1998;
Namson and Davis, 1990, 1988b), with all of
the known shortening occurring post–10 Ma,
and most of it post–4 Ma (Page et al., 1998;
Namson and Davis, 1990). Therefore, the
model predicts an additional 32–50 km of
shortening prior to 10 Ma, for which there is
(thus far) no evidence in the Coast Ranges.

Pausing Animation 1 at 15 Ma highlights
the crux of the problem (Fig. 9a). To eliminate
the need of early 24–16 Ma extension in the
Coast Ranges (and subsequent compression),
the continental edge would need to bend east-
ward north of the Mojave and then continue
north along the western edge of the Great Val-
ley (Animation 1). This bend in the continen-
tal edge would create an ;80-km-wide,
;300-km-long section of oceanic crust that
would have to be subducted south of the
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northward migrating triple junction during the
period of central Basin and Range extension.
The solution to the space problem that the
model highlights may rest in a combination of
several possibilities which include allowing
for a warping of the North America coast line,
finding greater magnitudes of deformation in
the region of the Coast Ranges, and less ex-
tension in the central Basin and Range. How-
ever, to truly evaluate the magnitude of each
of these options requires more detailed recon-
struction of crustal blocks west of the San An-
dreas fault.

Uncertainties in the Reconstruction

Statistically rigorous uncertainties are no-
toriously difficult to quantify in geological re-
constructions, largely because estimates of
geologic offset do not have Gaussian or other
standard probability distribution functions.
The condition of strain compatibility or ‘‘no
overlap’’ sets a hard limit on the displacement
estimate but does not distinguish higher or
lower probability of any given position within
those limits. Hence, the variance of any given
estimate cannot be rigorously quantified.

In map view, any given displacement esti-
mate will have an irregularly shaped uncer-
tainty region. Under the assumption of a uni-
form probability distribution within these
uncertainty regions, Wernicke et al. (1988)
used a Monte Carlo method to estimate the
total uncertainty on the sum of displacement
vectors for a path across the central Basin and
Range. This method repeatedly summed ran-
domly selected vectors from each uncertainty
region to generate a probability distribution
for the net offset. The contour that excluded
the outermost 5% of the model runs was taken
as an estimate of two standard deviations of
the measurement. The estimate of total Sierran
motion thus derived was 247 km 6 56 km, S
758 6 128E, and therefore a reasonable esti-
mate of the standard deviation would be 28
km. For this same estimate, the square root of
the sum of the squares for individual vectors
(in the direction of displacement, using values
from Table 1 and Figure 10 in Wernicke et al.,
1988) is only 15 km. This is perhaps not sur-
prising because the Monte Carlo approach
does not place greater weight on values near
the center of the uncertainty polygon than on
values at the edges.

Our revised displacement estimate for the
central Basin and Range, 235 km 6 20 km
(again the error is equal to the square root of
the sum of the squares for individual vectors),
is similar to that of Wernicke et al. (1988) if
one considers the 20 km figure as a crude es-

timate of the standard deviation (1-sigma).
However, given the results from Wernicke et
al. (1988), the real error may scale upward by
as much as a factor of two, depending on the
degree to which our best estimate is more
probable than values at the extremes. A simple
sum of each uncertainty along a given path
from Table 1 and Table 2 gives an error esti-
mate of 47 km and 45 km, respectively. Thus,
as a rule of thumb, the uncertainty in position
of any given range or set of ranges at any
given time is on the order of 20–40 km at one
standard deviation.

Because the reconstruction involves tem-
poral information (which is also uncertain),
the problem of rigorously estimating errors
becomes even more difficult and is clearly be-
yond the scope of this paper. Even though
temporal information adds to the uncertainty
of position at any given time, the self-
consistency of the reconstruction mitigates
these uncertainties to a substantial degree.

EVOLUTION OF THE REGIONAL
VELOCITY FIELD

Tracking the restored positions of the rang-
es from the palinspastic maps, we have cre-
ated ‘‘instantaneous’’ velocity fields based on
2 m.y. averages from 0 Ma to 18 Ma and 6
m.y. averages from 18 to 36 Ma. These pa-
leogeodetic velocity fields depict how defor-
mation has evolved in space and time across
the plate boundary deformation zone (Figs.
10A–10G).

Figures 10F and 10G (30–18 Ma) illustrate
the collapse of the Basin and Range away
from the stable Colorado Plateau through the
formation of metamorphic core complexes at
a time of active ignimbrite volcanism and
Pacific-Farallon convergence. Extension initi-
ated first in the northern Basin and Range and
then in the southern Basin and Range. This
pulse of large-magnitude extension migrated
south and north, respectively, until it con-
verged in the central Basin and Range at ca.
16 Ma. Figure 10E (14–16 Ma) emphasizes
the large extensional strains in the central Ba-
sin and Range especially with respect to the
concurrent faulting to the north and south. The
14–16 Ma time slice also shows the impact of
the evolving plate boundary on the North
American continent as right-lateral shear is ac-
commodated through the rotation of the West-
ern Transverse Ranges and accompanying
shear and extension. The 10–12 Ma time slice
(Fig. 10D) illustrates the uniform (systemati-
cally increasing) strain in the northern Basin
and Range and, in contrast, the westward-mi-
grating extension in the central Basin and

Range. Significant extension is also necessary
in the Mexican Basin and Range due to plate-
boundary constraints. It is during this time pe-
riod that right-lateral shear migrates farther in-
board into the continent through the
development of the eastern California shear
zone. South of the Garlock fault, the shear is
oriented nearly parallel to the plate boundary
(N258W). North of the Garlock fault, the shear
plus extension creates a more oblique orien-
tation of shear (;N678W). From 6 Ma to 8
Ma, this same pattern of intracontinental right-
lateral shear strengthens with shear partitioned
differently south of the Garlock fault than in
the central Basin and Range and northern Ba-
sin and Range portions of the eastern Califor-
nia shear zone (Fig. 10C). In the Mexican Ba-
sin and Range, deformation wanes and
extension and right-lateral shear become con-
centrated in the proto–Gulf of California.

The differences in the velocity fields from
the 2–4 Ma average to the 0–2 Ma average is
most likely a function of limitations in the
data, rather than a significant slowing in the
rate of deformation over the last 2 m.y. (i.e.,
the Mojave region) (Figs. 10A and 10B).
Within the model, the lack of timing con-
straints for right-lateral faults through the Mo-
jave means that the rate of deformation there
becomes a function of the rate of deformation
to the north and south. North of the Garlock
fault, large magnitudes (104 km) of oblique
extension are focused predominately from 11
Ma to 3 Ma (Niemi et al., 2001; Snow and
Wernicke, 2000; Snow and Lux, 1999). South
of the Mojave, the timing of deformation is
partially bracketed by the age of rotation of
the Eastern Transverse Ranges (as mentioned
earlier, ca. 10 Ma rocks record the entire 458
of rotation whereas ca. 4 Ma rocks indicate no
rotation; Carter et al., 1987; Richard, 1993).
These timing constraints suggest most of the
deformational shear in the Mojave occurred
between 10 Ma and 2 Ma. However, the total
displacement across the eastern California
shear zone (100 km 6 10 km) averaged over
the last 12 m.y. suggests a long-term rate of
8.3 mm/yr 6 1 mm/yr. This rate is similar to
or slightly less than the 8–12 mm/yr rate sug-
gested by geodetic studies (McClusky et al.,
2001; Miller et al., 2001; Sauber et al., 1994;
Savage et al., 1990).

Another way to look at the evolution of the
velocity field and provide a direct comparison
between geologic data and geodynamical
model results is by mapping the paths that in-
dividual ranges take over the deformational
interval of interest (Fig. 11). Note that the
bend in the path of the Pacific plate does not
appear to be related to changes in the paths of
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Figure 10. ‘‘Instantaneous’’ velocity fields based on 2 m.y. averages from 0 to 18 Ma, and 6 m.y. averages from 18 to 36 Ma. Arrows
show displacement with respect to stable North America and were determined by connecting the centroids of specific ranges at one time
with the centroid of the same range in a later time. Because the motion of individual ranges can be very slight at the eastern edge of
the model, the line lengths representing each incremental offset were uniformly doubled. Map base is the palinspastic map from the
youngest time in the 2 or 6 m.y. interval.

the Sierra Nevada with respect to the Colorado
Plateau or changes in the paths of individual
ranges within the continent. The most signif-
icant continental change in direction occurs at
12 Ma. Because the plate constraints do not
require the bend to occur at that time (it is

only a function of the times at which magnetic
anomalies constrain the position), it is possi-
ble within the uncertainties of both the plate
reconstruction and geological reconstruction
(Atwater and Stock, 1998; Wernicke and
Snow, 1998) that these events more closely

correlate. As stated previously, the timing of
development of right-lateral shear depends on
the orientation and timing of early extension
in the Death Valley region, which if relatively
minor prior to 11 Ma would point toward a
later time of onset of right-lateral shear in-
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Figure 10. (continued).

board of the Sierra Nevada. The distribution
of north-northwest shear through the Mojave
is kinematically linked to the northwesterly
motion of the Sierra Nevada–Great Valley
block, in turn requiring at least some amount
of right-lateral shear within the Mojave region
between 12 Ma and 8 Ma.

CONCLUSIONS

Although orogen-scale reconstructions of
the Basin and Range will continue to evolve
with time and adjust as more data is acquired,
the exercise in kinematic compatibility we
present here highlights what we understand

and more importantly what we still do not un-
derstand regarding the evolution of the plate
boundary.

Results that are robust and highlight what
we do understand include: (1) 235 km 6 20
km of extension oriented N788W in both the
northern (50% extension) and central (200%
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Figure 11. Map illustrating paths of various ranges from 0 to 36 Ma. Solid black circles
indicate the positions of the ranges at 8 Ma, and open circles represent the positions of
the ranges at 12 Ma. The westernmost point on each line represents the current location
of each range. The easternmost point on the path represents the location of the range at
36 Ma. The blue arrows represent the motion of the Mendicino triple junction, with its
position shown at 24, 15, 8, and 0 Ma (Atwater and Stock, 1998).

extension) parts of the province. An important
implication of the model is that any significant
change in extension amount in a portion of the
region (i.e., a range on the path between the
Colorado Plateau and the Sierra Nevada) must
be evaluated in light of how that change af-
fects coevolving regions to the north and
south. (2) A significant portion of boundary-
parallel shear (in contrast to earlier extension)
jumped into the continent at ca. 10–12 Ma,
and once established, appears to have migrat-
ed westward with time. (3) The magnitude of
slip on the eastern California shear zone ap-
pears to be 100 km 6 10 km, although the
exact structures that accommodate this shear
in the Mojave, or how much of the relative
motion is accommodated by distributed shear,
is not known.

Problems with the current reconstructions

are highlighted by large gaps in the model.
These zones emphasize areas where more
work is needed in refining our ideas about
how intraplate deformation is accommodated
through time. Salient aspects of the model that
we do not understand include: (1) compatibil-
ity between timing of extension north and
south of the Garlock fault and a smooth north-
northwest–trending continental edge as im-
plied by plate tectonic reconstructions. To
maintain a relatively smooth continental edge
with different periods of extension across the
Garlock fault, a triangular window of signifi-
cant extension (.50 km; 24–16 Ma) followed
by an equal amount of shortening (14–0 Ma)
would have occurred in the Coast Range–
Great Valley region. While known geology
supports extension and subsequent compres-
sion in these time windows, the magnitude is

;25% of what is needed; and (2) differences
in magnitude and timing of extension between
southern Arizona and northern Sonora, Mex-
ico, require a transfer zone or large lateral dis-
placement gradient. The model displays this
zone as a gap that opens up (going backward
with time) between the two provinces. Timing
and magnitude of extension in the Sonora re-
gion were constrained only by plate motions
to the west and broad assumptions as to sim-
ilarities in timing and direction with areas to
the north. Data detailing the magnitude, tim-
ing, and direction of extension through the
Mexican Basin and Range is necessary to re-
solve this problem.
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Sensitivity of precipitation isotope meteoric water lines and 
seasonal signals to sampling frequency and location 

Allison R. Reynolds, areyno13@kent.edu, and Anne J. Jefferson 

Department of Geology, Kent State University, Kent, OH 44242 

 

We collected data in Kent, OH 
and compared it to the records 
in the GNIP database. The sites 
Coshocton and Simcoe were the 
closest sites. Coshocton 
collected samples 
from 1966-1975 and Simcoe 
collected samples monthly from 
1975-1982. 

Methods 
 Precipitation samples were collected in Kent, Ohio in a residential yard.  
 Rain was collected in a 10.16 cm diameter rain gage, and snow was 

collected in a 15 by 30 cm box. Samples were collected daily at 8 am local 
time, and some events were also sampled at 8 pm. 

 Samples were filtered and analyzed by a Picarro L-2130i at Kent State 
University and the data was processed following the protocols in van 
Geldern and Barth (2012).  

 The closest GNIP sites are Coshocton, Ohio, USA and Simcoe, Ontario, 
Canada. Monthly data were downloaded from the IAEA WISER database 
(http://www-naweb.iaea.org/napc/ih/IHS_resources_isohis.html).  

Instrument Performance 
Repeat analyses show a standard 
error of 0.01‰ for δ18O and 0.04‰ 
for δ2H. Approximately 27% of 
samples had multiple analyses, and 
for these we report average values. 

Research Question 
How do local meteoric water lines and seasonal 
signals in precipitation isotopes change regionally 
and between event and monthly sampling 
intervals? 

Kent, OH sampling site is 
indicated by the red dot. 

Kent Event Monthly 

Minimum δ18O -26.0 -17.8 

Maximum δ18O -0.1 -1.3 

Local Meteoric Water Lines (LMWLs) 
 
LMWLs for each site were similar (Figure 1). 

Comparing the LMWLs generated from the event samples and the 
monthly data (Figure 2), the monthly data had a slightly lower slope 
and d-excess. 

Transforming from event to monthly samples also reduced the 
range of variability in isotopic signatures in Kent (Figure 2, Table 1). 

Figure 1. LMWL for Kent, Coshocton, and Simcoe, based on monthly data 

Figure 2. LMWLs 
calculated from 

event and monthly 
samples at Kent, 

Ohio.  

Table 1. Comparison of the range of isotopic values for 
event samples versus monthly composites for Kent. 

Seasonal Signals 
 

The best-fit seasonal signal (Figure 3, Table 2) for Kent, OH 
is more similar isotopically to Simcoe (206 km north from 
Kent) than Coshocton (106 km south).  
 
For the Kent dataset (Figure 4), the event-based data 
produced a sine wave with greater amplitude of 6.1‰, 
than that fit to the monthly data. 

Figure 4. Time series of event (blue squares) and monthly 
samples (red diamonds) for Kent, OH showing fitted sine waves.  

Figure 3. Kent, Coshocton, and Simcoe sinewaves compared  

Location Equation for δ18O 

Coshocton 6.2*sin(0.52*t-1.33)-7.672,  where t = months 

Simcoe 4.3*sin(0.55*t-4.18)-10.07, where t = months 

Kent (monthly) 4.9*sin(0.56*t-3.23)-9.56, where t = months 

Kent (event) 6.14*sin(0.017*t-291)-11.69, where t = days 

Table 2. Best-fit sine waves. The amplitude of the seasonal signal is represented by 
the first term, and average δ18O is the last term.   

This material is based upon work supported by the National Science Foundation under Grant No. DUE-1140980. 
For more information about this project, please visit https://sites.google.com/a/kent.edu/d-edgeo/  

Conclusions and Implications 
 

 LMWLs and seasonal signals derived from monthly samples were broadly 
similar along a 300 km north-south transect in the US eastern Great Lakes 
Region. Mean isotopic values are more depleted at the northern end of 
the transect. 

 Composite samples on monthly basis under-represent event scale 
variability in precipitation isotopes, based on samples from Kent, Ohio.  

 Monthly sampling reduces the apparent d-excess. The d-excess values 
have a bigger difference between Kent event sampling and Kent monthly 
sampling than is observed between monthly samples across sites. 

 There is substantial diversity in precipitation isotopes in winter months. 
Isotopically depleted events are frequent but do not produce large 
amounts of precipitation. This may reflect different air mass sources and 
trajectories. 

 Understanding the amount and source of variability in precipitation 
isotopes in space and time is important for correctly using them in 
watershed hydrology applications.  

Future plans 
 

 Continued event sampling to assess 
inter-annual variability 

 Sub-event sampling to assess 
variability within events 

 Correlating isotopes with air masses 
trajectories and histories 

 Comparison with other existing 
precipitation isotope datasets in the 
region 

 Establish Kent as a GNIP station with 
better sample collection location and 
monthly sampling 
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Abstract The instrumental temperature record is of

insufficient length to fully express the natural variability of

past temperature. High elevation tree-ring widths from

Great Basin bristlecone pine (Pinus longaeva) are a par-

ticularly useful proxy to infer temperatures prior to the

instrumental record in that the tree-rings are annually dated

and extend for millennia. From ring-width measurements

integrated with past treeline elevation data we infer dec-

adal- to millennial-scale temperature variability over the

past 4,500 years for the Great Basin, USA. We find that

twentieth century treeline advances are greater than in at

least 4,000 years. There is also evidence for substantial

volcanic forcing of climate in the preindustrial record and

considerable covariation between high elevation tree-ring

widths and temperature estimates from an atmosphere–

ocean general circulation model over much of the

last millennium. A long-term temperature decline of

*-1.1 �C since the mid-Holocene underlies substantial

volcanic forcing of climate in the preindustrial record.

Keywords Dendroclimatology � Bristlecone Pine �
Treeline � Holocene � Tree-Rings � Paleotemperature

1 Introduction

Multiple lines of evidence, including comparisons with

instrumental climate data over the last century, show that

patterns in the ring widths of upper treeline bristlecone pine

are strongly influenced by temperature variability, partic-

ularly at decadal to centennial scales (LaMarche 1974;

Hughes and Funkhouser 2003; Salzer and Kipfmueller

2005; Salzer and Hughes 2007; Salzer et al. 2009; Kip-

fmueller and Salzer 2010; Towlinski-Ward et al. 2010;

Bunn et al. 2011). Some of the most recent bristlecone pine

research has focused on the contrasting signals present in

the ring widths of trees at the upper treeline (positive

growth correlations with temperature) and in trees below

upper treeline (negative or no correlation with temperature;

e.g. Salzer et al. 2009; Kipfmueller and Salzer 2010; Bunn

et al. 2011). These studies suggest that upper treeline ring

widths contain an appreciable temperature signal at decadal

to multi-centennial timescales, whereas trees below the

treeline do not. However, using bristlecone pine ring

widths to infer paleotemperature has been complicated by

the discovery that trees somewhat below, yet still very near

the upper treeline environment, as close as 150 vertical m,

do not contain the same temperature signal as trees within

*100 m of treeline. For example, we have shown in the

White Mountains of California, that the growth patterns of

Pinus longaeva trees growing at treeline are quite different

from growth patterns of the same species of tree growing

only 150 m below treeline (see Salzer et al. 2009, Fig. 4a).

The elevational threshold for bristlecone temperature-sen-

sitivity is unknown and has not been widely studied. Also,
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it has been argued that microtopographical features such as

cold air pooling, for example, could complicate defining

temperature-sensitive trees based solely on elevation or

distance from treeline (Bunn et al. 2011).

In spite of these challenges, we suggest the most accurate

estimates of past temperature will come from ring widths

formed in trees within *100 m of the species upper ele-

vation ecotonal boundary. This elevational sector corre-

sponds to a cold zone where temperatures are most limiting

to growth (Fritts 1976) and above which cold temperatures

preclude tree establishment entirely. However, these eco-

tonal boundaries have changed with time as climate has

evolved, and quantifying the narrow elevation band occu-

pied by trees with a ring-width temperature signal can be

particularly problematic when working with material that

predates the age of modern, established treeline. Due to past

climatic change and the fluctuation of past treeline eleva-

tions, it becomes necessary to first determine the elevation

of past treelines, and then, when developing temperature-

sensitive ring-width chronologies, it is important to use only

those trees that were growing within the cold zone

(*100 m of treeline) during their lifetimes. We systemat-

ically avoid the use of rings formed in a past warmer era of

higher treeline if these rings were sampled from wood at a

location much lower than the remnant treeline. For example,

old deadwood samples taken near modern upper treeline

elevation or just below are avoided, as these rings would

have been below the 100 m cold zone during their time of

formation, and thus are inappropriate for paleotemperature

inference. This line of reasoning is based on the assumption

that the same, or a very similar, temperature-growth

threshold relationship existed in past eras as exists currently.

The existence of temperature-sensitive trees near treeline at

the upper-elevational limit of their distribution has been

confirmed in our previous work on bristlecone pine (Salzer

et al. 2009). In this study, we first derive estimates of past

treeline elevations, and then use samples collected within

*100 vertical m of these elevations to create a 4,582-year

regional ring-width index chronology (2575 BC-AD 2006),

hereafter referred to as GB3rwi. We then estimate millen-

nial-scale temperature variability based on treeline eleva-

tional change, and estimate decadal to multicentennial-scale

temperature variability using the regional ring-width index

chronology scaled to regional temperature output from a

climate model millennium run.

2 Materials and methods

2.1 Chronology construction

We use samples from bristlecone pine living trees and

remnant wood in the upper treeline zone (within 100 m of

known treeline or estimated past treeline) in three separate

mountain ranges in western North America: (1) Sheep

Mountain, White Mountains, CA (SHP, 37.52 N. lat.,

118.20 W. long.); (2) Mt. Washington, Snake Range, NV

(MWA, 38.91 N. lat., 114.31 W. long.); and (3) Pearl

Peak, Ruby Mountains, NV (PRL, 40.23 N. lat., 115.54 W.

long.) (Fig. 1). Previous work at these sites has revealed

strong correspondence in growth patterns, despite lengthy

distances between sites (500 ? km) and strong replication

for millennia (Fig. 1, S1, S2) (Salzer and Hughes 2007;

Salzer et al. 2009). The high correlation between the three

chronologies over long intervals is indicative of similar

biological responses by the trees to the same factor or

factors limiting growth at all three sites.

Mean ring-width index chronologies were developed

both for individual sites, and also for the region (GB3rwi)

using samples from all three sites: SHP, MWA, and PRL.

To gain maximum temporal coverage, we used den-

drochronologically-dated materials from both living trees

and from relict wood. We standardized each of the indi-

vidual tree-ring width series to eliminate tree age/size

related influences on ring width. Low-frequency variability

was retained by limiting the minimum series length

allowed to 100 years and standardizing with a negative

exponential curve, a trend line with negative slope, or a

mean line as determined by standardization option two in

the dendrochronological software ARSTANL (Cook 1985;

available at http://www.ltrr.arizona.edu/pub/dpl/). This

standardization approach is designed to retain decadal to

multi-centennial scale variability and to minimize the

Fig. 1 Three upper forest border sites where samples were collected

for the GB3rwi ring-width chronology. The background image shows

living Pinus longaeva and remnant wood from upper treeline near

Sheep Mountain in the White Mountains of California
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‘‘segment length curse’’ (Cook et al. 1995). The individual

series lengths were typically between 500 and 800 years

from 2000 BC on, suggesting that the chronology should

retain variations whose wavelength is a few to several

centuries. Samples were dated and measured using estab-

lished dendrochronological methods (Stokes and Smiley

1968). The GB3rwi chronology was created by using the

same dating, measuring, and standardization techniques

described above. The GB3rwi chronology differs in that

each individual index series after standardization was

smoothed with a 20-year cubic smoothing spline to

emphasize decadal- to centennial-scale variability prior to

averaging the smoothed index series into a chronology of

low-frequency variation. This approach allows for the

calculation of 95 % confidence intervals for each mean

value of the low-frequency chronology (Sheppard 1991). A

non-standardized ‘‘raw’’ chronology (GBR3raw) was sim-

ilarly constructed, but without any standardization proce-

dures—using instead the raw growth measurements. An

additional step was taken with GB3raw to eliminate some

juvenile growth; each growth curve that resembled a neg-

ative exponential as determined by ARSTANL (Cook

1985) was truncated for its first 100 years. However, all

analyses in the main paper are based on the standardized

version (GB3rwi) to eliminate as much potential bias from

non-climatic tree-growth influences as possible. The

GB3rwi ring-width chronology is built from series at all

three mountain ranges, and extends 4,582 years, from 2575

BC to AD 2006.

2.2 Treeline elevation change

Climatic-treeline elevation is primarily controlled by

minimum summer temperature at large spatial scales

(Körner and Paulson 2004; Körner 2012). Both SHP and

MWA sites contain extensive amounts of deadwood above

modern treeline, while PRL contains less due to limited

available elevation gain above modern treeline (Figs. S3-

S5). Older higher treelines have been documented previ-

ously in both the White Mountains of California (LaMar-

che 1973) and in the Sierra Nevada (Lloyd and Graumlich

1997). We estimated the elevation of past treelines at SHP

and MWA based on the elevation of the highest living trees

sampled at that point in time (Figs. S3, S4). Past treeline at

PRL was estimated based on the data from MWA (Fig. S5).

The estimates of past treeline elevations serve a dual pur-

pose. First, they allow for identification of three *100 m

elevational zones (one for each site), which have varied

through time, and within which temperature-sensitive trees

can be expected to have grown. We use only these trees for

our regional ring-width chronology (GB3rwi). Second,

independent of the growth records of the rings, the treeline

elevation through time is also a record of past environ-

mental change. We use the changing upper treeline at SHP

and a local lapse rate to estimate long-term temperature

change (see Sect. 3.1).

2.3 Ring-width index and model output

The GCMs used for comparisons to the GB3rwi tree-ring

chronology include the Max Planck Institute ECHO-G

model (ERIK2, AD 1,000–1,990, single simulation; Le-

gutke and Voss 1999; Stevens et al. 2008), the Max Planck

Institute COSMOS system (MPI, AD 800-2005, 5 simu-

lations; Jungclaus et al. 2010), and the National Centers for

Atmospheric Research Community Climate Model (CSM,

AD 850–1999, single simulation) (Ammann et al. 2007).

Two important differences between these simulations are

(1) the amplitude of the changes in total solar irradiance

(Maunder Minimum to present) used in the ERIK2 and

CSM (*4 W m-2) simulations is about 3 times the

1.3 W m-2 that was used in the MPI (COSMOS) simula-

tions, and (2) the ERIK2 and CSM models use prescribed

greenhouse gas concentrations while the MPI (COSMOS)

model uses a full carbon cycle model. We use area-aver-

aged near-surface temperature from the GCM grid points

over the western USA (40�–34�N and from 104� to 124�W)

for comparison with the ring-width data.

The scaling of GB3rwi to the GCM output can be for-

mally expressed as follows:

T(t) = f � R(t) ? c, where T is the modeled temperature

data, R is the ring-width index chronology, f is a variance

scaling factor, c is a constant that adjusts the mean, and t is

time. The factor f and constant c are derived by: f = ST/SR

and c = T(mean) – f � R(mean) where ST and SR are the

respective standard deviations of the modeled temperature

data and the ring-width index chronology in the AD 1276

to 1990 interval, and T(mean) and R(mean) are the corre-

sponding means. Error bars are the RMSE statistic. Tem-

perature anomalies were originally computed based on the

AD 1000–1990 July–September mean of 20.32 �C ‘near

surface’ from the ERIK2 model. They were then adjusted

for the preindustrial period of 2575 BC to AD 1328 by

adding a negative trend of 1.102 �C based on the empirical

data from treeline elevation change. There were no

adjustments made to the period after AD 1328. The results

are a 4,000 ? year record of decadal- to millennial-scale

variability in past summer temperature. We acknowledge a

high level of uncertainty in these past temperature esti-

mates. This is unavoidable, given the multiple sources

contributing to the uncertainty: (1) the ring-width chro-

nology itself, (2) the ECHO-g modeling effort (3) the

scaling of the tree rings to the modeled data, and (4) the

trend adjustment.
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3 Results and discussion

3.1 Treeline elevation and temperature inference

Past treeline estimates from the SHP site extend into the

mid-Holocene (Fig. 2a). The SHP estimated treeline is

broadly similar to that from MWA, roughly 400 km dis-

tant, for their period of overlap (Fig. 2b). Both mountains

show substantially higher past treelines, greater than 100 m

relative to recent levels, and both decline to modern levels

in the fourteenth century AD. At SHP, treeline reaches its

maximum elevation approximately 5,000 years ago. Prior

to that, estimated treelines range from 45 m above modern

level in 4410 BC at the beginning of the record, to 76 m

above modern levels in 3755 BC. Treeline reaches its

highest point, at 116 m above modern levels, in 2997 BC

(Fig. 2a). We are less confident in the completeness of the

record prior to 3000 BC and so concentrate our interpre-

tations on the last 5,000 years.

Estimated past treelines are generally slightly higher at

MWA than at SHP. This could result from a variety of

reasons. Possibilities include a more complete record or a

different lapse rate at MWA. It is worth noting that all the

estimates are necessarily the minimum past treeline ele-

vations, as we can never be sure we have found the highest

trees that were growing at any particular time. Also, it is

difficult to determine the precise timing of climate change

by treeline movement for several reasons. Most notably

because remnant wood samples often crack and erode over

time obliterating many rings. In addition, reproductive lags

cause treeline change to unavoidably lag behind climate

change. While many different phenomena, such as frag-

mentation by disturbance, might contribute to local treeline

positions, there is abundant evidence on a global scale that

climatic treeline positions occur where growing season

temperatures are 5–7� C, with a global mean of 6.4 ± 0.7

(Körner 2012). This global correlation between treeline

position and temperature demonstrates that temperature is a

primary driver of treeline position and challenges the

concept that treeline position is a multifaceted phenomenon

with complex interactions between multiple environmental

drivers (Körner 1998). If the latter were correct, global

mountain treeline positions would not correlate with one

explicit climatic parameter, which they do (Paulsen et al.

2000).

Two meteorological stations have at times operated at

the SHP site simultaneously, but at differing elevations.

From these station data we know that the summer surface

air temperature gradient at SHP varies at 0.95 �C per

100 m—very near the dry adiabatic lapse rate of 0.98 �C

per 100 m (LaMarche 1973). From the 0.95 �C lapse rate

and the treeline data we can infer a temperature decline

during the growing season (summer) of approximately

1.1 �C from 2209 BC to AD 1328, from the time of the

highest treeline elevations to when treeline stabilized and

persisted near modern levels until the late twentieth century

(Fig. 2a). Modern treeline also stabilized in the early AD

1300 s at MWA (Fig. 2b). Trees were growing at least

25 m above modern treeline in both mountain ranges prior

to AD 1300, suggesting warmer temperatures of at least

0.24 �C during this interval before subsequent cooling and

treeline decline.

Earlier in the SHP record there is a very sharp treeline

decline of about 65 m (0.6 �C) between 2209 and 2139

BC. This decline is not in the MWA treeline record most

likely because the MWA summit is only 118 m above

modern treeline, whereas the summit at SHP is 295 m

above modern treeline. The MWA summit is a very harsh

and inhospitable environment that precludes seedling

establishment. Without the suitable and available high

elevation habitat during the warmest mid-Holocene inter-

val the MWA trees were unable to move up the moun-

tainside. Hence, there is no record of a substantial treeline

drop around 2200 BC at MWA. The 2209 BC treeline

Fig. 2 Upper treeline elevation and past estimated treeline eleva-

tions. a White Mountains, CA (SHP). Green triangles represent the

elevations of clusters of juvenile Pinus longaeva establishing above

established modern upper treeline. b Upper treeline elevation and past

estimated upper treeline elevations in White Mountains, CA (SHP,

red) and Snake Range, NV (MWA, blue)
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decline at SHP corresponds temporally to the apparent

4.2–3.9 ka BP abrupt climate change event indicated in

many widely distributed proxy records (Zhang and Hebda

2005; Booth et al. 2006; Fischer et al. 2008; Menounos

et al. 2008; Baker et al. 2009). This ‘‘event’’ may have been

a major contributing factor for massive old-world cultural

change (Stanley et al. 2003; An et al. 2005; Staubwasser

and Weiss 2006).

At the SHP site at least four clusters of juvenile trees

are growing well above modern treeline. The highest of

these clusters is 73 m above treeline and contains at least

one tree which has reached reproductive maturity. To

avoid injury to these young trees they were not cored to

determine exact age. However, counting the number of

needle whorls suggested an approximate age of

35–50 years in 2012. It is possible that we are witnessing

the incipient stages of treeline advance due to modern

warming. A 73 m treeline advance is indicative of a

modern warming of 0.7 �C, and local PRISM (Daly et al.

2008) modeled summer temperature for this elevation

since AD 1895, is consistent with a mid-twentieth century

establishment period. There is no evidence that treelines

at SHP have established at these altitudes since before the

2200 BC treeline drop. The nature of the treeline-change

data precludes us from knowing exactly how long it has

been since trees established at this elevation, as it is

possible that some smaller remnant material from more

recent incipient treeline advances has eroded away or not

been found. Yet, it is likely that full-size trees have not

grown at this elevation since before 2200 BC and quite

possible that high elevation ecosystems are now

responding in a manner unprecedented in approximately

4,200 years.

3.2 Ring-width variability and temperature inference

To complement the millennial-scale treeline-change

information, we used the GB3rwi ring-width index chro-

nology that spans much of the last five millennia (Fig. 3).

We do not interpret GB3rwi from 2140 to 1795 BC due to

poor agreement and low sample size during that period

(SSS \0.85) (Wigley et al. 1984) (Fig. S2). This ‘‘gap’’

occurs immediately following the 65 m treeline decline at

SHP. It coincides with both the 4.2–3.9 ka BP abrupt cli-

mate event and with a severely frost-damaged ring that

occurs in trees at all three sites in 2036 BC. Cold-damaged

high-elevation tree rings (‘‘frost rings’’) have been shown

to be associated with volcanically-forced short-term cool-

ing events (LaMarche and Hirschboeck 1984; Salzer and

Hughes 2007). The event at 2036 BC is the most visually

severe in our period of record. The wood has often frac-

tured along the 2036 BC latewood annual boundary and

eroded along both sides. This cracking and subsequent

erosion has, in many cases, effectively erased the ring-

Fig. 3 Time-series plots of

Great Basin 3 (GB3rwi) low-

frequency tree-ring

chronologies with 95 %

confidence intervals (grey

dotted lines). Included are a the

standardized ring-width index

chronology (GB3rwi); b the

non-standardized raw ring-

width chronology (GB3raw);

and c the number of samples

used in GB3rwi and the mean

length of those segments over

the length of the chronology

Five millennia of paleotemperature 1521

123

SE ROA 37587

JA_9093



width record for decades to centuries around the 2036 BC

ring, which contributes to the ‘‘gap’’ in the record.

Past work has demonstrated significant correspondence

between ring-widths from trees at these sites and meteo-

rological temperatures over the relatively short period of

overlap provided by the instrumental record (Salzer et al.

2009; Bunn et al. 2011). We expanded on this by com-

paring the GB3rwi chronology to results from forced

coupled global climate model (GCM) simulations for the

past millennium. These models simulate past changes in

climate in response to estimated changes in external forc-

ing such as solar variability, volcanic activity, and green-

house gas concentrations.

The tree-ring data agree much more closely with the

ECHO-G (ERIK2) results than with those from the MPI

(COSMOS) model; the CSM results fall somewhere in

between (Fig. 4). The correlations over 991 years between

non-smoothed monthly-modeled data and non-smoothed

ring-width indices are highest using ERIK2 and for the

summer months (July–September, r = 0.32, n = 991,

Neff = 589, p \ 0.001). The correlation increases to 0.64

when the GB3rwi chronology is compared to the July–

September ERIK2 data smoothed in a similar manner to

GB3rwi over the common interval of the two data sets, AD

1000–1990 (Fig. 4a). For comparison, the AD 1000-1990

correlations using a mean of the five MPI (COSMOS)

ensemble members (20-year smooth) is 0.08 (Fig. 4c),

while the CSM results give a value of 0.41 (Fig. 4b). The

better agreement between the proxy data and the ERIK2

and CSM models is possibly a result of the larger solar

variability used in those simulations. [We note that the

difference between the ERIK2 and the MPI (COSMOS)

temperature records, both for the Great Basin and for the

Northern Hemisphere, closely resembles the solar irradi-

ance record (Crowley 2000) used as forcing for the ERIK2

simulation (not shown)]. ERIK2 and GB3rwi, two com-

pletely independent records, show some strong similarities,

particularly after AD 1275 (r = 0.75, n = 716); in con-

trast, the first 276 years show no correspondence (AD

1000–1275, r = -0.13). The lack of agreement in the 11th

through late-thirteenth centuries may be due to shortcom-

ings in the forcing data used in the models. It is not

uncommon for tree-ring temperature proxy records and

model results to disagree during the medieval period,

particularly with regard to volcanic signals (Mann et al.

2012). To obtain estimates of temperature from the ring-

widths, we scaled the GB3rwi chronology to the smoothed

July–September ERIK2 temperature data over the 716-year

period from AD 1276–1990 where the two data sets show

strong agreement (Fig. 5a). If the entire overlap period

(AD 1000–1990) were used in the scaling, the temperature

scale would be similar to what was found using the more

highly correlated AD 1276–1990 scaling interval. The

mean difference between estimates when using the two

different scaling intervals is only 0.014 �C; the maximum

difference, found in years with larger ring-widths and as a

result higher estimated temperature, is only 0.040 �C.

Scaling allows estimates of decadal to multi centennial

variability for past summer temperature in degrees C for

years prior to the model (before AD 1000). Hence, we can

interpret the paleoclimatic record for much of the second

half of the Holocene based on both the GB3rwi tree-ring

data and on the treeline elevation change data discussed

above.

Fig. 4 GB3rwi (blue) and July–September Great Basin temperature

from three millennial-run climate models. The tree-ring data agrees

most strongly with the ECHO-g model (a red), and less well with the

CSM model (b grey) and the MPI model (c black). Modeled

temperature anomalies are based on the period AD 1000–1990 with

respective mean values in degree celsius of: ECHO-g = 20.32,

MPI = 23.33, CSM = 19.03
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3.3 Inferred paleotemperature record

The negative trend of 1.1 �C, derived from the treeline

decline data, equates to a long-term preindustrial Holocene

cooling rate of -0.31 �C per 1,000 years over the length of

the tree ring record prior to treeline stabilization (2575 BC

to AD 1328) (Fig. 6). This is greater than the -0.23 �C per

1,000 years (AD 300–1900) reported for the northern

Hemisphere (Mann et al. 2008) and the -.21 �C per

1,000 years (AD 1–1900) reported for the Arctic (Kaufman

et al. 2009). The exact same rate of temperature decline,

-0.31 �C per 1,000 years, was recently reported over the

last *2,000 years from high latitude Scandinavia on the

basis of tree-ring maximum latewood density (MXD)

(Esper et al. 2012).

The overall range of summer temperature variability

over 4,582 years is approximately 3.44 �C, with departures

from -1.25 �C to ?2.19 �C (Fig. 6). A similar scale of

temperature change (*3.1 �C) is produced using PRISM

(Daly et al. 2008) modeled instrumental temperature data,

unadjusted ‘‘raw’’ ring widths, and regression-based tech-

niques (not shown). The magnitude of temperature anom-

alies depends on the detail of the scaling of the GB3rwi

chronology and partly, prior to AD 1328, on the fact that

the chronology has been adjusted using the trend calculated

from the tree line changes. The negative trend of 1.1 �C is

superimposed upon decadal to century timescale positive

departures that exceed ?2 �C in the fifth century BC, the

warmest period at ?2.19 �C, and in the seventeenth cen-

tury BC at ?2.11 �C. There is a strong upward excursion

of ?1.52 �C in the twentieth century AD. However, the

inferred temperature of the modern period was exceeded

twice in the Common Era: ?1.69 �C in the mid first cen-

tury AD (centered on AD 33) and ?1.58 �C in the mid

seventh century (centered on AD 634). The coldest interval

is in the mid to late fifteenth century AD (centered on AD

1469) with a temperature departure of -1.25 �C. Consis-

tent with these results and suggesting that some of the

departures from mean conditions are at least hemispheric in

scale, the MXD estimates of northern Scandinavian sum-

mer temperatures indicate nearly identical dates for their

warmest and coldest 30-year periods over the last

*2,000 years, at AD 21–50 and AD 1451–1480 respec-

tively (Esper et al. 2012). These similar results are derived

from different methods (MXD and ring-width), from dif-

ferent species (Pinus sylvestris and Pinus longaeva) from

different ecosystems (lakeshore and alpine/subalpine), and

from two distant regions, northern Europe and western

North America.

The GB3rwi temperature estimates are likely ‘‘missing’’

some variance in the multi-century part of the variance

spectrum because variance at that scale is less evident in

the treeline changes and is not as well preserved in the

standardized chronology as it is in the ‘‘raw’’ chronology

(Fig. 3b). The decadal- to centennial-scale variability in the

temperature estimates is likely mainly a result of volcanic

Fig. 5 GB3rwi chronology

scaled to ECHO-G climate

modeled temperature data

(Legutke and Voss1999;

Stevens et al. 2008) for period

AD 850–2006. Temperature

anomalies are based on the AD

1000–1990 July–September

mean of 20.32 �C and no trend

adjustment is used. a Red is the

modeled temperature anomaly

data, the solid red line indicates

the interval used in the scaling

(1276–1990). Blue is the scaled

tree-ring data with error bars

(±1 RMSE). b GB3rwi inferred

temperature anomalies (blue)

with no trend adjustment

compared to volcanic data

(black and grey, Gao et al. 2008;

Crowley et al. 2008)
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and/or solar forcing and of internal climate variability.

Direct comparisons between scaled GB3rwi and estimates

of volcanic (Crowley et al. 2008; Gao et al. 2008) forcing

since AD 850 show an association between volcanic forcing

and periods of low temperature (Fig. 5b). It is interesting to

note four episodes when volcanic activity is high that cor-

respond with periods of inferred low temperature in the late-

thirteenth, mid-fifteenth, late-seventeenth, and early-nine-

teenth centuries. Moreover, the period with the lowest

inferred temperature since AD 850 (mid-fifteenth century;

-1.25 �C) is associated with very high volcanic activity. In

fact, many of the negative departures in temperature coin-

cide with known periods of climatically effective volcanic

eruptions (Salzer and Hughes 2007). This is particularly

apparent for the five cool temperature episodes between AD

1280 and 1850 (Fig. 5b). Many of the dips earlier in the

record are most likely the result of currently unknown and

undated eruptions. It is interesting to note that the large

volcanic peak of AD 1258 is not associated with inferred

cooling. Warm temperature anomalies of * ? 0.7 �C are

found for several decades in the second half of the tenth and

mid eleventh centuries. The Medieval period is a fairly

minor warm interval in our record compared to some earlier

periods with higher inferred temperatures.

Other paleotemperature proxy records from the Great

Basin region often extend farther back into the Holocene

than our record, but with less than annual resolution. These

proxy archives, such as lacustrine and meadow sediment

cores, packrat middens, and glacial moraine dynamics

(Thompson et al. 1994; Clark and Gillespie 1997; Smith

and Betancourt 2006; Reinemann et al. 2009) are in general

agreement with our results, recording higher temperatures

during the middle Holocene. Unfortunately, the other

proxy archives lack the resolution to be effectively

compared to our results in detail. Additionally, the esti-

mates presented here are in agreement with a high-reso-

lution regional-climate model (Diffenbaugh and Sloan

2004). This model uses mid-Holocene orbital forcing and

simulates a mid-Holocene summer warming of 1–2.5 �C

over most of western USA.

Annually dated multi-millennial length proxy records

that contain information about past temperature are extre-

mely rare. We have combined information from two sep-

arate aspects of the biological system of long-lived

bristlecone pine trees: (1) reproduction and survival at the

upper elevational limit of tree distribution resulting in

temporal variability in treeline elevation and (2) radial

growth measurements of annual rings from trees at their

upper elevational limit. This combination allows us to

include millennial-scale variability, in addition to decadal

to multi-centennial scale, in our estimates of past summer

temperatures over several millennia. This is a promising

approach for high resolution paleoclimatology that could

provide ring-width-based temperature estimates of summer

temperature with improved fidelity at millennial time-

scales. Using this approach we have found: (1) covariation

between upper treeline Pinus longaeva ring widths and

regional GCM surface temperature data, (2) treeline evi-

dence of a long-term temperature decline of approximately

-1.1 �C since the mid-Holocene, (3) abrupt treeline

decline (cooling) around 2200 BC coincident with the 4.2 k

climate event reported in many proxy data-sets globally,

(4) substantial volcanic forcing of climate in the prein-

dustrial record, (5) severe frost damage recorded in the

2036 BC upper treeline rings with few extant treeline

samples covering this time, and (6) initial evidence of

twentieth century treeline advances greater than in

approximately 4,000 years.

Fig. 6 Scaled paleotemperature from Great Basin, USA with a

millennial-scale trend adjustment for the period before AD 1328. The

negative trend is based on empirical data from treeline elevation

change. Blue is inferred past temperature from treeline position (July);

black is adjusted temperature anomaly from ring-widths (July–

September GB3rwi, see ‘‘Materials and methods’’); grey is error

component from scaling (±1 RMSE); red is ECHO-g ERIK2 climate

model (Legutke and Voss1999; Stevens et al. 2008). The black and

blue lines are not independent as trend has been added to the portion

of the black curve before AD 1328 based on estimated change in

temperature from treeline elevation change (blue curve). No trend has

been added after AD 1328
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ABSTRACT

The study area groundwater system encompasses Coyote Springs, Kane Springs, Moapa and 
Meadow Valleys. The geology is dominated by Paleozoic carbonates to the north, and younger 
alluvium and lacustrine deposits to the south. Underflow from Pahranagat Valley mixes with 
groundwater from Kane Springs Wash and recharge from the Sheep Range to produce the final 
discharge of Muddy Springs at the head of Moapa Valley. It is possible that at least 4,000 acre- 
ft/yr of underflow from Meadow Valley Wash contributes to Muddy Spring discharge. The use of 
BALANCE, WATEQ, and PHREEQE chemically verifies these proposed flowpaths. Volcanic rocks 
are the probable explanation of sodium-dominated waters in the south. In lower Moapa Valley and 
Meadow Valley Wash, the Muddy Creek Formation produces saline, generally sodium-sulfate 
waters (up to 4500 mg/1 TDS) by dissolution of evaporite minerals, primarily gypsum and thenar- 
dite. Flow is complex due to local geology and thus geochemical simulation was limited.
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INTRODUCTION

The region under study consists of the southern ends of the Meadow Valley 

Wash and White River drainage system (see Figure l). The latter may be broken 

down into three drainage areas: (l)  Kane Springs Valley, (2) Coyote Springs Val­

ley, and (3) Moapa Valley. The Muddy River flows through Moapa Valley and 

intersects the Meadow Valley Wash at Glendale. It continues flowing to the Over- 

ton arm of Lake Mead, about 15 miles away. Glendale is on Interstate 15 about 

50 miles northeast of Las Vegas.

Several mountain ranges border these valleys. Kane Springs Valley runs NE- 

SW and is bordered on the northwest by the Delamar Mountains and on the 

southeast by the Meadow Valley Mountains. Coyote Springs Valley is bordered on 

the west by the Sheep Range, on the northeast and east by the Delamar and 

Meadow Valley Mountains, and on the south by the Las Vegas and Arrow 

Canyon Ranges. Groundwater flows into Moapa Valley through Arrow Canyon, 

which cuts through the Meadow Valley Mountains and the Arrow Canyon Range. 

Meadow Valley Wash runs parallel to Coyote Springs Valley, with the Meadow 

Valley Mountains to the west and the Mormon Mountains to the east.

This is an arid region, with annual precipitation less than 10 inches and a 

temperature range from less than 20 to 120 degrees Fahrenheit (Longwell et al., 

1965). Elevation ranges from about 1500 feet at Glendale to the 9912-foot Hay- 

ford peak in the Sheep Range.
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Figure 1. Study area (outlined) and surrounding region. After
Eakin (1964). Drainage divide locations are controversial.
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Purpose

The purpose of this study is to delineate the sources of water in the region 

and to determine the sources of salinity in these waters. More specifically, ground- 

water chemistry will be used to help delineate these flowpaths. The scarcity of 

hydraulic information necessitates this approach, as does the heterogeneity of the 

local geology. To accomplish this, the computer programs BALANCE, WATEQ, 

and PHREEQE (described later) will be used. With these, hypotheses of water 

mixing and/or mineral dissolution can be thermodynamically checked. This is 

done ultimately as an aid to locating higher quality water in the area.

Geology

The area is typical of the Basin and Range structure found in southern 

Nevada. Geologic sections have been compiled in the Muddy Mountains to the 

south (Longwell, 1928) and the Virgin Mountains to the east (Moore, 1972). They 

are different due to varied formation names and (especially) structural variation. 

These, along with geologic maps of Clark county (Longwell et al., 1965) and Lin­

coln county (Tschanz and Pampeyan, 1970) were used to identify rock type.

An eventful tectonic history has given rise to complex structure. The con­

tinuity of most formations is not very great due to high fault density, and is often 

difficult to predict without deep well logs.

The mountain ranges are formed by Paleozoic carbonates, with the exception 

of Tertiary volcanic units in the Delamar Mountains. There are several of these 

formations mapped in the area. An important water-bearing rock is the 

Mississippian-Permian Bird Springs Formation. Recently drilled wells in the lower
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Coyote Springs Valley are believed to penetrate this formation (Dettinger, per­

sonal comm., 1986). The Bird Springs Formation is an impure carbonate, contain­

ing significant amounts of sandstone, shale, and chert (Longwell et al., 1965). 

Underneath is the more resistant Monte Cristo Limestone, consisting of purer 

limestones and dolomites. As with the Bird Springs, chert is an important minor 

member. These formations form the bulk of the Mormon Mountains, the south­

ern Meadow Valley Mountains, and the northern Las Vegas Range.

Further east and north, thrusting has resulted in Cambrian-Silurian rocks 

dominating the Arrow Canyon and Sheep Ranges as well as the northern Meadow 

Valley Mountains. These are similar impure carbonates with associated cherts.

Younger alluvium and Tertiary deposits fill the valleys. In Kane and Coyote 

Springs Valleys, the thickness of alluvium is small, as is the case in the upper 

Moapa Valley. In the rest of Moapa Valley and throughout Meadow Valley Wash, 

however, the thickness is very large.

The Muddy Creek Formation dominates the lithology in these areas. Origi­

nally named by Stock (1921) and further described by Longwell (1928), it is a Ter­

tiary (Pliocene?) deposit associated with alluvial, fluvial, and lacustrine environ­

ments (Bohannon, 1984). It shows a high degree of variation in thickness, facies, 

and mineralogy. Thickness ranges from over 1200 feet in the central part of 

Moapa Valley to near zero in the upper part. It is typically found as zones of 

clay, silt, sand, and gravel that do not show a high degree of continuity. Since the 

depositional environment was mostly that of a lakebed, there are associated eva- 

porites. The most commonly reported is gypsum. The presence of gypsum 

increases southward, and extensive outcrops are found near Lake Mead (Longwell 

et al., 1965). In the study area, it is most common to find gypsiferous clay rather 

than gypsum outcrops.
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In Moapa Valley, the Muddy Creek is underlain by an ash flow tuff that con­

tains an upper green member and a lower white member. This is believed to be 

the upper part of the Horse Spring Formation. Well EH2a, drilled near the 

Nevada Power Company power plant, is the basis for this conclusion. Twenty-five 

hundred feet of water-lain ash with numerous tan limestone interbeds were 

penetrated. Gypsum and elastics were also noted, and this correlates reasonably 

well with the description of the Horse Spring in Longwell et al. (1965). It is 

assigned a Miocene age. Rocks believed to be Mesozoic "red beds" were found in 

the last 100 feet of the same well, at a depth of 4000 feet.

HYDROGEOLOGY

In terms of hydrogeology, the study area may be split into two subregions. 

As mentioned before, Kane Springs Valley and Coyote Springs Valley are con­

sidered part of the White River drainage system, a regional deep carbonate 

groundwater flow system extending over 230 miles in length. The final discharge 

point of this southward flowing system is the Muddy Springs at the head of 

Moapa Valley. The remainder of Moapa Valley and Meadow Valley Wash consist 

of local shallow aquifers in more recent sediments (i.e. the Muddy Creek Forma­

tion). Figure 2 shows the collection sites of previous reports, and Figures 3-5 give 

data points used in this thesis.

The White River Drainage System

In an effort to gain an overall knowledge of groundwater resources in Nevada, 

a joint effort was made by the Department of Conservation and Natural
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Figure 3. Data points within thesis area. Numbers correspond to
chemical analyses in Table A -l. Detail of Moapa Valley and 
lower Meadow Valley Wash shown in Figures 4 and 5.
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1 Anderson Well2 Lewis Well #1
3 Abbot Well Replacement4 Well-Moapa5 Bheroer Well
6 Baldwin House Spring-South7 Baldwin Cut Spring
8 Muddy (Big) Spring9 Iverson Spring10 Jones Spring
11 Pederson (Warm) Springs12 Willow Flowing Well13 EH-4 285*
14 EH-5a 205*
15 EEL-295'
16 EH2-1095*
17 Spring-Near Moapa

■<> ■■ W «i| S a m p le  P a in t*

• «  S p r in g  S o m p t*  Point*

<--- I
1.8 mile*

Figure 4. Moapa Valley data points. Numbers correspond to chemical 
analyses in Table A-2.
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■  W «U  S e m p la  Points 

*  S p r in g  S a m p l*  Points

0.6 miles

38 42'

t?
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M e

to

11 Stavart Wall
12 Stavart Wall13 Rand Wall
15 B. Lewis Wall
16 B. Lewis Wall17 B. Lewis Well 
IB B. Lewis Wall
113 Henry Well
114 Wright Well
115 Taylor Well
116 Taylor Well
117 Curler Well
118 Lemer Well 
122 Pulsipher Well
125 Schlaraan Well
126 Barrier: Well
131 Wright Well
132 Cortez Well
133 Erbry Well134 Embry Well 
TH12 Nevada Power 
TH21 Nevada Power 
NPC 5c - 3 hr.
TH1 Nevada Power TH2 Nevada Power 
TH3 Nevada Power 
TH7 Nevada Power

TriJl Nevada Power 
19 B. Lewis Well 
121 Pulsipher Well
135 Leavitt Well
136 Pulsipher Well137 Weiss Well
139 Callahan Well140 Lloyd Well
142 Carlson Well 
148 Ron Lewis Well NPC Well #1 
NPC Well #4 
NPC #4a Saim. 1 
NPC 11 Saisp*. #2 NPC 25 NPC 34
EE-8 244' (bottom)EH-6 455*
R- West Well 
110 Hester (McCormick) Well141 Bishop Well
143 Hester Well
145 Lewis Well
146 Lewis Well 
EH3-795*
EH-7 555*

■>
Glendale Well Field

31<h J s  1
M s  _ J

f j
$7

lnterstate_lS_
£j

ndale

Muddy R‘ver
a50

36 30'
114 36' 114 31*

Figure 5. Data points in Meadow Valley Wash and Weiser Wash. Numbers
correspond to chemical analyses in Table A-3.
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Resources and the U.S. Geological Survey to prepare a series of reconnaissance 

reports. These reports, made in the early 1960s, were the first of their kind in 

Nevada and, in some areas (e.g. Meadow Valley Wash), the last.

Thomas Eakin (1964) covered the first of the two hydrologic regions 

described above. The report, like the others in the series, gives a rough estimate of 

recharge, discharge, boundaries, and flow path in the basin. The recharge from 

precipitation for the area is determined to come from the Sheep Range (80%) and 

the Delamar Range (20%), for a total of 2600 acre-ft/yr. The contributions from 

the remaining mountain ranges are estimated to be negligible. The majority of 

recharge, however, comes in the form of underflow from Pahranagat Valley. 

Almost 100% of the estimated discharge emanates from Muddy Springs (36,000 

acre-ft/yr). The study is based on very little data. The southward gradient 

through Coyote Springs Valley is based on Maynard Lake elevation (at the head 

of the valley) and two other wells (see Figure 2). The springs surrounding Kane 

Springs Wash are considered to represent perched groundwater and thus are not 

used to infer gradients. Nonetheless, Eakin assumes southwestward groundwater 

flow from Kane Springs Valley to Coyote Springs Valley.

It became evident immediately in preparing the reconnaissance reports that 

central Nevada was made up of interconnected groundwater basins. This was 

inferred from water budget studies as well as head data, and refuted then- current 

theories that all topographic divides are groundwater divides. Eakin (1966) del­

ineated this flow system, which has become known as the White River drainage 

system (Figure 6). Though the White River ends in Pahranagat Valley in present 

time, it flowed through Coyote Springs and Moapa Valleys during the Pleistocene. 

This, Eakin claims, is still the groundwater flow path. The report is similar in 

methodology, but larger in scope than the 1964 paper. Hydraulic heads, spring
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elevations and regional topography are used to indicate the southward regional 

gradient. A  far greater number of springs were used, mostly because of the scar­

city of wells but also because springs were considered better indicators of regional 

flow. The data points from Coyote Springs Valley are the same as those from 

1964.

The drainage system boundaries are based on four assumptions by Eakin: (l) 

the bedrock forming the mountains is impermeable, (2) structures (i.e. faults) 

associated with the mountains form hydraulic barriers, (3) the large amount of 

precipitation recharged along the flanks produces an hydraulic divide, and (4) in 

some cases, a surface water divide still equals a groundwater divide. On checking 

these assumptions, he postulates that Muddy Springs may be partially fed by 

underflow from Meadow Valley Wash, but claims the contribution to be minor.

Eakin admits the flowpaths and shape of the drainage system are rough esti­

mates. The complex structure and variable permeability of the carbonate forma­

tions make precise definition of hydraulic parameters impossible. Certainly the 

lack of a large database makes the task even more difficult. Well heads and spring 

elevations in the thesis area available at present are shown in Figure 7.

In the years following, the methods of study changed, but the database did 

not grow significantly. Winograd and Friedman (1972) used a deuterium mass 

balance approach to estimate sources of recharge into Ash Meadows (west of the 

Sheep Range). Data was collected from springs and deep wells in Pahranagat Val­

ley, Ash Meadows, Death Valley and the Muddy Springs area. Representative 

recharge waters in the Spring Mountains and the Sheep Range were also sampled. 

The data indicates underflow from Pahranagat Valley into Ash Meadows, a 

flowpath not considered by Eakin (1966). This has importance in the thesis area 

because it alters Eakin’s (1966) water budget. It implies that, given no other
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Figure 7. Water levels (above) and well depth (below) for data points 
in thesis area. Arrows show inferred flowpath.
See Figure 8 for detail of Meadow Valley Wash (dashed area). 
Rock types: c =  carbonate, v =  volcanic, m =  Muddy Creek Fm.
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errors by Eakin, Muddy Springs may have another source besides regional car­

bonate underflow. In fact, due to a deuterium imbalance between Muddy Springs 

and Pahranagat Valley springs, the authors claim the principal source to be 

recharge from the Spring Mountains and Sheep Range. The most important 

assumption here is that deuterium concentrations do not vary with time. If they 

do, one could assume that in the time it takes for water to travel from 

Pahranagat Valley to Muddy Springs, the concentration has changed by 13 per 

mil (the observed difference). There is still some doubt as to the validity of this 

assumption. The other assumptions are that measured deuterium values are 

representative of large areas and that mixing between sources is complete.

Moapa Valley and Meadow Valley Wash

The area between Muddy Springs and the Nevada Power Company Power 

Plant is occupied by the Moapa River Indian Reservation, so groundwater data is 

sparse. The water levels imply a groundwater flow parallel to the Muddy River. 

Wells in this area penetrate the Muddy Creek Formation and show characteristi­

cally saline water, as will be discussed later.

Rush (1964) generally describes the Meadow Valley Wash groundwater sys­

tem in a reconnaissance report from the same series as Eakin’s (1964) paper. The 

author covers the entire wash, a distance of over 100 miles, whereas this thesis 

deals specifically with the lower few miles. Like the larger White River drainage 

system, Meadow Valley Wash consists of several interconnected groundwater sys­

tems, spanning several valleys. The groundwater is found in alluvial aquifers and 

in the Muddy Creek Formation. The flow is roughly north to south. According to 

Rush’s budget, precipitation is the largest contributor of recharge (24,000 acre-
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ft/yr), while underflow from Lake Valley at the head of the system is a distant 

second (3,000 acre-ft/yr). The discharge is in the form of pumping, evapotran- 

spiration, and underflow (20,000 acre-ft/yr). The budget dictates 7,000 acre-ft/yr 

leaves as a combination of evaporation and underflow to Moapa Valley. Unfor­

tunately, no follow-up studies of this type have been performed in Meadow Valley 

Wash. Rush’s report was a rough overview, and the pumping rate estimates, an 

integral part of the water budget, are sadly outdated. In the part of the wash con­

tained in the thesis area, most domestic wells were drilled in the early 1970’s and 

Nevada Power Company has significantly increased its groundwater use since 

1964.

The only remaining information on the lower Meadow Valley Wash is con­

tained in Desert Research Institute (DRI) reports to Nevada Power Company 

(NPC). NPC constructed a power plant in central Moapa Valley in the early 

1960’s. To supply water for their cooling towers, a well field was set up in the 

lower Meadow Valley Wash. All wells pump water from the Muddy Creek, so 

poor water quality has always been a problem. In many places the Muddy Creek 

is not well consolidated, and sanding and/or formation collapse has occurred in 

many wells. There has also been a tendency for water quality to decrease with 

time.

DRI is currently solving these problems by finding better water quality and 

by carefully constructing wells. Many exploration and pumping wells were con­

structed in the Meadow Valley Wash under DRI supervision and many of the 

same problems were experienced. Transmissivity values range from 20,000 to 

90,000 gpd/ft in isolated gravel zones. Several unpublished reports to NPC con­

tain much of the water quality information used in this paper. In addition to the 

NPC wells, many privately owned wells were inventoried in Meadow Valley Wash
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during 1981-1982 (Mifflin et al., 1982). The recent conclusion is to seek water 

elsewhere in the area because the above problems cannot be completely avoided. A  

series of exploration holes have been drilled in Moapa Valley and Meadow Valley 

Wash as well as Weiser Wash to the east.

The bulk of these reports deal with individual well data (pump tests, water 

level fluctuations, water chemistry). This provides an amazingly dense database, 

but little regional insight. Zimmerman et al. (1982) describe Meadow Valley Wash 

as a complex multiple aquifer system that fluctuates between confined and 

unconfined conditions. In the Glendale well field (Figure 5) the producing zone is a 

variable thickness gravel zone at the base of the recent alluvial sediments. How­

ever, pumping from this zone draws water from above (fine-grained alluvium) and 

below (Muddy Creek Formation). The amount of leakage is difficult to determine 

but is assumed to be high. An upward gradient was observed in one part of the 

Muddy Creek Formation, but this is not commonly found. Without surprise, 

transmissivity values vary widely (23,000-630,000 gpd/ft). As leakage is occurring, 

measurements will increase away from the pumping well. The facies variability in 

the Muddy Creek as well as pumping influences make flowpath determination 

difficult, but it is generally north to south as shown in Figure 8.

Water Chemistry Overview

There is a southward trend of increased salinity in the study area (Figure 9). 

Salinity is commonly reported as total dissolved solids (TDS). In Kane Springs 

Wash, the springs show a direct limestone source with a low TDS calcium- 

bicarbonate water. The exception is Willow Spring, which has a sodium domi­

nance due to its location in volcanic rocks of the Delamar Mountains. Maynard
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Figure 8. Static water levels in Meadow Valley Wash (ft). Lack of consistent 
elevations in southern area is due to pumping. Well depths are 
given before each data point in the list.
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Lake Spring, at the head of Coyote Springs Valley, shows a sodium-bicarbonate 

chemistry of higher TDS. This chemistry dominates southward through the 

Muddy Springs.

As the water enters the Muddy Creek Formation in Moapa Valley, the salin­

ity increases and the chemistry turns to a sodium-sulfate type (Figure 10). In the 

Meadow Valley Wash, where the Muddy Creek is dominant, the water is generally 

a high TDS sodium-sulfate, turning to calcium-sulfate type around Glendale.

SOURCES OF DATA

The data used in this report comes from previous work, most of which was 

performed by DRI for Nevada Power Company (NPC). In fact, almost all data 

from Meadow Valley Wash is associated with this project. For Moapa Valley, the 

principal sources are Bateman (1976) and DRI unpublished data. Data for Kane 

Springs and Coyote Springs Valleys comes from the USGS and others (Trexler et 

al., 1982; Ertec, 1981).

The chemical analyses for the data points shown in Figures 3-5 are tabulated 

in the appendix. The wells designated "EH" are recent DRI exploration holes. 

The "I" wells in the Meadow Valley Wash are private wells inventoried by DRI. 

The "NPC" and "TH" wells are Nevada Power production and test holes, respec­

tively, with which DRI was involved.

Most water samples from wells were taken either during initial pump testing 

or as part of an inventory. In both cases, the standard procedure is to let the 

water run for a time before sampling to avoid any salt crusts that may have 

formed on the flow pipe. In the case of DRI’s EH samples, the holes were drilled 

using the reverse air technique in which drilling water is used as a lubricant and
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compressed air forces circulation (Driscoll, 1986, p. 289-295). With this method, 

drilling may be stopped at any time, and the compressed air is used to bring for­

mation water to the surface for sampling (after the drilling water has been circu­

lated out). As a result, a chemical profile of the well is obtained.

The chemical analyses were checked for accuracy and completeness. Most 

samples run by NPC in the 1960 s are incomplete (it was not uncommon to find 

sodium to be left out of the lab program). Also, many sites were not properly 

located. Because of these problems, time series analysis was inconclusive, as will be 

shown later.

The DRI analyses were run under standard lab procedure which consists of 

atomic absorption analysis of the major cations (Na, K, Ca, Mg), turbidimetric 

analysis for sulfate, colorimetric for chloride, and titrimetric for alkalinity (EPA, 

1979). Where possible, field measurements of pH, alkalinity, EC, and temperature 

were used.

Isotope data is available for selected wells and springs. Deuterium and 180  

analyses were performed on the most recent DRI exploration holes (EH 1-8). Data 

is also used for wells in Coyote Springs Valley, and for Kane Springs Wash and 

Muddy Springs (U.S.G.S files).

When groundwater samples are analyzed for the major cations and anions, a 

strong character with respect to two or three constituents emerges. To see this 

more easily, a Stiff diagram (Stiff, 1951) is used. It is simply a plot of the common 

constituents and their concentrations in epm (equivalents per million). Equivalents 

per million is used to weigh the concentrations by charge and atomic (or molecu­

lar) weight, so that it is a measure of abundance of ions and not simply weight 

percentage. The calculation is made using the equation

(measured mg/1 of constituent)(absolute value of ion charge) 
ePm — (atomic or molecular wt.)
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The most abundant ions are easily seen as the biggest "bulges" in the plot. Also, 

relative TDS may be seen by comparing sizes of plots. Stiff diagrams are used 

extensively in this study.

Another important chemical grouping tool is the Piper diagram (Piper, 1944). 

Cations and anion molar concentrations are plotted on separate triangular 

diagrams. They are combined by projecting the points onto a diamond-shaped 

field. This is useful in graphically presenting groups of waters, as different waters 

will occupy different regions of the diamond field.

MODELS USED

When mixing and/or mineral dissolution scenarios are hypothesized, BAL­

ANCE is the simplest check used. Developed by Parkhurst et al. (1982), it is sim­

ply a mass balance program that solves simultaneous equations. For example, if 

an initial and final water chemistry are input along with a mineral assemblage, 

BALANCE will determine how much each mineral must precipitate or dissolve in 

the path between initial and final. The major shortcoming of the program is that 

the number of minerals must equal the number of phases (Na, Ca, S 04, etc.) in 

order for the unknowns and equations to balance. This is an unrealistic approach 

for natural systems. Also, it does not consider thermodynamics, so the output 

may be mathematically correct, but chemically impossible. However, other tools 

may be used to check this, and it gives a good first estimation which can act as 

input to more sophisticated chemical simulation programs.

WATEQDR (Bohm and Jacobson, 1981) is a modified version of WATEQF 

(Plummer et. al., 1976), which in turn was developed from the original WATEQ 

(Truesdell and Jones, 1973). Though WATEQDR was actually used for this
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thesis, WATEQ will be used in the discussions for simplicity. Short for WATer 

EQuilibrium, WATEQ is not a mixing model. It gives a rigorous thermodynamic 

description of an input water chemistry using a large data base. Among its calcu­

lations are activity coefficients, partial pressures of gasses, ion activity products, 

and, most importantly, saturation indices.

The saturation index (SI) of a mineral in a solution determines whether that 

mineral should precipitate or dissolve. A  negative SI indicates undersaturation 

(dissolution favored), positive indicates supersaturation (precipitation favored) 

and zero shows an equilibrium (Drever, 1982, chapter 2). This is an important 

parameter because it acts as a check on BALANCE output. For example, if BAL­

ANCE reports a dissolution of gypsum, yet WATEQ shows the input water to be 

saturated with respect to gypsum, then the BALANCE output is invalid.

PHREEQE (Parkhurst et al., 1980) is a versatile, powerful geochemical 

modeling program that combines the qualities of both WATEQ and BALANCE. 

It uses mass balance to evolve an input water while obeying thermodynamic laws. 

The program calculates all properties of the final water, including pH and the 

saturation indices, in order to check the simulation against WATEQ output.

The way in which the three programs are typically used together is as fol­

lows: ( l)  A  water passes through a proposed mineral assemblage to attain a final 

chemistry; (2) to test this, BALANCE is run and the molar amounts of each 

mineral dissolving or precipitating is given; (3) separately, WATEQ is run on the 

initial and final water chemistry; (4) if the BALANCE results do not conflict with 

the SI values for the initial water, these results are input into PHREEQE; (5) the 

thermodynamic properties from the PHREEQE solution are then compared to 

those of the actual final water; and (6) if there is a reasonable agreement, the reac­

tion hypothesis may be viable.
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This is not the definitive method for explaining water chemistry changes, but 

only a way to list possibilities. WATEQ and PHREEQE use precise values (gen­

erated in a quantitative lab) on sometimes questionable data. The value of pH, for 

example, is an integral part of carbonate equilibria, and hence strongly influences 

the SI for calcite and dolomite. This parameter is either measured in the field by 

meters prone to errors (poor electrode, inaccurate calibration, temperature 

influences, etc.) or in the lab, by which time the actual pH has changed. In the 

range of pH found in these waters (7.0-8.0+), an error of a few tenths causes a 

significant error in SI. In fact, an error of 0.6 would cause the SI of calcite to 

change by 150 percent for one of the waters of the region. Since pH and alkalinity 

are the most changeable of parameters (and the most difficult to measure accu­

rately), a greater emphasis is placed on the SI for gypsum in checking the simula­

tions. Also, care must be taken to use reasonable hypotheses and trusted data. 

This may seem obvious, but any hypothesis may be "verified" if the input parame­

ters are strategically used. Supporting data of another type is always helpful.

SOURCES OF DISSOLVED SALTS

The Muddy Creek Formation

Before any explanations can be proposed concerning chemical evolution of the 

regional water, mineralogy of the flow environment must be explored. As stated 

before, every source in the literature notes gypsum in the Muddy Creek Forma­

tion. Rock salt (halite) is also a common observation (Longwell et al., 1965). 

These two are mentioned more because they are familiar, rather than dominant.
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Gypsum or anhydrite certainly must be considered the most important 

mineral, as implied by high sulfate water chemistry. Though there are high con­

centrations of sodium in Meadow Valley Wash waters (up to 785 mg/1), these are 

not matched by chloride, the molar ratio of sodium to chloride ranges to over 

10:1. Chloride is a conservative ion, and halite is its only common source mineral. 

Sodium, on the other hand, has a few more sources, including cation exchange. 

Therefore, the concentration of chloride, not sodium, indicates the abundance of 

halite. Chloride is occasionally found at high concentrations, though it is often 

third behind sulfate and bicarbonate. The importance of halite, therefore, is not 

as great as that of gypsum.

SODIUM SOURCES

If gypsum is the dominant mineral in the area, then why are the waters more 

often a sodium-sulfate type? It is not uncommon to find calcium the least abun­

dant of the three major cations. The waters of Muddy Springs issue from car­

bonate rock (a calcite/dolomite mineralogy), yet sodium is dominant, not calcium 

or magnesium. Clearly there is a major source of sodium, and halite is not the 

answer.

In the literature, most high sodium waters are explained by cation exchange 

without a rigorous treatment, or else left unexplained. The latter is the case con­

cerning the sodium-bicarbonate Muddy Springs in the Ertec (1981) report, and no 

known attempt has been made to explain the sodium-sulfate chemistry of Muddy 

Creek Formation waters.

Cation exchange does appear to be an attractive explanation. In this case, the 

clay would exchange two sodium ions for one calcium ion in order to maintain
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charge balance. Many clays prefer divalence over monovalence at their exchange 

sites (Bohn et ah, 1979). In the case of the sodium-sulfate waters, the sulfate con­

centration exceeds that of calcium. One could reason that a given amount of gyp­

sum (equal to the sulfate concentration) could dissolve and part or most of the 

calcium could be exchanged for sodium. Therefore a sodium-sulfate water could 

result simply from gypsum dissolution with cation exchange.

Unfortunately, this theory does not hold up. As an example, consider the 

water from the bottom of EH6 in Meadow Valley Wash. It is a calcium-sulfate 

water from group 1, defined earlier. The total sulfate epm is 38.3, while the com­

bined epm of sodium and calcium is 30.0. If the above theory was correct, the two 

numbers should be nearly equal. This might be partially explained by gypsum dis­

solution with calcite precipitation. Gypsum is more soluble than calcite, so cal­

cium ions liberated by gypsum dissolution may be removed immediately by calcite 

precipitation. In this way, sulfate will accumulate in solution, while calcium will 

not. W ATEQ shows this water to be saturated with calcite (this is true of almost 

all waters of the region), so any calcium introduced into the water should be pre­

cipitated.

Another possible sulfate input is the dissolution of sodium sulfate. Jones 

(1965) describes a significant amount of thenardite (Na2S04) in Deep Springs 

Lake, Inyo County, California. The dry lake environment is similar to that of the 

Muddy Creek Formation in the early Tertiary. More locally, a large deposit of 

glauberite (Na2Ca(S04)2) was found in the Muddy Creek at a site now under Lake 

Mead, and in White Basin to the west (Longwell et al., 1965). The presence of the 

mineral is therefore a viable assumption. Sulfate so dominates the anion concen­

trations in this EH6 water (as well as others) that if one wanted to eliminate 

cation exchange as a possibility, one must assume sulfate mineral sources for all
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cations. This is impossible because the principal source of magnesium is dolomite, 

not epsomite (M gS04-7H20).

Still another sodium source is the alteration of silicate minerals. Dissolved sil­

ica concentrations vary in Meadow Valley Wash to the extent that trends are 

unclear. However, if silica is plotted against sodium/sulfate, a relationship emerges 

(Figure 11). It seems that waters below the dashed line exhibit a linear relation­

ship between silica and extra sodium content. Extra sodium means sodium not 

associated with thenardite dissolution, which is why the sulfate divisor is 

included. The most likely reaction taking place to give this relationship is the 

weathering of sodium-rich silicates. As an example of this type of reaction, con­

sider the weathering of albite to kaolinite:

2NaAlSi30 8 +  2H+ +  9H20  =  Al2Si20 5(0H)4 +  4H4Si04 +  2Na+

Waters containing greater than 2.0 mmol/1 (120 mg/1) dissolved silica are said to 

be saturated with amorphous silica. These waters lie above the horizontal line in 

Figure 11, and the linear relationship is upset by the saturation. Similar plots 

lasing calcium and magnesium instead of sodium did not show a relationship.

In some areas of Moapa Valley and Meadow Valley Wash, salt crusts are visi­

ble on the surface. These are believed to be indicative of the evaporite mineralogy 

of the Muddy Creek. Three samples were collected: the first from the NPC power 

plant area, the second about 1.5 miles east of Muddy Springs, and the third from 

the Glendale well field in Meadow Valley Wash. The samples were powdered and 

run on the DRI X-ray diffractometer (XRD), which identifies minerals based on 

their individual capacities to diffract X-rays. The XRD output is given in the 

appendix.

As expected, the dominant minerals are gypsum, thenardite, and calcite. The 

gypsum peaks were checked by baking the sample to drive the water off. When
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the baked sample showed anhydrite peaks instead, the presence of gypsum was 

verified. Other less developed peaks showed for dolomite and natron 

(Na2CO3T0H2O), and samples 1 and 2 showed trona (Na3(C03)(HC03)-2H20) and 

halite. Peaks for epsomite did not appear. It should be noted that mineralogy 

changes may occur with dissolution and subsequent precipitation forming salt 

crusts. The degree of accuracy of this analysis in determining the evaporite 

mineralogy of the Muddy Creek Formation is therefore not precisely known. How­

ever, the indicated mineral suites should represent a reasonable mineralogy.

An XRD analysis was also run on well cuttings from the bottom of EH6 

(same level as the example given above). The preparation (a drying oven at about 

57°C) probably distorted the outcome, since a few peaks were missing, but in gen­

eral the results were the same as those of the salt crusts.

Since it is established that thenardite is present and that epsomite is not, 

then some kind of exchange (cation exchange or the gypsum/calcite relationship) 

must be taking place (or took place) to form this chemistry type.

A  lab experiment was performed in an effort to determine whether cation 

exchange is occurring or has occurred. The clay sample used was from the bottom 

of EH6 to keep consistency with the other examples. When clays are examined for 

cation exchange capacity, part of the procedure is to place the sample in a solu­

tion of ammonium acetate. The ammonium ion will replace any cation on the 

exchange sites, so that the amount of cations (and hence the amount of exchange 

sites) may be counted. Determination of CEC is a complicated lab procedure, and 

the value is not greatly desired in this study. What is desired is the relative abun­

dances of sodium, calcium, and magnesium that are occupying the exchange sites. 

After mixing thoroughly with ammonium acetate, the solution was centrifuged 

and examined for Na, Ca, and Mg via atomic absorption. This will prove or

SE ROA 37628

JA_9134



30

disprove the contention that sodium has been exchanged for calcium. Unfor­

tunately, only one well cuttings sample was run, so a conclusion cannot be made 

for the entire area.

The results of this experiment are given in Table 1. Shown also is a "blank" 

run in which water was used instead of ammonium acetate. This was done to 

differentiate between water soluble sources and exchange site sources. Results from 

the blank run should be subtracted from the acetate run to obtain correct 

exchange site concentrations. The higher amount of magnesium may be indicative 

of vermiculite among the clay minerals. Vermiculite has a special preference for 

magnesium in ion exchange reactions (Bohn et al., 1979).

Table 1. Results of cation exchange experiment.

Water Run Ammonium Acetate Run

mg/1 epm mg/1 epm

Na 2.67 0.12 9.85 0.43

Ca 5.56 0.28 195 9.31

Mg 3.30 0.27 157 12.91

Assuming the exchange sites were originally dominated by sodium, cation 

exchange has virtually gone to completion. This leaves thenardite as the principal 

source of sodium. If the abundance of thenardite in the Muddy Creek is not 

thought to be large enought to account for the observed sodium in groundwater, 

then the only remaining explanation is that the waters are very old and still con­

tain sodium from exchange sites. That is, the sodium derived from cation
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exchange has not yet been flushed out. If this is true, an increase in 

calcium/magnesium percentages would be expected with time. It is more likely 

however that the observed sodium is derived from thenardite. If the waters are 

young, cation exchange must be ruled out. Claiming cation exchange is a com­

mon mistake made in studies where an explanation is needed and not enough 

attention is paid to age of water/sediment interaction.

MAGNESIUM SOURCES

The source of magnesium in all waters of the region is assumed to be dolom­

ite. The Paleozoic carbonates are either classified as dolomite or at least have 

significant dolomitic character. Dolomite shows up in the Muddy Creek Forma­

tion, as the rock is derived in part from the older sediments. There are little or no 

epsomite present, and the other possible sources-clay minerals, igneous and vol­

canic rock minerals-are far less soluble (Drever, 1982). Other magnesium carbonate 

species, such as magnesite (MgC03), nesquehonite (MgC03-3H20), lansfordite 

(M gC03-5H20 ) and hydromagnesite (Mg4(C 03)3(0H)2-3H20), are rarely important 

species influencing magnesium in natural water (Hem, 1985).

The random mineralogy of the Muddy Creek Formation described earlier also 

applies to magnesium sources. In waters where magnesium epm equals or exceeds 

calcium epm (Coyote Springs Valley, Muddy River Springs, groups 3, 4, 5, and 7), 

it is likely that dolomite is the major carbonate. When dolomite dissolves, it is 

most common that the precipitate from such a solution is pure calcite. This is 

true even with dolomite supersaturation (Hem, 1985). Hem maintains dolomite 

precipitation will not occur until "a rather high [Mg]:[Ca] ratio is reached . This 

ratio does not exceed 1.6 in the study area. Drever (1982) calls this process the
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incongruent dissolution of dolomite, and it explains why magnesium concentration 

is similar to or exceeding calcium:

CaMg(C03)2 +  Ca2+ =  2CaC03 +  Mg2+

As long as there are significant amounts of calcium present (a viable assumption 

remembering the ubiquitous gypsum), magnesium will stay in solution.

Carbonate and Volcanic Source Rocks

Turning to the Muddy Springs area and southern Coyote Springs Valley, the 

waters are different but the mysteries are similar. The sodium dominance of the 

cations is confusing since the Muddy Creek Formation is absent in these areas. As 

in the Meadow Valley Wash area, sodium outweighs chloride by a significant 

amount. There is a thin layer of alluvium overlying the carbonates, but it is not 

considered important since the same chemistry is present in wells hundreds of feet 

deep. It has been shown that the carbonates are impure, so the associated sedi­

ments may have an influence on water chemistry. Evaporite minerals would not 

be expected in marine sediments, but not only sodium but also sulfate is found in 

significant concentrations, rivaling bicarbonate. Hem (1985) claims most fine­

grained sediments contain abundant sulfides when raised above sea level, and once 

uplift occurs, they may be readily oxidized to sulfate. Similarly, sodium may be 

found in these sediments in various forms - in unaltered mineral grains, as an 

impurity in cementing material, or in soluble salts (Hem, 1985). Though these sed­

iments make up only a small fraction of the Paleozoic sequence, the sodium will 

accumulate in solution whereas calcium will not.

In Kane Springs Wash, the situation is much simpler. The springs issue from 

carbonate rocks and show strong calcium-bicarbonate dominance. The
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concentrations of other species are practically at background levels. All data point 

to a very pure limestone source. Willow Spring discharges from undivided Terti­

ary volcanics, and carries a sodium-bicarbonate chemistry. This is expected from a 

water issuing from sodium-rich igneous rocks.

Maynard Lake Spring at the head of Coyote Springs Valley has a sodium- 

bicarbonate chemistry, but with different proportion from Muddy Springs waters. 

Sodium and bicarbonate are higher, and the other constituents are lower. The geo­

logic map shows a high proportion of volcanic rock in this area (Figure 12), and 

this may explain the unique chemistry. The only other waters with similar chemis­

try are well waters near Elgin and Carp in the Meadow Valley Wash north of the 

study area. These wells are also located in or about the Tertiary volcanics, so this 

may be a fingerprint chemistry for the geologic unit.

This brings up an important point concerning the regional flow system. If 

this spring is assumed to be issuing from volcanic rock and is considered a 

representative regional spring, then Tertiary volcanics, in addition to Paleozoic 

carbonates, are a contributing factor to the regional water chemistry. There is a 

high fault density around this spring. By virtue of this faulting, the "deep car­

bonate" flow system may contain a region of volcanic rock, thus altering the water 

chemistry. Though one data point hardly verifies a hypothesis, it is another possi­

ble explanation for the sodium dominance of Coyote Spring Valley and Muddy 

Spring waters. North of the volcanic area, springs of Pahranagat Valley show the 

expected calcium-magnesium-bicarbonate chemistry. Sodium-bicarbonate water is 

not found on the flowpath until the area in question is reached. South of this 

zone, all waters are of this type. Unfortunately, there are no wells in this crucial 

zone, so pump test data and well logs cannot verify this hypothesis.
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Figure 12. Simplified surface geology map of the junction between Pahranagat 
and Coyote Springs Valleys. Only the essential fault is shown: 
there are many more. Waters passing through this zone are believed 
to gain sodium, thus explaining the down-gradient chemistry.
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The only other data point in Coyote Springs Valley is Coyote Springs Well 

near the intersection with Kane Springs Wash. This well, developed from a shal­

low spring, is not thought to tap the regional flow system. Eakin (1964) examined 

the spring before the well was drilled. He concluded the waters originated from 

recharge in the Sheep Range and issued through older alluvium. The depth to 

water at other locations in the valley is several hundred feet (Eakin, 1964, Det- 

tinger, oral comm., 1986). The chemistry from this well suggests a fairly pure 

dolomite source rock. This supports Eakin’s hypothesis, since this is the rock type 

found in the northern Sheep Range.

The Muddy Springs area is chemically homogeneous, with TDS ranging from 

500-650 mg/1. The waters are of sodium-bicarbonate type and their chemistries 

have proven to be quite stable with time (DRI unpublished data).

In summary, a few very general end member water groupings can be made: 

(1) a sodium-bicarbonate type issuing from volcanics (Maynard Lake Spring), (2) 

sodium-bicarbonate limestone/dolomite waters (Coyote Springs Valley wells, 

Muddy Springs area), (3) calcium-bicarbonate limestone/dolomite waters (Kane 

Springs Wash), and (4) variable cation-sulfate type with the Muddy Creek Forma­

tion as source (central Moapa Valley, lower Meadow Valley Wash wells). The 

fourth group deserves further breakdown due to its high variability and large 

database. This is done in the following section.

MUDDY CREEK FM. WATER CHEMISTRY VARIATION

The water chemistry of the Moapa Valley/Meadow Valley Wash area is very 

generalized in the introduction. The variability of the Muddy Creek Formation is 

evident in well logs from Meadow Valley Wash wells. Grain size, consolidation,
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mineralogy and color all vary more than might be expected in a six-square mile 

area. Water chemistry will vary for a given alluvial rock type, and when different 

rock types are mixed, the chemistry becomes complex.

In the absence of obvious geographic trends in water chemistry, the relation­

ships between electrical conductivity (EC, a salinity indicator) and well depth as 

well as total well withdrawal were examined. There is very little correlation with 

well depth, as shown in Figure 13. There is an EC range of 3500 /Ltmhos/cm for 

wells ranging in depth from 50 to 250 feet. Figure 14 indicates a relationship 

between conductivity and total withdrawal. Withdrawal was estimated by multi­

plying average pumping rates by the age of the well. Of course, pumping rates 

could vary a great deal (especially with old wells). As EC increases, withdrawal 

decreases logarithmically. This is probably due to the fact that higher pumping 

rates will tend to flush the sediments of salts rather than allowing for salt accu­

mulation. A  steady state seems to occur in the area of 2000 /mihos/cm. There are 

two wells that do not follow this trend: Lewis Well (145), shown in the upper 

center of Figure 14, and the Hester/McCormick Well (110), which was not 

included in the plot because its high withdrawal (183 x 108 gallons) dwarfs the 

scale. These wells have the highest values of withdrawal. It is possible that 

extended pumping results in a reduction of water quality, as Nevada Power Com­

pany claims. When a higher quality zone of the Muddy Creek Formation is 

exhausted, water from a poor quality zone may be pumped. This process would 

result in a sine wave of water quality over a long period of time. Only an 

extended time series analysis could prove this.
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Well Depth vs. Conductivity

Figure 13. Inconclusive relationship between well depth and quality 
in waters of Meadow Valley Wash.
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Figure 14. Estimated total withdrawl versus water quality. The graph 
shows an increase in quality with pumping.
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Time Series Analysis

Nevada Power Company contends that the quality of water pumped from 

wells in Meadow \ alley Wash has diminished with time. The best example of this 

is the McCormick (more recently Hester) well (Figure 15). The TDS increased 

from 974 mg/1 in 1949 to over 4000 mg/1 in 1982. The NPC wells have good 

water analyses beginning in the 1980s. However, the analyses performed in the 

early 1960 s are of questionable quality at best. They are incomplete (so that an 

epm balance accuracy test cannot be applied) and vary considerably for any given 

well. For example, data existing for the NPC =$4 well over a six-month period 

shows a TDS range of 1160-1900 ppm. If one assumes all of these values are valid, 

then it is difficult to determine whether continued pumping has in fact resulted in 

more saline water. The Farrier wells, though not in the same location, show a 

slight increase in TDS between 1944 and 1984. The more marked difference is 

chemical character, shown in the Stiff plots. There are no pumping records on 

these wells.

It is probable that continued pumping will pull water from different zones as 

the water table is lowered. With the heterogeneity of the Muddy Creek sediments, 

it follows that in some locations the "new" water will be of lower quality. There is 

not enough evidence to be able to say this is always true.

For a more quantitative idea of how much the salinity is increasing, a con­

trolled, rigorous time analysis is appropriate. Pump rates should be closely moni­

tored, and more frequent analyses run. Salinity may increase with time, but it 

seems to be highly variable over shorter periods. NPC monitered chloride and 

sulfate over a 5 month period. The results were not conclusive, though the test 

period was short. With this in mind, it becomes difficult to predict future water
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chemistries. That is, the amount of increase expected in the future is unknown. 

With more closely monitored well fields, better predictions can be made. Any 

analyses performed before 1970, including those for the McCormick well, cannot 

be considered accurate.

Chemical Groupings

In the Meadow Valley Wash area, TDS ranges from 1000 to over 4500 mg/1. 

It is generally a sodium-sulfate water, but the dominant cation is not always 

sodium. Of sodium, calcium, and magnesium, any one, two or all three may dom­

inate a given water. Sulfate is the major anion without exception, comprising 65 

to over 80% of the total anion epm. An effort has been made to group the water 

chemistries. If end member waters can be defined, then mixing scenarios can be 

used to explain the chemistry of other waters.

Upon initial inspection, the waters of Meadow Valley Wash seem to comprise 

a pot-pourri of cation types and TDS values. However, when Stiff diagrams are 

made and examined, a few groups begin to emerge. This does not occur on the 

Piper diagram because of its large-scale nature. The Piper plotting field covers 

every water imaginable, so that if fairly similar waters are plotted, they group as 

one (Figure 16). Several groups of waters were formed purely on the basis of Stiff 

diagram similarity. It was found that the waters form geographic groups as well. 

That is, a given diagram type is not scattered randomly throughout the area. A 

map of these groups is shown in Figure 17, and Figure 18 (a-g) illustrates group 

breakdown by Stiff plots. Given the density of data in the lower Meadow Valley 

Wash, this is the only area in which a chemical facies map can be attempted. The 

differences are more subtle, yet repetition of precise geometric form of the Stiff
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Figure 16. Piper representation of thesis area waters. Waters from 
Meadow Valley Wash are circled.
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cations con cen tration  in anions

Figure 18 (a). Group 1: high TDS calcium-sulfate type. Waters of this
type are found only east of Meadow Valley Wash (excepting EHl).
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c i t l e n i con cen tration  in  epm a n io n s

water type isFigure 18 (b). Group 2: high TDS sodium-sulfate type. This 
common only west of Meadow Valley Wash.
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Figure 18 (c). Group 3: A  l o w  ('1200 mg/1) TDS water, with N a> M g> C a.
Also note that HC03>  Cl.
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re 18 (f). Group 6: Distinguished by Na>Ca>M g, and C1>HC03.
This group shows a stronger sodium dominance than Group 7,
as well as a slightly higher TDS.
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10

igure 18(g). Group 7: Similar to, but distinguished from Group y
and H C03>C1. The groups are located adjacent on 
another (Figure 17), and differences are subtle.
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diagrams cannot go unnoticed.

An important group is a high TDS, calcium-sulfate water in the Glendale 

area, which will be designated group 1 (Figure 17). Generally, it is found only east 

of the Meadow Valley Wash. In the Glendale area and the southern Weiser 

Wash, it is found at all depths, but further north it is absent at shallow depths. 

This is true even after correction for well elevations. This may be due to complex 

hydrology, a chemical gradation of the Muddy Creek Formation, or possibly an 

irregular sedimentary zone associated with high amounts of gypsum.

Group 2, a high TDS sodium-sulfate type, is associated with the Muddy 

Creek west of Meadow Valley Wash. It is not found to the east, but has appeared 

in EH2 as well as several wells along the west side of the wash. Two characteris­

tics are a strong chloride and a calcium to magnesium ratio greater than one 

(C a>M g). Though this type repeats over a good sized area, it is found horizon­

tally or vertically adjacent to very different water types. The vertical example is 

in EH2 where water resembling the Muddy Spring type is sandwiched between 

this high TDS water (see special EH section). The lithology does not vary 

significantly with depth in EH2, so there must be hydrologic oddities in the area 

as well. There may not be enough data in strategic locations to define the many 

flow paths. It is likely that thenardite dissolution strongly influences water chem­

istry within this group, and the same is true for all remaining groups. In each 

case, sodium epm is more than double that of chloride, even while the waters have 

the highest chloride concentrations in the area.

Group 3 is a comparatively low TDS water (1200-1400 mg/1) distinguished 

by N a > M g > C a  order of cation concentration and that HC03>C1. Whether 

HC03 is greater or less than Cl concentration seems to be dependent on TDS. Due 

to solubility constraints of calcite, bicarbonate concentrations occupy a smaller
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range. Since mineral precipitation does not stop chloride from accumulating in 

solution, a high C1:HC03 ratio generally indicates greater amounts of evaporite 

minerals in a given group area. Since the TDS is low in this group, the ratio is 

low. The ratio of calcium to magnesium probably parallels the gypsum to car­

bonate ratio in the sediments. In the absence of high amounts of gypsum, calcium 

will be more limited than magnesium in solution due to the incongruent dissolu­

tion of dolomite (discussed in the SOURCES OF DISSOLVED SALTS section). 

The ratio will increase, however, as gypsum begins to dominate the mineralogy.

Group 4 has a similar cation relationship to group 3, but the TDS is higher 

(1700-2400mg/l). With the higher TDS, chloride is greater than bicarbonate as 

predicted in the above discussion. Based on water chemistry inferences, the 

mineralogy contains a greater amount of evaporites, with carbonates dominating 

gypsum and, as always, thenardite present in significant amounts, giving a 

sodium-sulfate character to the water.

Group 5 is distinguished by its mixed cation nature (N a=C a=M g). The 

chemistry implies that this small zone contains more gypsum and less thenardite 

than group 4, while the salinity of the water remains constant.

In Group 6, N a>C a>M g and the TDS range is intermediate (1500- 

1700mg/l). The mineralogy implied by this chemistry seems the same as that of 

group 2, only the TDS is much lower. Since group 2 lies immediately to the south, 

it would seem logical to assume this evaporite suite increases its dominance of the 

lithology in a southward direction.

Group 7 is similar to group 3 in almost every way, except that calcium nearly 

equals magnesium in this case. By the previously defined line of thinking, this 

indicates an increased gypsum presence. A  southern trend is again noted, as gyp­

sum completely takes over in group 1 to the south. EH8 was drilled in this
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group s region, as was NPC well number 1. These deeper wells (244 ft. and 480 

ft., respectively) show a greater gypsum influence, and it is assumed that the same 

chemistry would emerge if NPC 25 and 34 were drilled deeper. A  typical group 7 

chemistry shows up in EH8 at 115 ft. and Ca-S04 water takes over at 175 ft. (see 

EH section).

Figure 17 resembles a geologic map more than a hydrologic map, with over­

lapping groups and no definite evolutionary trend. This is explained by the his­

tory of the Muddy Creek Formation. These water groups may be indicative of 

superimposed sedimentary zones (and respective mineralogies).

As a different form of classification, saturation indices were calculated for 

each group using WATEQ (Table 2). As stated before, the SI values for cal cite 

and dolomite varied with pH/alkalinity and were determined to be unreliable. 

The gypsum SI values were more stable. Generally, the groups show distinct 

ranges that further support the breakdown. The values are shown not for their 

geochemical significance, but as a way to further delineate the groupings.

These groups are not designed to show a flowpath. On the contrary, they 

give further insight into how complex the flow may be. A  strong argument is 

made for local water mixing with the principal southward-flowing groundwater of 

the Meadow Valley Wash. The amount of mixing is difficult to determine. Several 

small ephemeral streams flow into the wash, suggesting a similar groundwater 

movement. Saline waters from isolated beds to the east and west could be mixing. 

The facts that group 1 occurs only to the east and group 2 only to the west sup­

port this idea. An attempt was made to simulate water chemistry evolution 

between the groups, but no computer-generated scenario was chemically possible.

Another scenario that may be just as valid is sluggish southward flow 

through highly variable mineralogy. The complex bedding in the Muddy Creek
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Table 2. Comparison of gypsum saturation indices and TDS among 
c n e m i m l  o m m c  ®

SIf gypsum) TDS
Group 1

145 -.09 2935
146 -.16 2560
141 -.07 3333

EH7(555’) -.12 2930
EH6(455’) -.20 2765

Average -.13 2905
Group 2

139 -.35 3534
142 -.32 3402
113 -.16 4513

EH2(235’) -.14 4528
136 -.43 2714
140 -.45 2594

A verage -.31 3548
Group 3

18 -.91 1342
115 -.83 1432
125 -.85 1936
11 -.87 1484

132 -.85 1445
133 -.81 1459
134 -1.00 1325

TH12 -.99 1170
TH7 -.91 1245

Average -.89 1426

SKevpsum) TDS
Group 4

122
131
116
117

-.70 2351 
-.86 1743 
-.58 2437 
-.61 2170

Average -.89 2175
Group 5

TH21
126
12

-.53 2249 
-.53 2263 
-.50 2220

Average -.52 2244
Group 6

TH31
121
135

-.77 1617 
-.77 1541 
-.71 1725

Average -.75 1628
Group 7

19
148

NPC25(l98l)
NPC34

-.81 1377 
-.86 1276 
-.88 1194 
-.86 1323

Average -.85 1293
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Formation has already been discussed. If flow rates are assumed to be low, then 

water chemistry from a given well will reflect only local mineralogy. This is not 

an unrealistic assumption given the low gradients and hydraulic conductivities.

The matter is further complicated by the fact that an upward gradient has 

been observed in one part of the formation (Zimmerman et al., 1982). Though 

vertical flow has certainly not been the case in all wells penetrating the Muddy 

Creek, it may explain chemical anomalies in certain areas.

There are some wells that do not fall into any of these categories. This 

should not be surprising, since the system’s complexity has already been esta­

blished. Some of these wells are located adjacent to ponds and corrals, which may 

influence the well water chemistry if the depth is not too great. Also, the wells 

were constructed differently and to varying degrees of success. The amount of 

water pumped from a given well varies substantially. All of these factors could 

partially explain water chemistry variations.

DRI EXPLORATION HOLES AND ISOTOPES

A  special section will be given for the exploration holes (EH 1-8) drilled by 

DRI. They are unique in that they provide a vertical chemical profiles and that 

they make up the bulk of the regional isotope data. The logs and chemical profiles 

are shown in Figures 19 a-g.

EH1 and 2, drilled around the NPC power plant and separated by less than 

1.5 miles, are testimony to the vertical and horizontal variability of the Muddy 

Creek Formation. EH1 was drilled to a depth of 295’ and the water sample from 

this depth shows a group 1 (Ca-S04) type. Samples from a similar elevation in 

EH2 are group 2 (Na-S04) waters, a significant difference. As mentioned before, a
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DEPTH

Q a l: F in e  ta n  sand w ith  a few c la y  O' |
ch u n k s. Turns t o  red d ish  brown 
s i l t y  c l a y  a t  2 5 ' .

Tmc: Muddy C reek Form ation . C laystone, 65 '
sa n d ston e , s i l t s t o n e ;  m ostly  
c la y s t o n e  w ith  sand, becoming 
100% fin e /m e d . sand a t  2 7 5 '.

T .D . 295'

Fiaure 19 (a) . Generalized lithologic log and chemical
profile of EH1. Moapa Valley.
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DEPTH
Tm c: R ed-brow n c la y s to n e  w ith  vary in g  O' |

amounts o f  sand, s i l t ,  and c la y . j

1
100* J.

hj-iu1
400' 1 

1

T.D . 1095’ |

Figure 19 (b) . Generalized lithologic log and chemical
profile of EH2, Moapa Valley.
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DEPTH
Q a l: Minced a l l u v ia l  m a ter ia l- LS O'

c h ip s ,  SS, in t r u s iv e s  w / sand, s i l t  
Tmc: Muddy Creek Form ation. M ostly

c la y s t o n e :  dense, red  (sometimes
gray ) . Found w ith  vary ing amounts
o f  sand and s i l t  (5-40% ). 100'

— — — — — — C O -M I '

5 3 9 -7 9 5 ' M ixture: L S /d o lom itic  LS 
and red  cla yston e . Huge 
v a r ia t io n  in  m ixture % 's . 600' |

E O - t W

1
I
I

T.D . 795 ' |

F ig u re  19 (c) . Generalized lithologic log and chemical
profile of EH3. Weiser Wash.
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DEPTH

Q a l: G ray , b la c k ,  p in k , w h ite  g ra v e l O' |
PALEOZOIC BEDROCK: P ink  LS w / some 

r e d  c la y  z o n e s . LS a ls o  found 
in  w h ite , g ra y , and ta n .

50 '

100’

I S -4  2*5*

\
It

Fioure 19 (d). Generalized lithologic log and chemicalFigure V. ) pi_ofile of EH4# Muddy Springs area.

SE ROA 37658

JA_9164



Tmc: E in e  san d  and s i l t  w ith  c la y  and 
o c c a s i o n a l  g r a v e l .

DEPTH' 

O' ’

50 '

100’

c o a r s e  san d  a ls o  in c lu d ed
150 ' |

I
200 ' 1

l

LS c h ip s  in c lu d e d  (red -gray)

250' r
l
I
I
I

300 ' I

Eiqure 19 (e) . Generalized lithologic log and chemical
profile of EH6, Meadow Valley Wash.
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Q a l: LS g r a v e ls ,  s i l t ,  c l a y .  
Tmc: sa n d , s i l t ,  c la y

70-80%  c la y

60-90%  sand

O'

75 '

DEPTH

80% r e d  c la y ,  20% mudstone ch ip s

LS/m udstone m ixtures t o  555 ’

s h a le s

T .D . 620 ' j

Figure 19 (f) . Generalized lithologic log and chemical
gui v ‘ profile of EH7, Weiser Wash.
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Q a l :

Tm c:

DEPTH

A llu v iu m -  m o s t ly  c l a y (80-100%) O'
w i t h  som e san d  and s i l t

s a n d , s i l t ,  and c la y  w ith  L S / 
v o l c a n i c  g r a v e l

p r e d o m in a n t ly  L S /v o lc a n ic  g r a v e l  
w i t h  sa n d  and c la y

T .D .

Z B -4  344•

Fiqure 19 (g) . Generalized lithologic log and chemical
profile of EH8, Meadow Valley Wash.
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low TDS water similar to Muddy Springs type is found vertically between group 2 

waters in EH2. This is believed to come laterally from carbonate rocks to the 

west. For this to be true, a thickness of about 250 feet must be confined without 

vertical gradients. EH2 is two miles from a possible carbonate source, so this con­

dition must be present over that distance. At present, this theory cannot be pro­

ven nor refuted. Obviously there are not significant vertical gradients in the well. 

EH4, 5a, and 5b were all drilled in the Muddy Springs area, and the chemistries 

all reflect this water type.

EH6 and 8 are from Meadow Valley Wash and EH3 and 7 were drilled to the 

east in Weiser Wash. The previously described idea that group 1 water is found at 

all depths in the south and only at greater depth in the north is supported by the 

Weiser Wash data. EH6 also supports this, with local dolomite gravel-derived 

water overlying more saline water. The EH8 log shows volcanic gravel mixed in, 

which is a possible explanation of the high sodium, lower magnesium water.

Deuterium and 180  were run on EH waters from most depths (Figures 20 and 

21). The chemical complexity of the region is mirrored by the isotopes. There is 

some doubt concerning the accuracy of the data, as some points plot above the 

meteoric water line. This is beyond normal scatter, and may be explained by 

laboratory error or that the waters are old and scatter around an ancient water 

line (Jacobson, oral comm., 1986). In a rough sense, EH3, 7, and 8 group around 

the global meteoric water line. EH4 and 5 as well as Muddy Springs and lower 

Coyote Spring Valley waters form a tight group, as expected (excepting EH5b at 

265’). There is a great deal of inconsistency with the remaining waters. EHl at 

295’ is a group 1 water, and accordingly plots with EH3, 7, and 8. However, 

group 1 waters from EH6 do not. The two samples (335 and 455 ) have identical 

bulk chemistries, yet show a 1.1 parts per mil difference in 180 . The expected lab
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EH1 8 Isotope Data

Figure 20. Deuterium and Oxygen-18 from DRI’s exploration holes.
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Figure 21. Deuterium and Oxygen-18 for EHl-8, not including poor quality 
water from EH2. Numbers represent sampling depth. Regional 
samples are also included.
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error is no greater than 0.4 (Jacobson, oral comm., 1986). The remaining samples 

from EH6 are widely distributed. Based on bulk chemistry, these are believed to 

be younger, more locally derived waters. However, the variation suggests different 

sources. The only waters that undoubtedly show an evaporative history are the 

high TDS EH2 samples. The most shallow (235’) is the heaviest and they show a 

lighter trend with increased depth, as expected. The EH isotope value ranges are 

shown along with regional data in Figure 22.

The conclusions derived from the isotope data are the same as those from the 

chemical data: the regional carbonate waters form a tight group and the waters 

from the Muddy Creek Formation are difficult to explain. However, the differences 

are less clear isotopically. Any isotopic differences indicate source differences 

and/or mixing rather than the chemical heterogeneity of aquifer media. Given the 

observed isotope data, it is likely that all of these factors contribute to the chemi­

cal complexity.

COMPUTER SIMULATIONS

The simulations used to verify the hypotheses discussed in the hydrogeology 

section are as follows (see Figure 23 for map):

(1) Ash Spring +  Kane Springs +  minerals ?= ?  Ertec Well

(2) Maynard Spring +  Kane Springs +  minerals ?= ?  Ertec Well

(3) Ertec Well +  minerals ?= ?  Muddy Spring

(4) Ertec Well +  Elgin Railroad Well ?= ?  Muddy Spring

(5) Muddy Spring +  minerals ?= ?  Bhemer Well

(6) Bhemer Well +  minerals ?= ?  EH2(235’)
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6-3  miles

Figure 22. Oxygen-18 (top) and deuterium (bottom) values of study area 
waters. Ranges are given at multiple sample sites.
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These cover the proposed flowpaths, with the exception of lower Meadow 

Valley Wash. There is simply not enough knowledge of flowpaths in this area to 

propose a scheme. A  few guesses were made, but the BALANCE runs gave unreal­

istic results. The randomness described earlier may be so great that the area will 

never lend itself to modeling. Table 3 shows the match between simulation 

(PHREEQE) and observed (WATEQ). In general, SI for cal cite and dolomite is no 

more accurate than plus or minus 0.5 (Jacobson, oral comm., 1986).

As stated before, BALANCE is used first to check the hypothesis in a rough 

sense. If soluble minerals are shown to precipitate, or if water mixing ratios are 

unrealistic, then changes must be made. If the output seems to agree with thermo­

dynamic properties of the minerals, then PHREEQE is run using the BALANCE 

output. With PHREEQE, saturation indices and pH of the final solution are com­

pared to the actual WATEQ data. This acts as the final check. Since these are 

natural environments, the BALANCE output is rounded off significantly (four- 

significant figure accuracy is hardly necessary).

A  sensitivity analysis was performed on the simulations and typical results 

are given in the appendix (Table A-7). Mixing ratios were altered for applicable 

simulations and the changes were compared. It seems that more significant 

changes occur if ratios between dissimilar waters are altered. Carbonate equilibria 

is the most sensitive, though pH changed by no more than 0.3 when significant 

mixing changes were made. Whether these changes exceed the margin of error pro­

duced by the chemical analyses is unknown. In some cases, ratios were such that 

BALANCE would produce unacceptable results, such as precipitation of highly 

soluble minerals. PHREEQE was not run with these mixing proportions.

Simulations 1 and 2 offer two explanations for the water chemistry found in 

southern Coyote Springs Valley, exemplified by the Ertec well. The first is the
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Table 3 (a). PHREEQE simulation results. Input water(s) given on left.
Final water and PHREEQE product given on right.

70
o

Simulation 1
Ash Spring Kane Spring Mormon Well Ertec Well PHREEQE

pH 7.0 7.2 7.6 7.7 7.7
log PC02 -1.5 -1.9 -2.1 -2.2 -2.2
Sl(calcite) -.27 -.41 .28 .46 .46

Sl(dolomite) -.64 -1.2 .48 .95 .89
SIf gypsum) -2.2 -2.5 -2.3 -1.8 -1.8

Mineral Suite: calcite, dolomite, gypsum, halite, sylvite, albite. 
Mixing Ratios: Ash:KaneMormon == 23:2:9

Simulation 2
Maynard Lake Spring Kane Spring Mormon Well Ertec Well PHREEQE

PH 7.9 7.2 7.6 7.7 7.8
log PC02 -2.4 -1.9 -2.1 -2.2 -2.3
Sl(calcite) .39 -.41 .29 .46 .62

Sl(dolomite) .62 -1.2 .48 .95 1.19
SI(gypsum) -1.9 -2.5 -2.3 -1.8 -1.8

Mineral suite: calcite, dolomite, gypsum, halite, sylvite, thenardite. 
Mixing Ratios: Maynard Lake:Kane:Mormon =  23:2:9

Simu ation 3
Ertec Well Muddy Spring PHREEQE

pH 7.7 7.7 7.9
log PC02 -2.2 -2.25 -2.5
SI(calcite) .46 .48 .70

Sl(dolomite) .95 .92 1.32
SIf gypsum) -1.8 -1.4 -1.4

Mineral suite: calcite, dolomite, gypsum, halite, sylvite, thenardite.

Simulation 4
Ertec Well Elgin Well Muddv Spring PHREEQE

pH 7.7 7.6 
log PC02 -2.2 -2.19 
Sl(calcite) .46 .07 

Sl(dolomite) .95 -.16 
Slfgypsum) -1.8 -2.00

7.7 7.7 
-2.25 -2.3 

.48 .50 

.92 .92 
-1.4 -1-4

Mineral suite: calcite, dolomite, gypsum, halite, sylvite, thenardite. 
Mixing Ratios: Ertec:Farrier =  32:4
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Table 3 (b). Continuation o f simulation results.

Simulation 5
Muddv Spring Bhemer Well PHREEQE

pH 7.7 7.6 7.4
log PC02 -2.25 -2.13 -2.0
Sl(calcite) .48 .38 .20

Sl(dolomite) .92 .78 .42
SIf gypsum) -1.4 -1.2 -1.2

Mineral suite: calcite, dolomite, gypsum, halite, sylvite, thenardite, trona.

Simulation 6
Bhemer Well EH2(235’) PHREEQE

pH 7.6 8.1 9.2
log PC02 -2.13 -3.22 -4.3
Sl(calcite) .38 .68 1.83

Sl(dolomite) .78 1.3 3.6
| Sl(gypsum) -1.2 -.14 -.14

Mineral Suite: calcite, dolomite, gypsum, halite, sylvite, thenardite.
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widely held view, where water of Ash Springs type (calcite/dolomite source) mixes 

with Kane Springs Valley water and recharge from the Sheep Range. The Mormon 

Well, though south of the recharge area, is believed to be an accurate representa­

tion o f groundwater from the eastern slopes of the Sheep Range. The chemistries 

were mixed in the proportions estimated from Harrill (1976) and Eakin(1964, 

1966). Harrill (1976) estimates 1600 of the 11,000 acre-ft/yr of Sheep Range 

recharge flows into Las Vegas Valley to the west. Rounding the figure, that leaves 

a 9,000 acre-ft/yr contribution to Coyote Springs Valley. Input from Kane 

Springs Valley is thought to be minor, though no direct measurements have been 

made. A  value of 2,000 acre-ft/yr is used in this study. Eakin (1964) estimates 

between 2,000 and 3,000 acre-ft/yr of the 36,000 acre-ft/yr discharge at Muddy 

Springs is derived from local recharge. Subtracting 2,000 (down-gradient recharge) 

along with 9,000 (Sheep Range) and 2,000 (Kane Springs Valley) from 36,000 

gives 23,000 acre-ft/yr contribution of White River Drainage System water to 

southern Coyote Springs Valley. Thus, Ash Spring, Kane Spring, and Mormon 

Well waters are mixed in the ratio 23:2:9.

The mineral assemblage used in simulation 1 is thought to be associated with 

the deep carbonate flow system: calcite, dolomite, gypsum, halite, sylvite, and 

albite. Albite contributes sodium not by dissolving, but by the weathering process 

mentioned earlier. This is probably the largest flaw in the simulation. With the 

proportions used, the only way to evolve a calcium-bicarbonate water like Ash 

Spring to a sodium-bicarbonate water (Ertec Well) is to provide a sodium source 

from the local mineralogy. Halite is not the only answer, since sodium outweighs 

chloride in the Ertec Well. Sodium silicates may exist in the impure beds of the 

Paleozoic carbonates, but their role as a major sodium source is questionable. 

Sodium salts such as thenardite and trona are equally rare and in addition pro­

duce unacceptable simulation results because of the associated sulfate and
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carbonate. The requirement in BALANCE is a sodium source unassociated with 

the major anions.

Simulation 2 differs from 1 only in that Maynard Lake Spring is used rather 

than Ash Spring. This spring has not been mentioned in the literature, though 

Eakin (1964, 1966) used Maynard Lake’s elevation in determination of the flow 

system head gradients. The chemistry of this spring water indicates a volcanic 

rock influence, as discussed before. Despite the use of Maynard Lake, Eakin 

claims spring waters emanating from volcanic rock represent a perched aquifer. 

However, in the case of the Maynard Lake area this has not been proven. This 

may be a more attractive source of sodium than the Paleozoic carbonates.

The results of both simulations are shown in Table 3. By any standard, both 

produce acceptable results. Though the simulation 1 numbers look more accurate, 

it is flawed by the mineral suite used. Only subsurface exploration near Maynard 

Lake will determine which approach is correct.

Simulations 3 and 4 show two possible evolution theories for Muddy Springs. 

The first is the more traditional, again based on Eakin’s (1964, 1966) theories. 

Here, the Ertec well water passes through a mineral assemblage and emerges at 

Muddy Springs. Simulation 4 is based on Rush’s (1964) theory that Meadow Val­

ley Wash water also contributes. Recalling the head data from Figure 7, water 

must exit the Meadow Valley Wash basin north of Farrier. Unfortunately, no 

complete analysis exists in the database between Elgin and Farrier. The Farrier 

water chemistry was used initially, but BALANCE would not produce acceptable 

results for any realistic mineral assemblage. Instead, the railroad well from Elgin 

was used, with much more attractive results. At first, the proportions used were 

29:7 (Ertec welkElgin well), based on Rush’s estimation of 7,000 acre-ft/yr 

underflow. However, a ratio of 32:4 produced better chemical results (compare in
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Table A-7). Since Rush’s (1964) study may be outdated, this is believed to be a 

more correct proportion. If flowpath simulations 3 and 4 are evaluated on a purely 

chemical basis, then Meadow Valley Wash underflow is most likely occurring.

The mineral assemblage used is based on Muddy Creek Formation mineral­

ogy. Its influence here is probably not as strong as in lower Moapa Valley, but it 

is indeed present.

The next step is the Muddy Spring water evolving to the sodium-sulfate type 

(simulation 5). The Bhemer well was chosen as an end member because it is the 

first known water of this type away from the springs. A  Muddy Creek Formation 

mineral assemblage is used again, as it is in all subsequent runs.

In general, the salinity increases southeastward, as shown by the high TDS 

waters of EH2. The Bhemer well water is evolved to this state using simulation 6. 

An increase in pH coupled with a decrease in P co2 1S not expected in an environ­

ment o f calcite precipitation. As shown by the carbonate equilibria,

c o 2 +  h 2o  =  h 2c o 3 =  h + +  h c o 3-

h c o 3-  =  H+ +  C 032-

this type of change may be brought about by C 0 2 degassing, thus shifting the 

equilibrium to the left. Calcite precipitation removes C 0 3_ from solution, which 

would move the equilibrium to the right. However, if large amounts of Ca“+ are 

supplied by gypsum dissolution, then precipitation of calcite may occur along with 

degassing. There is less agreement in this simulation than any of the others, 

implying that other waters are mixing along the flowpath. The heterogeneity of 

the Muddy Creek Formation along with the observed water chemistry supports 

this hypothesis. A  spring farther down the Muddy River (Spring-near Moapa in 

the appendix) shows a chemistry quite similar to Bhemer well. The water in EH2
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may therefore be from a different source without any mixing with Bhemer type 

water.

SUMMARY AND CONCLUSIONS

The Coyote Springs-Moapa-Meadow Valley area is one in which hydrogeol­

ogy is still a mystery. Not only is there very little hydraulic data, but the geo­

chemistry and isotopes have shown unexpected relationships. Sources of salts have 

not previously been described in detail and the geochemistry has not been used to 

check flowpath hypotheses.

The groundwater flow in Coyote Springs Valley is north to south, with input 

from Kane Springs Wash (2,000 acre-ft/yr) and recharge from the Sheep Range 

(9,000 acre-ft/yr). A  bedrock high at the southern end of the valley diverts the 

groundwater eastward through Arrow Canyon, leading to a major discharge at 

Muddy Springs. The springs may have a contribution from Meadow Valley Wash 

underflow (4,000 acre-ft/yr), though this is not certain.

South of the springs, the flowpath is poorly defined. Results of the Bhemer 

Well-EH2 simulation imply local water mixing and (possibly) perched water 

bodies. This is even more prevalent in lower Meadow Valley Wash, where no obvi­

ous water evolution scenario is detectable. In general, groundwater flows north to 

south in Meadow Valley Wash, but water chemistry type and TDS vary to such a 

degree that a more precise evolutionary path cannot be defined.

As might be expected, water in the carbonate aquifers of the White River 

drainage system is a calcium/magnesium-bicarbonate type. This is evident in 

Pahranagat Valley (north of the study area) and Kane Springs valley, but not in 

Coyote Springs Valley. A  possible explanation is the presence of volcanic rock at
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the Maynard Lake area. This rock gives additional sodium to the water, thus 

altering the chemistry to the observed sodium-bicarbonate type. Whether the 

drainage system waters flow through the volcanic unit or not remains a mystery. 

The sodium-bicarbonate chemistry extends to the Muddy Springs.

The Muddy Creek Formation dominates the geology in Moapa Valley and 

lower Meadow Valley Wash, and its effect on groundwater chemistry is evidenced 

by high salinity (a TDS range of 1000-4500 mg/1) and a sulfate character (up to 

80% of total anion epm). The numerous evaporite minerals (mainly gypsum and 

thenardite) in these sediments are the principal cause of these characteristics.

Geochemical modeling techniques show that groundwater from Kane Springs 

Wash and the Sheep Range mix with regional flow from the north to form the 

observed water chemistry in southern Coyote Springs Valley. It is universally 

agreed that Ash Spring in Pahranagat Valley is representative of regional flow, 

while this is not true for Maynard Lake Spring. Using the same mineral assem­

blage, both produce acceptable results in the simulations. The requirement in the 

Ash Spring scenario is that significant amounts of sodium silicate must be present 

in the carbonate formations to give the sodium values observed down gradient. 

Because of its location in volcanic rocks, Maynard Lake Spring chemistry already 

shows the sodium spike, and so sodium silicate contribution along the flowpath is 

not required.

In testing the theory that Meadow Valley Wash groundwater contributes to 

Muddy Springs discharge, acceptable results were obtained when Elgin groundwa­

ter was used in the simulations. However, no realistic mineral assemblage would 

produce a mass balance when a Farrier sample was used. It is likely that 

underflow is occurring between the two sites, but no complete data is available 

here. The traditional theory that Meadow Valley Wash does not contribute was
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tested and also produced good results. The lack of regional hydraulic data from 

Meadow Valley Wash makes the conclusion untenable.

Simulations support some Muddy Spring water evolution into the Muddy 

Creek Formation, but other unsuccessful runs point to complex hydrogeology in 

Moapa Valley. It is evident that water from Farrier passes through the Muddy 

Creek Formation and evolves to the general type found in lower Meadow Valley 

Wash, but the precise flowpath is unclear.
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rima etna mdy (C) u-mhos mg/1

1144414 364411 1 0 -2 8 -6 9 0 . 0 . 5 25 .0 7 .7 0
1144411 364358 1 0 -2 8 -6 9 0. 0 . 4 99 .0 7 .6 0
1144359 364358 1 0 -2 8 -6 9 0. 0 . 5 01 .0 7 .7 0
1144357 364357 1 0 -2 8 -6 9 0. 0 . 5 05 .5 7 .7 0
1144115 364241 9 -2 5 -7 4 20.0 1 57 5 .0 1 07 1 .5 8 .4 0

1144115 364241 3 -1 9 -8 6 0. 1 06 0 .0 1 27 0 .4 7 .6 4
114 36 1 1 - 0 -80 31.0 1100 .0 1 28 9 .5 8 .1 0
114 36 11- 0 -80 20 .5 1 100 .0 5 98 .0 8 .2 0
114 36 1 1 - 0 -80 2 6 .0 2 10 0 .0 6 03 .0 7 .9 0

1144101 364215 5 -2 7 -6 3 0. 0 . 0 40 .0 7 .5 0

1144101 364215 11- 0 -80 17.0 2600 .0 1692 .0 8 .1 0
1144133 364237 1 2 -1 0 -7 4 27.0 1 460 .0 904 .0 7 .6 0
1144338 364335 6 -2 8 -7 1 32.0 6 5 3 .9 5 90 .0 0 .1 5
1144330 364336 6 - 5 -81 0. 0 70 .0 5 9 5 .5 7 .0 0
1144330 364335 9 -3 0 -8 1 0. 9 30 .0 5 80 .0 7 .3 0

1144330 364336 6 -2 8 -7 1 32.0 0 4 9 .8 5 98 .0 8 .0 5
1144330 364315 6 -2 8 -7 1 31 .5 0 7 7 .8 6 14 .5 8 .2 0
1144330 364315 6 -  5 -81 0. 0 37 .0 6 1 5 .5 7 .0 0
1144330 364315 9 -3 0 -8 1 0. 9 50 .0 599 .0 7 .2 0
1144257 364319 6 -2 8 -7 1 3 1 .5 9 00 .7 6 3 3 .6 8 .1 2

1144257 364319 7 -2 2 -8 1 3 2 .5 9 30 .0 4 78 .0 7 .2 4
1144257 364319 6 -  5 -81 0. 9 30 .0 5 97 .5 7 .0 0
1144257 364319 9 -3 0 -8 1 0 . 9 1 0 .0 6 07 .0 7 .4 0
1144242 364237 6 -2 8 -7 1 3 1 .5 0 0 3 .9 6 1 3 .5 8 .0 0
1144305 364253 6 -2 8 -7 1 33.0 8 30 .0 6 0 6 .5 8 .2 0

1144253 364236 7 -  2 -75 32.0 1 045 .0 6 2 6 .5 8 .0 0
1144253 364236 6 -  5 -81 0. 6 41 .0 6 19 .0 7 .7 0
1144253 364236 9 -3 0 -8 1 0. 9 50 .0 6 17 .0 7 .6 0
1144243 364326 4 -1 7 -6 9 3 2 .5 9 39 .1 6 12 .4 7 .7 5

114 36 12-1 2 -8 5 0. 8 44 .0 5 05 .0 8 .0 3

114 36 12-12 -85 0. 8 34 .0 6 19 .0 8 .2 2
114 36 12-1 2 -8 5 0. 8 01 .0 6 0 4 .9 0 .1 0
114 36 1 2 -1 2 -8 5 0. 7 9 0 .0 501 .0 8 .1 0
114 36 12-1 2 -8 5 0. 915 .0 573 .0 0 .0 0

1144250 364223 3 -1 8 -8 6 21 .4 921 .0 5 61 .5 8 .4 6

1144250 364223 3 -18 -8 6 24 .1 9 16 .0 5 5 5 .6 0 .1 5
1144436 364358 3 - 5 -86 27.0 0 80 .0 5 44 .5 0 .3 2
1144436 364358 3 - 5 -86 29.0 881 .0 5 52 .9 8 .1 0
1144436 364358 3 -12 -8 6 29.0 0 99 .0 5 51 .2 8 .2 9
1143752 363937 1 0- 2 -85 0 . 2360.0 1 620 .0 8 .2 5

LONG. LAT. Data Terrp EC IDS pH
dms dms mdy (C) u-mhos o g / l

Cm Mg Na K Cl 504 HC03 S102
m g/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1

6 9 .0 22 .0 9 2 .0 0 . 58 .0 140 .0 288.0 0 .
6 7 .0 23.0 8 4 .0 0 . 58 .0 123 .0 200 .0 0 .
6 9 .0 21 .0 8 6 .0 0 . 57 .0 123.0 290 .0 0.
7 7 .0 27 .0 9 0 .0 0 . 60 .0 1 65 .0 317 .0 0 .
9 0 .0 5 4 .0 153 .0 15 .0 117 .0 4 2 9 .0 2 97 .0 6 5 .0

1 20 .0 6 7 .9 1 84 .0 1 9 .5 157 .0 5 15 .0 316 .0 4 9 .0
1 15 .0 6 0 .0 225 .0 25 .0 143 .0 394 .0 5 79 .0 3 0 .0

6 5 .0 27 .0 9 5 .0 14.0 61 .0 172 .0 270 .0 25 .0
6 5 .0 27 .0 9 5 .0 15.0 60 .0 172 .0 274 .0 2 4 .0
9 0 .0 29.0 156 .0 0 . 1 09 .0 3 20 .0 280.0 0.

1 36 .0 6 9 .0 315.0 30 .0 120 .0 019 .0 360 .0 2 3 .0
7 6 .0 4 0 .0 157 .0 11.0 1 04 .0 318 .0 316 .0 4 0 .0
6 2 .5 27.0 9 1 .3 1 1 .5 6 5 .7 1 77 .5 2 62 .2 3 2 .3
6 5 .0 29.0 9 5 .0 11.0 61 .0 170 .0 267 .0 3 1 .0
6 3 .0 28.0 9 0 .0 11.0 64 .0 170 .0 260.0 2 0 .0

6 2 .5 26 .9 9 1 .0 1 1 .3 6 2 .0 1 70 .8 265 .8 3 1 .2
6 3 .0 27 .5 9 6 .3 1 1 .3 6 6 .3 103 .0 269 .3 3 1 .0
6 6 .0 28.0 94.0 11.0 64.0 190.0 267.0 29 .0
6 4 .0 28.0 9 0 .0 11.0 6 3 .0 100.0 268.0 29.0
6 5 .0 2 0 .1 9 7 .8 1 1 .0 6 9 .5 1 96 .3 2 70 .5 30 .0

6 6 .0 26.0 96 .0 10.0 6 1 .0 190 .0 0. 29 .0
6 6 .0 28.0 9 9 .0 11.0 6 5 .0 170.0 255.0 31 .0
6 3 .0 20.0 9 6 .0 12.0 6 6 .0 180.0 260.0 28 .0
6 3 .0 2 6 .5 9 7 .0 11 .5 6 7 .7 1 02 .5 2 70 .5 2 9 .3
6 2 .0 27.0 9 4 .0 .1 2 .0 6 6 .0 181.0 2 67 .0 31 .0

6 5 .0 29 .0 101 .0 10.0 6 1 .0 193 .0 277 .0 29 .0
6 6 .0 20.0 100 .0 11.0 57.0 190 .0 274 .0 30 .0
6 6 .0 28.0 9 6 .0 11.0 6 4 .0 190.0 268.0 28 .0
6 2 .2 26.0 9 7 .5 10.0 6 7 .4 102 .0 274.0 2 8 .7
5 9 .0 27 .1 8 9 .8 1 1 .2 5 5 .4 159 .0 291.0 30 .0

6 2 .6 29 .2 9 3 .6 10 .4 5 0 .7 100 .0 293.0 3 0 .0
6 0 .0 2 7 .3 9 4 .6 11.0 50 .5 169 .0 285.0 4 2 .0
5 0 .4 28 .3 9 1 .9 10.2 52.2 162.0 206.0 35 .0
5 7 .9 26 .1 93 .1 11 .3 54.1 156.0 279.0 35 .0
5 0 .3 30.0 8 9 .4 1 1 .6 5 7 .7 175 .0 241.0 27 .0

4 7 .8 2 9 .3 9 0 .0 11 .5 5 6 .7 167 .0 249 .0 20 .0
4 0 .4 26 .1 100.0 12.2 5 4 .0 156.0 252.0 29 .0
5 8 .0 26.0 92 .1 1 1 .9 5 2 .9 152 .0 250.0 31 .0
4 9 .6 26 .4 9 5 .9 11 .8 5 1 .5 145 .0 276.0 33 .0

1 37 .0 7 0 .4 306 .0 1 9 .9 219.0 6 70 .0 361.0 10 .0

Ca Mg . Na K Cl S04 HC03 S102
mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1
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map S i t e  Name LONG. LAT. Date Torn EC IDS pH Ca Mg Na K Cl S04 HC03 S102
no, dms dms mdy (C) u-mhos mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1

1 11 S tew art W ell 1143501 364133 7 -  1 -81 23.0 1965.0 1476 .3  7 .4 5 1 11 .0 8 8 .4 229 .0 1 3 .9 154.0 667.0 300 .0 6 3 .0
1 11 S tew art Wall 1143501 364133 4 -1 9 -8 2 21.0 1940.0 1 483 .6  7 .6 7 1 14 .0 85 .8 231 .0 1 4 .3 161.0 669.0 299 .0 5 9 .0
2 12 S tew art W ell 1143518 364124 7 -  1 -81 23.0 2496 .0 1822 .0  6 .9 2 1 86 .0 121.0 2 19 .0 16.0 212.0 878.0 254.0 6 3 .0
2 12 S tew art W all 1143518 364124 4 -2 2 -8 2 21 .0 2916 .0 2220 .1  7 .1 1 226 .0 151.0 252 .0 1 7 .6 265.0 1120.0 249.0 6 4 .0
3 13 Rand W ell 1143528 364137 7 -  7 -81 21 .0 4 390 .0 3 668 .5  7 .1 8 2 68 .0 238.0 5 48 .0 1 9 .5 4 82 .0 1880.0 328 .0 6 9 .0

3 13 Rand W all 1143528 364137 4 -2 2 -8 2 21.0 4661 .0 3800 .2  7 .2 0 262 .0 244.0 5 96 .0 2 0 .7 513 .0 1930.0 333 .0 6 8 .0
4 15 B. Lewie W all 1143513 364114 7 -  7 -81 22.0 3452.0 2643 .5  7 .2 3 256 .0 168.0 348 .0 1 6 .5 334.0 1340.0 256.0 53 .0
4 15 B. Lewis W all 1143513 364114 4 -2 2 -8 2 2 1 .5 3695.0 2 931 .4  7 .0 8 2 60 .0 175.0 391 .0 17 .9 368.0 1540.0 255.0 5 2 .0
5 16 B. Lewis Wall 1143512 364120 7 -  8 -81 22.0 1593.0 1 123 .7  7 .3 0 1 38 .0 4 4 .9 158 .0 1 2 .8 108.0 510.0 234 .0 3 5 .0
6 17 B. Lew is W all 1143511 364133 7 -  8 -81 21.0 2168.0 1 591 .7  7 .3 4 149 .0 9 0 .1 228 .0 1 4 .6 173.0 737 .0 292.0 5 4 .0

6 17 B. Lew is W all 1143511 364133 4 -22 -8 2 21.0 2450.0 1783 .8  7 .1 2 156 .0 106.0 249 .0 1 5 .3 228.0 814.0 311.0 6 0 .0
7 18 B. L ew is W all 1143607 364238 7 -  9 -81 22.0 1827.0 1305 .2  7 .6 0 107 .0 7 5 .8 203 .0 11 .9 121.0 560.0 321.0 6 6 .0
7 IB B. Lewis Wall 1143607 364238 4 -1 9 -8 2 19.0 1829.0 1342.0  7 .4 0 113.0 7 5 .9 209 .0 12 .6 126.0 578.0 325.0 6 5 .0
8 113 Henry Wall 1143605 364214 7 -1 6 -8 1 30.0 4737 .0 4 51 3 .4  7 .2 5 348 .0 188.0 7 85 .0 13 .9 231.0 2760.0 309.0 33.0
9 114 W right W ell 1143548 364212 7 -1 6 -8 1 22.0 2177 .0 1615 .9  7 .2 5 1 49 .0 97 .2 216 .0 14.2 210.0 710.0 313.0 6 3 .0

9 114 W right W ell 1143548 364212 4 -2 6 -8 2 24.0 2193.0 1 674 .7  7 .3 0 145 .0 100.0 242 .0 14 .7 207.0 744.0 316.0 64 .0
10 115 T a y lor  W ell 1143550 364202 7 -1 6 -8 1 3 2 .0 1927.0 1431 .6  7 .1 5 126 .0 8 5 .7 198 .0 13 .4 121.0 696.0 269.0 57 .0
11 116 T a y lor  W ell 1143546 364207 7 -1 6 -8 1 22.0 3823.0 2895 .3  6 .9 5 254 .0 195.0 402 .0 17 .8 578.0 1220.0 329.0 64 .0
11 116 T a y lor  W ell 1143546 364207 4 -26 -8 2 22.5 3048 .0 2436 .6  7 .3 7 195.0 154.0 377 .0 17.1 366.0 1100.0 329.0 6 3 .0
12 117 C u tle r  W ell 1143543 364145 7 -1 7 -8 1 23.0 3120 .0 2334 .5  7 .1 7 199 .0 135.0 368 .0 1 4 .5 297.0 1134.0 292.0 4 1 .0

12 117 C u tle r  W ell 1143543 364145 5 - 4 -82 23.0 2900 .0 2169 .9  7 .1 3 179.0 124.0 349 .0 13 .9 269.0 1050.0 290.0 4 0 .0
13 118 Lerner W ell 1143606 364147 7 -1 7 -8 1 25.0 1750 .0 1213 .2  7 .5 6 151.0 78 .2 113.0 12.0 136.0 637.5 127.0 22.0
14 122 P u ls ip h e r  W ell 1143606 364227 7 -2 0 -8 1 23.0 3120.0 2350 .9  7 .1 8 178 .0 153.0 363 .0 14 .4 264.0 1148.0 321.0 7 0 .0
14 122 P u ls ip h e r  W ell 1143606 364227 5 - 4 -82 22 .5 2625 .0 2081 .5  7 .1 9 145 .0 124.0 336 .0 14.0 240.0 996.0 321.0 6 6 .0
15 125 Schlarman W ell 1143519 364144 7 -2 2 -8 1 23.0 2600.0 1 935 .9  7 .4 1 172 .0 136.0 262 .0 17 .9 170.0 971.0 290.0 6 2 .0

15 125 Schlarman W ell 1143519 364144 4 -2 6 -8 2 21.0 1973.0 1442.2  7 .6 0 125.0 85 .8 201 .0 14.4 166.0 638.0 306.0 59 .0
16 126 B a r t le t  W ell 1143519 364134 4 -2 6 -8 2 21.5 3052.0 2262 .9  7 .6 2 238.0 150.0 266.0 17 .4 3B0.0 999.0 301.0 62 .0
17 131 W right W ell 1143537 364213 7 -23 -8 1 27.0 1732.0 1742 .7  7 .4 7 113 .0 8 9 .1 329 .0 12 .1 236.0 765.0 283.0 57.0
18 132 C ortez  Wall 1143532 364131 7 -23 -8 1 37.0 1960.0 1 445 .3  7 .1 1 122.0 97.0 196 .0 13 .8 134.0 689.0 265.0 6 1 .0
19 133 Embry W ell 1143523 364129 7 -2 3 -8 1 27.0 1943.0 1 459 .3  7 .0 9 111 .0 8 4 .2 229.0 1 3 .6 123.0 689.0 289.0 6 5 .0

19 133 Embry W ell 1143523 364129 5 - 4 -82 0. 2050.0 1380 .7  7 .5 1 109 .0 7 8 .4 223 .0 1 2 .8 120.0 629.0 289.0 64 .0
20 134 Embry Wall 1143525 364127 7 -2 3 -8 1 22.0 2761.0 1271 .3  7 .7 0 101.0 7 7 .7 177.0 14 .1 124.0 572.0 279.0 6 6 .0
20 134 Embry W ell 1143525 364127 5 - 4 -82 22.0 1930.0 1325 .1  7 .2 6 8 5 .6 6 6 .5 256.0 11.0 135.0 575.0 278.0 5 7 .0
21 TH12 Nevada Power 1143438 364112 11-21-80 21.0 1691.0 1170 .1  7 .1 4 9 9 .3 7 6 .7 160.0 9 .6 120.0 517.0 273.0 5 1 .0
22 TH21 Nevada Power 1143533 364148 11-21-80 20 .2 3210.0 2 248 .8  7 .0 1 232.0 146.0 271.0 1 7 .3 361.0 998.0 315.0 6 6 .0

23 NPC 5c -  3 h r . 1143530 364153 1 -27-80 0. 2015 .0 1 362 .7  7 .7 5 120 .0 78 .0 211 .0 11 .2 155.0 615.0 285.0 30.0
23 NPC 5c -  28 h r . 1143530 364153 1 -28-80 0. 2015.0 1339 .7  7 .8 0 117 .0 "78.0 206.0 11 .2 148 .0 607.0 285.0 30 .0
23 NPC 5 c  -  75 h r . 1143530 364153 1 -29-80 0. 2015.0 1330.8  7 .7 6 118 .0 76 .0 204.0 10 .8 157.0 609.0 254.0 29 .0
24 Till Nevada Power 1143440 364025 12-24-80 20.0 1925.0 1480.3  7 .3 7 118.0 96 .4 207.0 17 .4 246.0 584.0 305.0 59 .0
25 TH2 Nevada Power 1143427 364015 11-20-80 2 1 .4 2455.0 1794.1  6 .9 5 211 .0 7 9 .3 222 .0 15 .3 145.0 921.0 293.0 54 .0

map S it e  Name LONG. LAT. Date Tern EC TDS pH Ca Mg Na K Cl S04 HC03 S102
no. dms dms . mdy (C) u-mhos mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1
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nap S i t *  Ham* LONG. LAT. Date Tenp EC IDS pH Ca Mg Na K Cl S04 HC03 S102
no dnw dkns mdy (C) u-mhoa mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1

26 TH3 Nevada Power 1143420 364021 11-2 0 -8 0 22 .0 2 119 .0 1 62 1 .6  7 .1 4 205.0 8 7 .3 157 .0 17 .3 100.0 876.0 256.0 5 1 .0
27 u n Nevada Power 1143427 364040 11-2 0 -8 0 20 .2 1793 .0 1 244 .5  7 .2 5 106.0 7 6 .7 168 .0 11 .3 104.0 606 .0 257.0 44 .0
28 HI31 Nevada Power 1143508 364038 1 1 -2 1 -8 0 22.0 2336 .0 1 617 .2  7 .2 9 119 .0 29.4 3 47 .0 13 .3 138.0 815.0 211 .0 50 .0
29 19 B. Lewis W ell 1143448 364013 7 -  9 -81 23.0 1851 .0 1 301 .1  7 .2 6 127.0 6 4 .5 188 .0 1 5 .1 124.0 588.0 277.0 56 .0
29 19 B. Lewis W ell 1143448 364013 4 -2 0 -8 2 21 .0 1897 .0 1 37 7 .3  7 .4 6 137 .0 6 9 .2 201 .0 1 5 .6 139.0 623.0 275 .0 55 .0

30 121 P u ls ip h e r  W all 1143453 364027 7 -2 0 -8 1 23.0 2 028 .0 1 506 .1  7 .3 6 134.0 6 2 .7 253 .0 1 6 .7 166.0 6 79 .7 274 .0 57 .0
30 121 P u ls ip h e r  W all 1143453 364027 4 -2 0 -8 2 21 .5 2142 .0 1 541 .4  7 .1 3 143.0 66 .3 252 .0 16 .6 187.0 684.0 271.0 57.0
31 135 L e a v it t  W all 1143457 364021 7 -2 8 -8 1 23.0 2007 .0 1 518 .8  7 .4 0 130 .0 4 5 .6 280.0 16 .7 170.0 7 11 .5 236.0 4 7 .0
31 135 L e a v it t  W ell 1143457 364021 4 -2 0 -8 2 21.0 2385 .0 1 724 .8  7 .4 9 146.0 4 7 .4 333 .0 19 .4 206.0 805 .0 238.0 49.0
32 136 P u ls ip h e r  W all 1143455 364018 7 -2 8 -8 1 23 .0 3 276 .0 2558 .0  6 .9 7 213.0 6 8 .7 4 76 .0 27 .8 325.0 1280.0 241 .0 4 7 .0

32 136 P u ls ip h e r  W all 1143455 364018 4 -2 0 -8 2 21.0 3 577 .0 2 71 3 .7  7 .1 4 228.0 7 7 .7 5 17 .0 29.0 335.0 1360.0 240 .0 4 7 .0
33 137 W eiss W ell 1143447 364001 1 0 -1 9 -8 1 22.0 2390 .0 2 27 4 .4  7 .4 0 220.0 102.0 328 .0 19 .9 288.0 1151.0 221 .0 55 .0
34 139 C allahan  W all 1143457 364007 1 0 -2 0 -8 1 23.0 3640 .0 3 53 3 .5  7 .5 6 243.0 8 3 .7 6 81 .0 3 1 .8 491.0 1870.0 188.0 39.0
35 140 L loyd  Wall 1143456 364013 1 0 -2 0 -8 1 23 .5 2780 .0 2 593 .7  7 .1 4 214.0 87 .6 4 40 .0 24.1 305.0 1380.0 216.0 35.0
36 142 C arlson  W all 1143457 363945 10-2 1 -8 1 25.0 3200 .0 3 40 1 .5  7 .3 2 290.0 118.0 609 .0 22 .5 540.0 1680.0 218.0 33.0

37 148 Ron Lewis W all 1143447 364013 11-1 0 -8 1 22 .0 1460 .0 1 275 .7  7 .5 3 130.0 7 0 .4 169.0 13.8 128.0 561 .0 295 .0 56.0
38 NPC W ell «1 1143443 364025 3 -2 9 -8 5 0. 2420 .0 1 81 1 .8  7 .7 7 193.0 99.1 229.0 16.2 210.0 871.0 277.0 5 5 .0
39 NPC W ell #4 1143438 364107 3 -2 9 -8 5 0. 1770 .0 1 267 .1  7 .9 8 111.0 88 .3 165.0 9 .3 146.0 589.0 253.0 32.0
40 NPC i4 a  Sanp. 1 1143426 364108 3 -27 -8 0 0 . 3327 .0 2 570 .1  7 .7 5 321.0 111.0 248.0 24 .9 40 .9 1713.0 187.0 17.8
40 NPC #4a Sanp. 2 1143430 364108 3 -2 7 -8 0 0 . 3186 .0 2 424 .1  7 .9 7 312.0 110.0 250.0 22 .3 34.0 1583.0 190.0 17 .8

40 NPC #4a Samp. 3 1143430 364108 3 -2 7 -8 0 0 . 2605.0 2 110 .4  7 .9 6 363.0 133.0 264.0 25.0 54 .9 1150.0 199.0 21.0
40 NPC #4a Sanp. 4 1143430 364108 3 -2 8 -8 0 0. 2244 .0 1 57 0 .6  8 .0 7 181.0 86.0 200.0 12 .4 61.1 905.0 210.0 20.1
40 NPC |4a Sanp. 5 1143430 364108 3 -2 8 -8 0 0. 2154 .0 1 552 .3  8 .1 0 181.0 80.0 200.0 11 .7 50.6 905.0 212.0 18.0
41 NPC 11 Sanp. «1 1143439 364054 9 -1 0 -8 1 21 .6 2150.0 1395 .0  7 .6 3 135.0 76.0 190 .0 15.0 140.0 639.0 284.0 58 .0
41 NPC 11 Saup. #2 1143439 364054 9 -1 0 -8 1 21.0 2040 .0 1408 .0  7 .6 8 139 .0 78 .0 188 .0 14.0 144.0 644 .0 284 .0 5 9 .0

42 NPC 25 1981 Nevada Pow 1143435 364014 6 -2 4 -8 1 21 .0 1780.0 1194 .0  7 .8 0 122.0 65 .0 174.0 14.0 119.0 553.0 294.0 0.
42 NPC 25 1985 Nevada Pow 1143435 364014 3 -2 9 -8 5 0. 3350.0 2 818 .3  7 .8 5 329.0 179.0 264.0 19 .8 295.0 1560.0 237.0 53.0
43 NPC 34 Nevada Power 1143442 364038 3 -2 7 -8 1 21.0 1820.0 1 323 .5  7 .8 1 123 .0 72.0 173.0 14.0 131.0 600.0 291.0 65 .0

0 NPC 2 Sanp. #1 1143444 364014 9 -2 8 -8 1 22.0 1750.0 1 229 .5  7 .5 5 118.0 64 .0 180.0 14.0 112.0 541.0 285.0 58.0
0 NPC 2 Sanp. #2 1143444 364014 9 -2 8 -8 1 22.0 1730.0 1187 .0  7 .6 5 116.0 63.0 177.0 13.0 112.0 505.0 286.0 58.0

44 EH-a1 115 ' 1143433 364026 5 -1 0 -8 6 0. 1753 .0 1372 .2  8 .0 5 125.0 7 3 .6 200.0 16 .6 162.0 633.0 248.0 38.0
44 E!l-a1 175 ' 1143433 364026 5 -1 0 -8 6 0. 3400 .0 2 425 .8  7 .5 6 320.0 60 .8 317.0 20.0 177.0 1390.0 172.0 35.0
44 EH-81 195' 1143433 364026 5 -1 0 -8 6 0. 4 250 .0 3 045 .3  7 .7 4 358.0 107.0 436 .0 22.8 240.0 1780.0 161.0 21.0
44 EH-8l 225 ' 1143433 364026 5 -1 0 -8 6 0. 3640 .0 3118 .0  7 .6 1 394.0 103.0 4 15 .0 22.0 236.0 1840.0 158.0 29.0
44 EH-a> 2 4 4 '(bottom ) 1143433 364026 5 -1 0 -8 6 0. 3580 .0 2 950 .4  7 .6 2 374.0 102.0 397.0 2 1 .9 224.0 1720.0 167.0 28.0

45 EH-6 7 5 ' 1143412 364054 3 -24 -8 6 21.2 5 15 .0 2 8 8 .3  7 .9 9 3 8 .8 34 .7 19.0 4 .8 12.3 16.2 283.0 21.0
45 EH-6 8 5 ' 1143412 364054 3 -24 -8 6 21 .4 5 48 .0 3 46 .0  8 .1 4 34.8 34 .4 37 .2 6 .7 19.5 7 6 .9 251.0 11.0
45 EH-6 9 5 ' 1143412 364054 3 -24 -8 6 21 .8 5 52 .0 2 84 .3  8 .2 4 38 .2 35.0 15 .7 5 .0 10.6 18.8 282.0 20.0
45 EH-6 105' 1143412 364054 3 -24 -8 6 22 .4 5 20 .0 2 84 .5  8 .1 8 3 7 .5 34.0 19.4 7 .4 14.8 26.8 263.0 13.0
45 EH-6 115 ' 1143412 364054 3 -2 4 -8 6 22 .4 5 57 .0 2 78 .5  8 .2 2 3 8 .4 33.2 1 6 .4 5 .3 11.5 20.2 269.0 19.0

map S i t e  Naina LONG. LAT. Data Tenp EC IDS pH Ca Mg Na K Cl S04 HC03 S102
n o . dms dms mdy (C) u-mhos mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1
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map S it e  Name LONG, LAT.
no Hmn dms

45 EH-6 125' 1143412 364054
45 EH-6 135* 1143412 364054
45 EH-6 145' 1143412 364054
45 EH-6 155' 1143412 364054
45 EH-6 165' 1143412 364054

45 EH-6 175' 1143412 364054
45 EH-6 235* 1143412 364054
45 EH-6 295' 1143412 364054
45 EH-6 304* 1143412 364054
45 EH-6 335 ' 1143412 364054

45 EH-6 435 ' 1143412 364054
45 EH-6 455* 1143412 364054
46 R. West W ell 1143315 363913
47 McCormick W all 1143403 364005
47 110 H ester (McCormick) 1143359 364009

47 110 H ester (McCormick) 1143359 364009
48 141 Bishop W ell 1143338 364000
49 143 H ester W ell 1143400 363956
49 143 H ester W ell 1143400 363956
50 145 Lewis W ell 1143316 363912

51 146 Lewis W ell 1143341 363915
51 146 Lewis W ell 1143341 363915
52 EH3- 295' 1143132 364132
52 EH3-355* 1143132 364132
52 EH3- 455 ' 1143132 364132

52 EH3- 475 ' 1143132 364132
52 EH3- 545' 1143132 364132
52 EH3- 655 ' 1143132 364132
52 EH3- 695* 1143132 364132
52 EH3-795 ' 1143132 364132

53 EH-7 175' 1143153 364014
53 EH-7 305' 1143153 364014
53 EH-7 405 ' 1143153 364014
53 EH-7 505' 1143153 364014
53 EH-7 555* 1143153 364014

map S it e  Name LONG. LAT.
n o . dras dms

Date Temp EC IDS pH Ca
mdy (C) u-mhoe mg/1 mg/1

3 -2 4 -8 6 2 2 .4 5 50 .0 2 75 .0  8 .1 7 3 6 .3
3 -2 4 -0 6 24.2 1 022 .0 4 3 3 .8  0 .1 7 4 1 .9
3 -2 4 -0 6 2 2 .4 5 10 .0 2 73 .0  8 .1 9 3 5 .3
3 -2 4 -8 6 0 . 4 7 1 .0 2 71 .9  0 .1 6 3 1 .3
3 -2 4 -0 6 0. 5 2 0 .0 4 4 9 .1  8 .0 6 4 3 .9

3 -2 4 -0 6 22.6 5 10 .0 2 08 .3  8 .1 6 3 6 .5
3 -2 4 -0 6 23 .9 1 090 .0 7 1 4 .3  7 .6 4 7 0 .1
3 -2 5 -0 6 24.0 3 100 .0 1 79 9 .4  0 .0 7 103.0
3 -2 5 -0 6 0. 1 170 .0 7 9 4 .1  7 .6 3 80 .0
3 -2 6 -8 6 2 4 .8 3 680 .0 2 008 .8  7 .5 2 362 .0

3 -2 6 -8 6 2 4 .5 2 260 .0 2 585 .3  7 .0 4 310.0
3 -2 6 -8 6 2 5 .1 3140 .0 2 765 .1  7 .6 4 350.0
1 -22 -4 0 0. 4 10 0 .0 2 780 .5  0. 474 .0

1 0 -1 0 -4 9 0. 1450 .0 9 74 .0  0. 132.0
7 -  9 -01 21.0 4 39 0 .0 3 690 .5  6 .8 7 320.0

4 -2 2 -0 2 20.0 5 092 .0 4 1 1 9 .4  7 .0 3 320.0
1 0 -2 1 -0 1 25.0 2650 .0 3 332 .5  7 .1 9 454 .0
1 0 -2 1 -0 1 22.0 3 664 .0 4 50 7 .7  7 .0 0 594 .0

4 -2 2 -8 2 21.0 5 203 .0 4 5 4 9 .7  7 .0 7 596.0
5 -  4 -02 23 .5 3275 .0 2 934 .8  6 .9 0 400 .0

1 0 -2 2 -0 1 25.0 2350 .0 2389 .6  7 .4 0 296.0
5 -  4 -02 25.0 2900 .0 2560 .0  6 .9 5 430 .0
2 - 2 -06 10 .9 8 29 .0 5 0 0 .5  7 .9 6 7 3 .3
2 - 2 -06 10 .1 1000 .0 1 341 .5  7 .9 0 172.0
2 - 2 -06 21.2 3 000 .0 2 442 .1  7 .7 4 273.0

2 - 2 -06 21.2 2800.0 2 334 .9  7 .0 4 302.0
2 - 2 -06 24.1 3690 .0 3 243 .3  7 .0 1 519.0
2 - 4 -06 24.0 3700 .0 3 279 .4  7 .7 6 510.0
2 - 5 -06 24 .2 3 750 .0 3 206 .5  7 .7 5 510.0
2 - 5 -06 0. 3 740 .0 3 286 .0  7 .7 2 505 .0

4 -  5 -86 0. 5 380 .0 3 083 .4  7 .7 7 494 .0
4 -  6 -86 22.3 3260 .0 3 147 .7  7 .5 2 480 .0
4 -  9 -06 23.5 3650 .0 3 170 .9  7 .8 2 494.0
4 -  9 -06 23.1 3570 .0 3057 .2  7 .6 3 474.0
4 -  9 -86 24.1 3500 .0 2 930 .3  7 .8 6 455 .0

Date Tenp EC TDS pH Ca
mdy (C) u-mhos mg/1 mg/1

Mg Na K Cl 604 HC03
mg/1 mg/1 mg/1 mg/1 mg/1 mg/1

31 .6 1 6 .0 5 .6 11.1 2 4 .6 260 .0
3 6 .6 5 5 .2 8 .4 37 .7 112 .0 252 .0
29 .7 2 1 .2 5 .4 1 1 .1 2 7 .6 249 .0
2 9 .6 2 2 .1 5 .0 11.0 2 7 .6 251 .0
33 .8 6 1 .0 7 .8 36 .6 113 .0 250 .0

20.1 2 6 .5 4 .8 9 .0 4 0 .9 2 45 .0
4 2 .0 0 9 .7 9 .7 19 .5 350 .0 221 .0
8 4 .5 245.0 21.0 36 .6 1120 .0 107 .0
4 6 .0 102 .0 10 .9 1 2 .9 4 17 .0 209 .0

131.0 2 92 .0 34 .7 4 0 .1 1050 .0 172 .0

129.0 264 .0 2 7 .3 4 1 .5 1710 .0 183 .0
134.0 267 .0 31.2 4 0 .9 1840 .0 178 .0
164.0 153.0 0 . 156 .0 1750 .0 103.0

00.0 6 2 .0 0. 32.0 516 .0 250.0
259.0 4 74 .0 17.0 4 02 .0 1960 .0 301 .0

207.0 5 60 .0 19.9 5 57 .0 2170.0 323 .0
192.0 170 .0 17.5 210.0 2190.0 126.0
299.0 356.0 21.2 476 .0 2690.0 265.0
302.0 307 .0 24 .7 486 .0 2600.0 264.0
132.0 190.0 25 .8 193.0 1750 .0 224.0

116.0 161 .0 1 0 .1 147.0 1520 .0 197.0
121.0 165.0 2 1 .5 155.0 1530 .0 191.0

41 .2 2 0 .5 7 .7 31.0 235.0 160.0
115.0 6 7 .3 9 .6 7 5 .6 8 13 .0 144.0
159.0 254 .0 13.1 158.0 1500 .0 140.0

174.0 1 55 .0 12 .4 130.0 1470.0 135 .0
197.0 166.0 21.3 193.0 2070.0 124.0
201.0 168.0 20 .9 193.0 2110.0 123.0
203.0 175.0 22.0 190.0 2110.0 123.0
202.0 173 .0 22 .3 190.0 2110.0 123.0

188.0 162 .0 22 .9 104.0 1960.0 123.0
206.0 163.0 20.7 102.0 2020.0 114.0
209.0 161.0 20.9 192.0 2020.0 120.0
195.0 166.0 27.2 105.0 1930.0 132.0
191.0 163 .0 2 7 .3 175.0 1040 .0 132.0

Mg Na K Cl S04 HC03
mg/1 mg/1 mg/1 mg/1 mg/1 mg/1

S102
mg/1

19 .0
16 .0
1 9 .0
1 9 .0
24 .0

20.0
22.0
1 5 .0
20.0
1 3 .0

12.0
13 .00.
27 .0
36.0

36 .0
20.0
19 .0
22.0
36 .0

33 .0
3 4 .0
11.0
1 7 .0
15 .0

16.0
15.0
15 .0
15.0
15 .0

11.0 
11.0
14.0
14.0
1 3 .0

S102
mg/1

00O

Do

Table A
-3 (c). Continuation of data from

 Figure 5.
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■ u p  S lt a  Hama 
n o .

1 Hlko Spring-Batem an
2 Hlko Sprlng-USCS
3 Hlko Sprlng-D RI
4 C ry s ta l Spring-B atem an
5 C ry s ta l Sprlng-USCS

6 C ry s ta l Spring-D BI
7 Ash Spring-Batem an 
a Ash Sprlng-USCS
9 Mormon W ell

■ asp S lt a  Name
n o .

LOHC. LAT
H i m  dm3

00000
000

Data Temp EC
mdy (C) u-mhos

0 3 -1 0 -6 2 2 6 .5 0 .
0 0 - 0 -  0 26.0 0 .
0 1 -14 -B 5 0. 5 02 .0
0 5 -  1 -73 27 .0 0.
0 0 -  0 -  0 2 7 .5 4 0 8 .0

0 1 -1 4 -8 5 0 . 4 7 6 .0
0 1 -1 6 -7 3 0. 0 .
0 0 - 0 -  0 36 .0 4 60 .0

10 9 -  5 -83 10 .0 0 .

LONG.
H i m

LAT.
Hms

Data
mdy

Tenp EC 
(C) u-mhos

IDS pH Ca Mg Na K C l
mg/l m g/l m g /l m g /l m g /l m g /l

3 13 .0 8 .0 0 4 4 .0 23.0 2 9 .0 7 .0 11 .0
3 2 4 .4 7 .4 5 4 9 .0 23.0 2 6 .0 7 .4 11 .0
3 1 9 .9 8 .0 4 4 6 .1 24.0 2 5 .6 7 .0 9 .6
276 .0 8 .3 0 4 5 .0 2 4 .0 3 0 .0 0 . 10 .0
2 8 8 .9 7 .3 0 4 3 .0 21.0 2 2 .0 S.O 8 .9

2 96 .9 8 .0 8 4 4 .6 2 2 .9 2 4 .0 5 .3 9 .1
280 .0 7 .8 0 5 6 .0 14.0 33.0 0. 10 .0
2 88 .9 7 .0 0 4 3 .0 14.0 2 7 .0 7 .4 8 .5
3 63 .0 7 .6 0 6 5 .0 4 1 .0 1 2 .0 1 .0 12 .0

TDS pH Ca Mg Na K C l
m g /l m g /l m g /l m g /l m g /l m g /l

S04 HC03 S102

36.0
37.0  
36 .6
44 .0
34.0

34.0
35.0
34.0
21.0

260 .0
282.0
276.0
246 .0
260 .0

264.0
264.0
250.0
390.0

3 3 .0
3 0 .0
3 3 .0
0.

2 5 .0

2 5 .0
0.

3 0 .0
1 6 .0

S04 HC03 S102

00<1

Table A
-4. 

Supplem
ental data used in sim

ulations.
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Table A-5. Sources of data in previous work.

8 8

Author (year) Valley Data Point Water Level Chem. Iso.
Eakin (1964) Coyote Springs 14al *

24bl *
Coyote Spring *

25al *
Kane Springs Cabin Spring

Kane Spring
Roy Spring

No Name Spring
Willow Spring

Grapevine Spring
Moapa Muddy Spring ♦ *

Iverson Spring * *
Pederson Spring ♦ *

8abl *
8acl *
8dbl *
8db2 *
9ccl *
9ddl *
9dd2 *
15bbl *
16aal *
23abl *
23acl *
23bbl *

Author (year) Valley Data Point Water Level Chem. Iso.
Eakin (1966) Coyote Springs 14al *

25al *
Maynard Lake *

Moapa Muddy Springs * *
Pahranagat Hiko Spring * *

Crystal Spring * *
Ash Spring * *

Well 4s/60-2al *
Well 4s/61-15bl *
Well 5s/60-6cl *

Well 3s/60-24dl *
Win. & Fried. (1972) Pahranagat Hiko Spring *

Crystal Spring *
Ash Spring *

Moapa Muddy Springs *

Rush (1964) Meadow Well 4s/67-7dl *
Schlarman Well *
Bradshaw Well *
Breedlove Well *

Cole Well ♦
G.S. Glendale *

\ !

SE ROA 37687

JA_9193



89
jno
4

Table A-6 (a). X-ray diffraction peaks for SCI, from the NPC power plant.

29  d-spacing intensity mineral peak order

18.8 4.72 14 ?

19.1 4.65 15 thenardite 2

20.9 4.25 20 gypsum 3

quartz 2

26.7 3.34 100 quartz i

27.8 3.21 14 mirabilite 2

28.0 3.19 17 thenardite 3

28.1 3.18 16 ?

29.1 3.07 38 trona 2

29.2 3.06 32 gypsum 2

29.4 3.04 35 natron 1

29.5 3.03 42 ' calcite 1

31.6 2.83 31 ?

31.7 2.82 33 halite 1

31.8 2.81 36 7

32.2 2.78 27 thenardite 1

33.9 2.64 34 trona 1

\ ji;
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Table A-6 (b). X-ray diffraction peaks for SC2, from the Muddy Springs area.

2 9 d-spacing intensity mineral peak order

19.1 4.65 13 thenardite 2

20.0 4.44 13 ?

20.6 4.31 18 ?

20.8 4.27 22 gypsum 3

20.9 4.25 22 quartz 2

23.2 3.83 10 calcite 3

26.8 3.33 85 quartz 1

27.7 3.22 12 ?

29.1 3.07 15 trona 2

29.3 3.05 17 gypsum 2

29.4 3.04 18 natron 1

29.5 3.03 21 calcite 1

29.6 3.02 24 ?

30.9 2.89 11 natron 3

31.0 . 2.88 13 dolomite 1

32.2 2.78 18 thenardite 1

32.3 2.77 20 7

33.9 2.64 11 trona 1
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Table A-6 (c). X-ray diffraction peaks for SC3, from the Glendale well field.

91

26  d-spacing intensity mineral peak order

19.1 4.65 : 12 thenardite 2

20.7 4.29 29 ?

20.8 4.27 36 gypsum 3

20.9 4.25 32 quartz 2

23.5 3.79 13 ?

26.7 3.34 55 quartz 1

27.8 3.21 17 mirabilite 2

28.1 3.18 16 thenardite 3

29.0 3.08 18 ?
a

29.1 3.07 20 trona 2

29.2 3.06 19 gypsum 2

29.3 3.05 17 ?

29.5 3.03 12 natron 1

31.1 2.88 15 dolomite 1

32.1 2.79 16 ?

32.2 2.78 20 thenardite 1

32.3 2.77 16 ?

36.5 2.46 12 ?
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Table A-6 (d). X -ray diffraction peaks for EH6 well cuttings.

26 d-spacing intensity mineral peak order

20.9 4.25 26 gypsum 3

24.9 3.58 11 ?

26.7 3.34 91 quartz 1

27.1 3.29 12 ?

27.3 3.27 14 ?

27.5 3.24 15 ?

27.6 3.23 13 ?

29.3 3.05 13 gypsum 2

29.5 3.03 13 natron 1

29.6 3.02 20 calcite 1

35.2 2.55 12 ?

36.7 2.45 17 ?

39.6 2.28 11 ?

45.8 1.98 13 ?
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Figure A
-l (b). Continuation of XRD output for SC3.

XRD Output: Salt Crust #3
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Figure A
-2 (a). X-ray diffractogram

 for EH
6 well cuttings.

leno
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Figure A
-2 (b). 

Continuation of X
R

D
 output for EH

6.

XRD Output: EH6 Cuttings

OU
©

l
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Table A-7. PHREEQE sensitivity analysis. Final water followed by 
simulation results for different mixing ratios are given 
for applicable simulations.

Simulation 1
Ertec Well 23:2:9 19:6:9 29:2:3

pH 7.7 7.7 7.7 7.4
log PC02 -2.18 -2.17 -2.17 -1.92
Sl(calcite) .46 .46 .47 .16

Sl(dolomite) .95 .89 .91 .33
Slfgvpsum) -1.79 -1.83 -1.84 -1.86

Mineral Suite: calcite, dolomite, gypsum, halite, sylvite, albite. 
Mixed Waters: Ash Spring, Kane Spring, Mormon Well.

Simulation 2
Ertec Well 23:2:9 19:6:9 29:2:3

pH 7.7 7.8 7.7 7.9
log PC02 -2.18 -2.28 -2.23 -2.36
Sl(calcite) .46 .62 .51 .67

Sl(dolomite) .95 1.19 .95 1.26
SIf gypsum) -1.79 -1.83 -1.86 -1.82 |

Mineral suite: calcite, dolomite, gypsum, halite, sylvite, thenardite. 
Mixed Waters: Maynard Lake Spring, Kane Spring, Mormon Well.

Simulation 4
Muddy Spring 29:7 32:4 24:12

pH 7.7 7.5 7.7 **
log PC02 -2.26 -2.03 -2.29 **
Sl(calcite) .48 .21 .50 **

Sl(dolomite) .92 .34 .92 **
Slfgvpsum) -1.43 -1.43 -1.44 **

Mineral suite: calcite, dolomite, gypsum, halite, sylvite, thenardite. 
Mixed Waters: Ertec Well (CE-DT-4), Elgin Railroad Well.
* * =  BALANCE could not produce acceptable results.
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