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Geologic Map of Nevada

By A. Elizabeth Jones Crafford1

Introduction

The purpose of the Geologic Map of Nevada is to provide 
an integrated set of digital geologic information that can be 
used for regional geologic and rigorous spatial analysis. Two 
components of this map represent new information that has 
not been published in this form before. The new geology 
layer was created by merging into a single file individual 
digital Nevada county geologic maps (Hess and Johnson, 
1997), published at a scale of 1:250,000. A new regional 
interpretation was created to unify all of the different county 
rock units, and then appropriate edits and modifications were 
made to the file to reflect additional geologic information and 
more current geologic interpretations. All possible sources of 
information were not utilized in the scope of this project, but 
rather the goal was to create a consistent Statewide 1:250,000-
scale map that would facilitate regional geologic interpretation 
and be a foundation for future spatial analyses of digital data. 
Secondly, a new database of conodont biostratigraphic data 
compiled and analyzed by Anita Harris is also incorporated 
into the map. Information about many, but not all, of these 
conodont samples have been published separately elsewhere 
over the years, but they have not been presented together in a 
single digital database. Other previously published data layers 
are used in this map to enhance the usefulness of the geologic 
information. These layers include mineral deposit locations, 
oil well locations, and cartographic layers such as county 
boundaries, roads, towns, cities, rivers, water bodies, township, 
range and section grids, quadrangle grids, and topography. A 
summary of these components is given below, and complete 
descriptions of each layer are provided in the digital metadata.

The Digital Map

The necessary first step to create the Geologic Map of 
Nevada was creation of digital polygon and line coverages 
from the original published county geologic maps. This was 
done by the Nevada Bureau of Mines and Geology (NBMG) 

in 1996 (Hess and Johnson, 1997). Their careful creation of 
over 34,000 polygons of geology made possible the next step 
of integrating together geologic information from the differ-
ent maps into a new, unified explanation. The 16 different 
geologic maps were created over a time span of more than 20 
years by different people using different geologic standards, 
but all at a scale of 1:250,000. Remarkably, in spite of the large 
number of contributors over such a long period of time, the 
locational accuracy of the basic geologic polygon boundaries 
are good to excellent, with only a few areas needing significant 
modification. Interpretations of the units, however, vary sig-
nificantly, and some required substantial modification on the 
basis of newer information, ideas, and interpretations. A new 
regional interpretation of the geology of Nevada is presented 
with this map and applied to the polygons from the county 
maps. The interpretation draws on the work of many, including 
the original State geologic map (Stewart, 1980; Stewart and 
Carlson, 1978). This new regional interpretation resulted in 
combining the thousand plus different units used on the county 
maps into just over 100 Statewide units. In addition to geology 
polygons, boundaries of the polygons with their attributes and 
fault traces were combined from the multiple county maps into 
individual Statewide layers, but they were not edited for this 
project. The user of the map will benefit greatly from studying 
the accompanying explanation presented as a separate docu-
ment “Explanation for Geologic Map of Nevada.pdf.”

The benefits of a digital map are many. The user can 
easily choose layers to turn on or off, modify those layers to 
suit their needs, and display or print information of particular 
interest at a particular scale. A digital map also introduces 
important caveats and responsibilities of which the user must 
be aware. The only layer of this map that has been spatially 
edited (the boundaries of the polygons themselves have been 
altered in some cases, and new polygons have been created) 
is the geology polygon layer (NevadaGeology.shp). The 
other two geology layers, the faults layer, and the geologic 
boundaries layers have not been edited yet to match the new 
geology polygon boundary layers. Therefore, in places where 
the geology has been edited, the boundaries of the polygons 
will no longer match the lines associated with the faults 
layer or the boundaries layer. Additionally, there are cases 
where one existing polygon was split into numerous pieces 
to improve either the location or interpretive accuracy of the 

1GeoLogic, 9501 Nettleton Drive, Anchorage, Alaska 99507; 
ecrafford@Alaska.com
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�  Geologic Map of Nevada

map, with the different pieces being assigned to different 
units. This procedure results in a more accurate display of the 
geology, but also introduces spurious boundaries that have no 
geologic meaning. The boundaries are transparent, but the user 
needs to be aware that an area of a single geologic unit may be 
composed of several adjoining polygons. Hopefully a future 
release of this map will be able to address these challenging 
issues. These concerns, however, only apply to approximately 
10 percent of the polygons on the map, and thus most 
boundary and fault lines still agree with the geology polygons, 
and should not affect general use of the map.

When combining layers of data from different sources, 
such as biostratigraphic or radiometric data with the geologic 
data, inherent variation of the spatial accuracy of the raw 
data from the different layers will not always match as 
expected. Location inaccuracies in point samples, map-scale 
inaccuracies of geologic polygons, and many other factors 
make this a significant issue. For this first release of the 
digital map, geologic and biostratigraphic layers are not all 
reconciled—in other words, for example, some Devonian 
conodonts plot in alluvium adjacent to the Devonian rock unit 
from which they were sampled, not within the boundaries of 
the polygon as expected. With continued support, resolution 
of these discrepancies is a primary goal for future releases 
of the map, so that data will be fully integrated and benefits 
of an ArcGIS system can be utilized to carry out true spatial 
analyses of the data. Attributes in both the geology and 
biostratigraphy layers attempt to document the discrepancies 
with the future hope of resolving them.

An important benefit of a digital map is that any number 
of attributes can be attached to any spatial object. This means 
that information about a specific polygon, such as boundary 
edits or value changes can easily be attached to that feature to 
help the user interpret the information. The user should take 
advantage of the many annotations included as attributes to the 
individual polygons explaining reference details, discrepan-
cies, and unsolved problems for that particular polygon when 
interpreting the geology. The metadata that accompanies the 
geology file (NevadaGeology.shp) has a complete explanation 
of all the attributes and the meaning of their values.

The only component of the map that is ready for rigorous 
spatial analysis is the geology polygon layer (NevadaGeology.
shp) using the GEOLOGICFM attribute field. If the user 
wishes to create topology for the file, they will have to input 
a 0.1 m cluster tolerance in order to have an error free file. 
Additionally, for conversion to a raster file, grouping of the 
Quaternary units Qya and Qal will be required to eliminate 
significant county boundary discontinuities. Other minor 
discontinuities are discussed in the file metadata.

Components of the Digital Map

To provide context for the geologic information, addi-
tional layers of geographic and geologic information are also 

portrayed on the map. A brief description of each of the map’s 
components is provided below under a heading that matches 
the folder on the CD that contains the data. A complete list-
ing of the files in each folder is provided in the accompany-
ing Readmefile.txt document. Additional details including 
descriptions of all the attributes for each data set are provided 
in the metadata accompanying each data file. To access the 
digital map and metadata, the user needs ArcGIS 9.x software, 
and should open the NevadaStateDigitalGeologicMap.mxd 
file included on the CD-ROM. The map is accessed through 
ArcMap, and the .xml metadata files can be viewed through 
ArcCatalog.

Biostratigraphy

The biostratigraphic information presented here consists 
of 2,617 conodont sample locations from A.G. Harris2, U.S. 
Geological Survey (USGS), emeritus in a shapefile called 
ConodontSamples.shp. They represent samples collected by 
many individuals over many years, and examined by Anita 
Harris. Sample locations were provided by Harris and except 
for a handful have not been verified for this publication. Infor-
mation about many, but not all, of these samples has been pub-
lished over the years in various maps and other publications, 
and references to USGS reports are given in the attribute table. 
Conodont data are displayed in seventeen different layers in 
the project. Fifteen layers have data broken out by sample age 
or age range, and colored by Conodont Color Alteration Index 
Minimum (CAImin) value. One layer shows samples taken 
from the subsurface such as drill holes or underground mine 
workings. Another single layer shows all of the conodonts, not 
differentiated by time, colored by their CAImin value. Each 
age or age range has a different color rim on the symbol or a 
different shape symbol. The CAI color scale used is intended 
to mimic the actual conodont color. Explanation of all the 
attributes for the conodont data is provided in the metadata for 
the file.

Cities

The CITIES_P.shp shapefile provided by the Nevada 
Bureau of Mines and Geology is a layer showing 101 point 
locations for Nevada cities and towns at 1:1,000,000 scale.

Contours

The CTOUR2.shp shapefile is a layer consisting of 150 
m, 2-arc-second contours that were derived from the DLG 
map of Nevada, and created at the Nevada Bureau of Mines 
and Geology by the author and Ron Hess.

2U.S. Geological Survey, Box 25046, Denver Federal Center, Mail Stop 
973, Denver, Colo. 80225-0046; aharris@usgs.gov
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Counties

NEVADACOUNTIES.shp is a shapefile of Nevada 
counties with the latest boundary locations updated. It was 
provided by the Nevada Department of Transportation in 2006.

Geology

Three different layers are used for the primary geologic 
information. All are shapefiles. The geology polygon file, 
NevadaGeology.shp has attributes to describe each of the 
polygons used on the map. The geologic boundaries shapefile 
(StatewideGeoBoundaries.shp) describes the characteristics 
of the boundaries of the geology polygons, such as whether 
they are known, inferred, faulted, concealed, or map bound-
aries. The faults layer is the shapefile StatewideFaults.shp 
and shows all the faults from the county maps, attributed by 
type of fault. The faults and boundaries layers have not been 
edited from their original digital version created by NBMG 
except to combine them into a single Statewide file. This 
means that in places where the geology polygon boundar-
ies have been edited, they will no longer match the fault or 
contact boundaries. This only affects about 10 percent of the 
geology polygons. The original contact boundaries still need 
to be displayed (instead of the new ones) because they are 
attributed to make the map boundary lines invisible. While 
efforts have been made to check that the representation of the 
fault attributes is correct (such as upper plate and lower plate 
symbology) it has not been comprehensively examined. Errors 
observed should be brought to the author’s attention. A sum-
mary of the geologic interpretation and details of the meaning 
of the codes used in the GEOLOGICFM field are provided in 
this document. Layer files (.lyr) have been created for virtually 
all layers to preserve the symbology associated with a given 
layer, especially the layout of all of the geologic units.

Lakes

Water bodies taken from the 1:100,000-scale topographic 
maps were compiled into a shapefile, lake_100.shp by the 
Nevada Natural Heritage Program of the Department of 
Conservation and Natural Resources. The geology layer 
(NevadaGeology.shp) includes 23 polygons attributed as water 
bodies (WBDY). They are not displayed on the geology layer 
shown in the project. The user will see a much more accurate 
representation of the water bodies in the State by turning on 
the Water Bodies layer.

Public Land Survey

The township and range grid is shapefile tr100grid.shp, 
and the section grid is shapefile plss100k.shp. These data 
sets were created and provided by the U.S. Bureau of Land 
Management (BLM).

Quadrangles

Two quadrangle files are included. The 1:100,000-scale 
quadrangles shapefile, nv_100kquads.shp, provided by the 
BLM, and 7.5’ (1:24,000-scale) quadrangle shapefile, NVQDP.
shp, provided by the USGS.

Resources

Two different resource layers are included, Oil Wells 
and Gold Deposits. The Oil Wells are plotted from an edited 
version of a .dbf file provided by the Nevada Bureau of 
Mines and Geology, OFR04_1. It is current to June 2004. The 
SHOWEDIT attribute was cleaned up to remove duplication 
and symbolized. The mineral deposit information is taken 
from the USGS data file of MRDS deposits, mrds-fUS32.shp, 
now available online, updated from the 2000 version in 2005. 
Only those deposits that are designated as Model 19c, distal-
disseminated Ag-Au, or Model 26a carbonate-hosted Au-Ag 
(Bliss, 1992; Cox and Singer, 1992) are currently displayed 
on the map, but the user can modify the display as needed by 
changing the definition query to show any of the Nevada sites 
and multiple deposit models.

Rivers

The perennial and intermittent rivers and streams in 
Nevada are displayed with the RIVER_TYPE attribute from 
the nevadarivers.shp shapefile provided by the Nevada Bureau 
of Mines and Geology.

Roads

The primary roads in Nevada are shown in the roads 
layer, ROADS_A.shp shapefile provided by the Nevada 
Bureau of Mines and Geology.

Summary of Regional Geologic 
Interpretation

A twofold challenge of creating this map was to combine 
the 1,000 plus county map geologic units into slightly more 
than 100 regional units while modifying the overall regional 
geologic interpretation from the original ideas in Stewart and 
Carlson (1978) to reflect new data and ideas. The value of 
a digital product is that it provides opportunity for trial and 
experimentation, allowing for as much iteration as necessary 
to create an interpretation that is as consistent with the data as 
possible. Many iterations were required for this interpretation.

The new regional geologic interpretation is visually 
presented in the accompanying file “Explanation for Geologic 
Map of Nevada.pdf,” and discussed in this text. A separate 
interpretation of the tectonic history of the region is presented 
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elsewhere. The rock unit designations for this new map 
include stratigraphic units as well as assemblages and terranes. 
This method was deliberately chosen to reflect more clearly 
both the stratigraphic and tectonic history of these rocks as 
an inherent component of the unit. It is the combination of 
lithologic and structural characteristics, not one or the other, 
that define a unit as distinct from other groups of rocks. 
The third variable in regional interpretation is always the 
incompleteness of our understanding of the basic geologic data 
in many places, which contributes significantly to how they 
can be reasonably grouped.

Quaternary to Pliocene sediments and rocks reflect more 
inconsistency from county to county than rock units from 
most other age periods. Some counties differentiated older and 
younger alluvium and some did not, so two units were used 
but not always designated in each county (Qal, Qya). Sand 
dunes, playas, and glacial moraines are also included as Qua-
ternary units (Qs, Qpl, Qg). Only one Quaternary volcanic 
unit, basalt flows, (Qb) is designated. Quaternary and Pliocene 
sediments and sedimentary rocks include hot spring deposits 
(QThs), landslide deposits (QTls), older gravels (QTg), older 
alluvium (QToa), and volcaniclastic sediments (QTs). Apart 
from the Quaternary basalt, the youngest volcanic rocks in the 
State include late Tertiary or early Quaternary basalt flows 
(QTb), andesite (QTa), and rhyolite (QTr).

Most Tertiary rocks in Nevada are volcanic. Lacustrine, 
fluvial, and tuffaceous sedimentary rocks were deposited in 
Tertiary (and possibly Upper Cretaceous) basins scattered 
around the State. The classification of the Tertiary volcanic 
and sedimentary rocks in this map follows closely the scheme 
used in Stewart and Carlson (1978) with a few consolidations 
supported by new information. There are three age groupings, 
from youngest to oldest, T3 (6–17 Ma), T2 (18–34 Ma), and 
T1 (35–43). There are five primary compositional and (or) 
textural groupings for the volcanic and sedimentary rocks: 
sedimentary (Ts3, Ts2, TKs1), basaltic (Tb3, Tb2), andesitic 
(Ta3, Ta2, Ta1), tuffaceous (Tt3, Tt2, Tt1) and rhyolitic (Tr3, 
Tr2, Tr1). In addition, a few Tertiary units (Tba, Tbg, Ths) 
are present that cross time and compositional boundaries, and 
they are designated separately. Tertiary intrusive rocks are 
shown as phaneritic felsic or mafic composition (Tfi, Tmi), 
or aphanitic rhyolite (Tri). Mafic or felsic intrusive rocks of 
unknown age are mapped separately from Tertiary and Meso-
zoic intrusions (TJmi, TJfi).

Mesozoic intrusive, volcanic, sedimentary, and metamor-
phic rocks, including those associated with accreted terranes 
are all present in Nevada. These rocks formed in a variety of 
tectonic environments and depositional settings—they reflect 
many diverse structural and tectonic histories. A few Triassic 
(dfi), and numerous Jurassic (Jgb, Jmi, Jfi, Ji) and Creta-
ceous (Kmi, Kfi, Ki) plutons of mafic, felsic, and unknown 
compositions are scattered across the State, with a concentra-
tion near the Sierra Nevada Mountains associated with the 
Mesozoic arcs. Triassic (dvm, dkv), Jurassic (Jvr, Jvb), 
and Jurassic(?) and Triassic(?) age (Jdv) volcanic rocks 
also range in composition from felsic to mafic and are spread 

across the central part of the State. Their tectonic settings and 
origins are not well understood, but they are likely related to 
the Triassic and Jurassic arc complexes, and possibly also to 
the accreted terranes.

Ten different groupings of Mesozoic terranes, 
sedimentary rocks and assemblages are recognized. They 
include clastic rocks and conglomerates that unconformably 
overlie older, folded and faulted rocks, distinct stratigraphic 
sequences in the southern, eastern, and central parts of the 
State, and numerous different assemblages with distinct 
stratigraphic and structural histories that are juxtaposed in 
several different terranes along tectonic boundaries in the 
western half of the State. Mesozoic sedimentary rocks are 
difficult to classify because of the diversity of their structural 
histories, depositional settings, and basements coupled with 
our incomplete knowledge of their relations to each other. 
Generally, they can be grouped into two categories—those 
sequences that are deposited on a known basement, and those 
sequences that are strongly disrupted and their basement 
is either unknown or intimately deformed along with them 
as part of a larger terrane. In places where Mesozoic rocks 
have a complex deformation history, they are not grouped 
by formation, but rather are grouped as either terranes or 
assemblages. Terranes are used in the classic sense for 
fault-bounded geologic entities of regional extent, each 
characterized by a geologic history that is different from the 
histories of contiguous terranes (Jones, Howell, and others, 
1983). Assemblage is used for a group of related rock units 
within a terrane, or for a unit (or units) that has a known 
basement, but is geographically isolated and lithologically 
and (or) structurally distinct from other coeval rocks. This 
can result in formation names being used across assemblages, 
but it provides a clearer picture of regional tectonic groupings 
of the rocks. This, in turn, provides the framework for 
understanding the overall tectonic evolution of these rocks and 
how their complex relations to one another have evolved over 
time. The groupings used here generally follow earlier terrane 
maps and discussions (Silberling, 1991; Silberling, Jones, and 
others, 1987; Silberling, Jones, and others, 1992) although 
several modifications have been made to reflect additional 
information. The groupings are displayed in the accompanying 
map sheet “Explanation of Geologic Map of Nevada.pdf.”

The disrupted rocks with unknown basement include 
those in:

• the Walker Lake terrane composed of Mesozoic car-
bonate, siliclastic, volcanic, and volcaniclastic rocks 
in Lyon, Mineral, and western Nye Counties which is 
divided into three distinct assemblages (WPN, WPL, 
WLB),

• the Black Rock-Jackson terrane (BRJ) that includes 
Mississippian to Middle Jurassic carbonate, clastic, 
and volcaniclastic rocks,

• the Sand Springs terrane (SAS), which extends from 
the northwestern corner of Nye County northwest into 
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Washoe County, consisting mostly of volcanic rocks of 
Late Triassic and Early Jurassic age,

• the Quartz Mountain terrane (QM), a structurally 
disrupted unit of unknown Mesozoic or Paleozoic 
age in Churchill and northern Nye Counties, which is 
distinguished lithologically by the association of ortho-
quartzite with feldspathic sandstone and (or) volcanic 
rocks, and

• the Jungo terrane (JO) in west-central and northwest-
ern Nevada consisting of Triassic to Lower Jurassic 
fine-grained terrigenous clastic rocks.

All of the rocks of these terranes have experienced 
varying degrees of deformation and metamorphism, and have 
complex tectonic histories.

The rocks that are deposited on a known basement 
include:

• Localized clastic rocks (TKcg, Kcg, Jcg) scattered in 
several places across the State,

• the Gold Range assemblage (Jdgor) in Mineral and 
western Nye Counties,

• the Humboldt assemblage (dc, Jds) in a large area of 
Pershing, Churchill, and Lander Counties,

• the Candelaria Formation (dcl) of the Siliciclastic 
overlap assemblage best exposed south of Mina, and

• the Cratonal sequence (dmt, Jdch, Jas) in the 
eastern and southern parts of the State.

Interpretation of Paleozoic rocks in Nevada has had 
a long and colorful history. Paleozoic rocks in Nevada 
are grouped into six categories that include stratigraphic 
sequences and lithologic assemblages, and three accreted 
terranes. These groupings were chosen to best represent the 
similarities and differences among different rock units, and are 
shown in the accompanying explanation. The sequence and 
assemblages are:

• In the eastern third of the State, the Carbonate shelf 
sequence (Pc, Psc, Phc, hMbc, Mc, Dc, Dcd, DSc, 
SOc, Ocq, Oec, ec) includes Cambrian through 
Permian sedimentary rocks and their metamorphosed 
or undivided equivalents (Dec, DOcm, Ocqm, 
Oecm). While these rocks have seen significant post-
Paleozoic disruption in places, the regional pattern of 
these rocks is one of either continuous conformable 
or disconformable sequences. Major unconformities 
are not part of this sequence. The Carbonate shelf 
sequence lies conformably on Precambrian to Lower 
Cambrian quartzite.

• The Siliciclastic overlap assemblage (dcl, Pacl, 
Phacl) is a Pennsylvanian through Lower Triassic 
sequence of siliciclastic and carbonate rocks lying 
above a major unconformity. Rocks of this assemblage 

unconformably overlie rocks of the Carbonate shelf 
sequence, the Foreland basin assemblage, lower 
Paleozoic rocks of the Slope and Basin assemblages, 
the Nolan belt, and the Dutch Flat terrane. Its sparse 
regional distribution but consistent stratigraphic 
(and structural) position makes it an important 
regional tectonic constraint. Lower Triassic rocks of 
the Siliciclastic overlap assemblage (dcl) are only 
exposed in southwestern and south-central Nevada, and 
their relation to the underlying unit Pacl is unclear but 
inferred to be depositional.

• The Foreland basin assemblage (hMcl, MDcl) is an 
Upper Devonian through Lower Pennsylvanian silici-
clastic sequence deposited on the western part of the 
Carbonate shelf sequence. There may be unconformi-
ties within the Foreland basin assemblage, but much 
of the sequence is conformable or disconformable, and 
lithologies above and below any breaks are similar, 
making them difficult to identify.

• In a north-south belt in the east-central part of the 
State, Ordovician through Lower Mississippian rocks 
are grouped into the Slope assemblage (MDst, DSt, 
DOts). Parts of this assemblage are in conformable 
depositional contact with Carbonate shelf sequence 
rocks, and fairly coherent stratigraphic sequences 
can be defined. In most places, however, these rocks 
are imbricated in thrust sheets with rocks of both the 
Carbonate shelf sequence and the Basin assemblage. 
The lithologies of the Slope assemblage reflect both 
slope and basin depositional settings.

• Rocks of the Basin assemblage (Des, Ss) are 
exposed in a belt trending southwest and south from 
northeastern Nevada towards Esmeralda County. 
These Upper Cambrian through Devonian rocks 
are characteristic of deep marine and base-of-slope 
paleogeographic settings and include both sedimentary 
rocks and occasionally their mafic volcanic substrate. 
Apart from fragments of basaltic rocks, no true 
basement is preserved along with these rocks, and 
they are everywhere structurally emplaced over other 
generally coeval rocks. They are imbricated with 
Carbonate shelf sequence rocks, Slope assemblage 
rocks, and rocks of the Nolan belt. The amount 
of displacement experienced by the rocks in this 
assemblage is unknown and likely highly variable.

• A belt of lower Paleozoic rocks with affinity to the 
continental margin but with unusual structural char-
acteristics forms a discrete belt west and northwest of 
displaced rocks of the Slope and Basin assemblages, 
and is here named the Nolan belt. They are differ-
ent from the other Paleozoic rocks in a number of 
important ways that warrant distinction as a separate 
group. These rocks have structural characteristics of 
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an accreted terrane, that is, they exhibit polyphase 
deformation, but have stratigraphic ties to North 
America that suggest they have not traveled great dis-
tances laterally from the continental margin. The three 
principal characteristics that define the Nolan belt of 
rocks are that (1) lithologically they define a region of 
outer shelf and slope Cambrian and Ordovician rocks, 
originally deposited in a more proximal position to the 
Carbonate shelf sequence than the rocks of the Basin 
assemblage, some of which now lie structurally to the 
east of this belt, (2) unlike rocks of the Basin or most 
of the Slope assemblage, they are stratigraphically 
attached to their Precambrian to Cambrian quartzite 
basement, and (3) they exhibit a unique polyphase 
deformation history distinct from adjacent coeval 
rocks.

Three accreted terranes are defined for the Paleozoic 
rocks, including the Black Rock-Jackson terrane described 
in the Mesozoic section which also contains Paleozoic rocks. 
These terranes represent rocks that have a range of ages and 
lithologies, and have structural or tectonic characteristics that 
make them distinct from adjacent rocks. Some of these rocks 
may be displaced only tens of kilometers from their places of 
origin, while others may be displaced thousands of kilometers. 
The rocks in these terranes also have tectonic histories distinct 
from the rocks of the continental margin prior to the time of 
their accretion. The terranes were accreted by a combina-
tion of translational and compressional movement leading to 
large, steeply dipping fault zones and many imbricate slices of 
deformed rocks along the boundaries between these terranes 
and the continental margin.

• The Golconda terrane (GC, GChr) is a strongly 
deformed group of Upper Devonian through Middle 
Permian deep basinal sedimentary, distal shelf clastic, 
volcaniclastic, and volcanic rocks. The only basement 
known for the Golconda terrane is Mississippian to 
Permian slivers of ocean floor mafic and ultramafic 
rocks interleaved with the deep marine sedimentary 
and clastic rocks. It is structurally emplaced over 

coeval rocks of the Pennsylvanian to Triassic 
Siliciclastic overlap assemblage.

• The Upper Devonian Dutch Flat terrane (DF) is 
represented by the Harmony Formation, a feldspathic 
sandstone long thought to be Cambrian (Roberts, 
1964). It is unconformably overlain by Pennsylvanian 
rocks of the Siliciclastic overlap assemblage providing 
an upper age limit. Its contacts with adjacent rock units 
are structural. It has a unique structural history and 
unique lithologic characteristics. Its origin and mode of 
emplacement remain unknown.

• The Paleozoic rocks of the Black Rock-Jackson terrane 
(BRJ) exposed in northwestern-most Nevada have 
stratigraphic and structural affinities with coeval rocks 
in the eastern Klamath Mountains. These rocks were 
accreted to other Mesozoic rocks in Nevada during 
Jurassic and (or) Cretaceous time.

Finally, Precambrian and Lower Cambrian clastic rocks 
conformably underlie the Carbonate shelf sequence in eastern 
and southern Nevada (eZq, eZqm, Zqs). They also form the 
stratigraphic base of the rocks of the Nolan belt. This sequence 
of Precambrian rocks is interpreted to represent the original 
rifted margin of western North America (Stewart, 1972), prior 
to the formation of the carbonate shelf. They rest unconform-
ably over Proterozoic basement rocks (Yfi, Xm) that are only 
exposed in southernmost Nevada.

Three units are classified as Other rocks. A breccia unit 
of mixed breccias (br) not classifiable elsewhere identifies 
locally disrupted rocks. A metamorphic-igneous complex 
with Tertiary and Mesozoic metamorphic ages and Paleozoic 
to Archean protolith ages (TAgn) in Elko County is the only 
high-grade metamorphic rock in Nevada. Upper Paleozoic or 
Triassic ultramafic rocks including serpentine (dgsp) are 
scattered in a few places around the State adjacent to major 
terrane boundaries.

SE ROA 49165

JA_15351



Detailed Explanation of Geologic Units  �

Detailed Explanation of Geologic Units

All of the descriptions below use information from the 1978 State map of Stewart and Carlson and from the accompanying 
text (Stewart, 1980), as well as material from each county map that is not always specifically referenced. Additional references 
are cited in the text. The county maps that were merged to create the Statewide geology layer consist of 16 different geologic 
maps that do not correspond exactly with the individual counties. References are commonly made in the text to the maps, not 
necessarily to the counties. The complete references for each county report are listed in the bibliography. The sixteen maps and 
the counties (or parts of counties) they represent are as follows:

Quaternary Sediments and Rocks (Holocene  
and Pleistocene)

Quaternary sediment and rock units reflect more incon-
sistency from county to county than rock units from most 
other age periods. Some counties differentiated older and 
younger alluvium and some did not, so two units were used 
but not always designated in each county, and their names are 
not consistent across county boundaries. Sand dunes, playas, 
and glacial moraines are also included as Quaternary units. 
Only one Quaternary volcanic unit, basalt flows, is designated. 
Quaternary and Pliocene sediments and sedimentary rocks 
include hot spring deposits, landslide deposits, older gravels, 
older alluvium, and volcaniclastic sediments. The youngest 
volcanic rocks in the State apart from the Quaternary basalt 
include late Tertiary or early Quaternary age basalt flows, 
andesite, rhyolite, and volcaniclastic sediments.

Sediments and Sedimentary Rocks

Qal Alluvium, undifferentiated—Unit is present in all 
counties. Some counties divided the allu-
vium into younger and older units, and some 
did not. For those that did not, or used other 
generalized terms for Quaternary rocks, 

the unit Qal has been used for the general 
undivided alluvium. Additionally, when 
polygons have been edited and changed to 
alluvium, Qal was used as the general value; 
hence it now is present in all counties

Qya Younger alluvium—Map unit is used in Churchill, 
Elko, Esmeralda, Eureka, Humboldt, 
Lander, and Lincoln Counties where 
geologic information suggests better-
defined younger versus older alluvium. It 
is mostly interchangeable with Qal, except 
that it implies some specifically younger 
Quaternary deposits

Qs Sand dunes—Unit is present in Clark, Humboldt, 
Lincoln, Churchill, Washoe, and Pershing 
Counties. There may be sand dunes in other 
counties that are not distinguished

Qpl Playa, lake bed, and flood plain deposits—Map 
unit used in all counties for recent lake beds, 
playas, and flood plains. Polygons from the 
1978 State map unit Qp were added where 
no playa was shown on the county maps

Qg Glacial moraines—Sediments are present in south-
ern Washoe, northern Nye, Esmeralda, Elko, 
Humboldt, White Pine, and Lander Counties 
in high mountain ranges

Map name   County     Reference

  1. Churchill   Churchill    Willden and Speed, 1974
  2. Clark   Clark     Longwell, Pampeyan, and others, 1965
  3. Elko   Elko     Coats, 1987
  4. Esmeralda   Esmeralda    Albers and Stewart, 1972
  5. Eureka   Eureka     Roberts, Montgomery, and Lehner, 1967
  6. Humboldt   Humboldt    Willden, 1964
  7. Lander   Lander     Stewart, McKee, and Stager, 1977
  8. Lincoln   Lincoln     Tschanz and Pampeyan, 1970
  9. LDC   Lyon, Douglas, and Carson Moore, 1969       
10. Mineral   Mineral     Ross, 1961
11. Nye North   Northern Nye    Kleinhampl and Ziony, 1985
12. Nye South   Southern Nye    Cornwall, 1972
13. Pershing   Pershing    Johnson, 1977
14. Washoe North  Northern Washoe   Bonham and Papke, 1969
15. Washoe South  Southern Washoe and Storey  Bonham and Papke, 1969
16. White Pine   White Pine   Hose, Blake, and Smith, 1976
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Volcanic Rocks

Qb Basalt flows—Basalt flows, plugs, cinder cones, 
basaltic ash, scoria, and basaltic sediments. 
They are present in Nye, Esmeralda, and 
Churchill Counties

Quaternary and Pliocene Sediments and Rocks

Sediments and Sedimentary Rocks

QThs Hot spring travertine, sinter, and tufa (Holocene 
to Pliocene)—Calcareous and siliceous 
sinter and tufa deposits that are present in 
Washoe, Nye, Elko, Eureka, and Lander 
Counties

QTls Landslide deposits, colluvium, and talus (Holo-
cene to Pliocene)—Unit is mixed on the 
Washoe North map with basalt, tuff, diato-
mite, and tuffaceous sediments. It includes 
the units mapped as Qls from the 1978 State 
map. It is present in Churchill, Washoe, Nye, 
Esmeralda, Elko, Eureka, Humboldt, Lander, 
Lincoln, Mineral, and Pershing Counties

QTg Older gravels (Pleistocene and Pliocene)—Unit 
is used for pre-Lake Lahontan deposits, 
weakly consolidated gravel and sand, 
older gravels, pediment gravels, and gravel 
deposits. It includes all units designated as 
QToa on the 1978 State map. This unit is 
used in all counties

QToa Older alluvium and alluvial fan deposits 
(Pleistocene and Pliocene)—Unit consists 
mostly of older alluvium and alluvial fans. It 
also includes various stream deposits, gravel, 
fanglomerates, and older gravels. It is not 
very consistent in description from county 
to county. This is used in all counties except 
Clark

QTs Tuffaceous limestone, siltstone, sandstone, and 
conglomerate (Holocene to Pliocene)—
Present in Esmeralda, Elko, Mineral, Lyon, 
Douglas, Carson, and Eureka Counties and 
corresponds to unit QTs on the 1978 State 
map

Volcanic Rocks

QTb Basalt flows (Holocene to Pliocene)—Olivine 
basalt and basaltic and andesitic rocks. 
This unit is present in Clark, Elko, Mineral, 
Esmeralda, Humboldt, Lincoln, Lyon, 
Douglas, Carson, Nye, Washoe, and Lander 
Counties. It corresponds to the 1978 State 
map unit QTb

QTa Andesite flows and breccias (Holocene to 
Pliocene)—Present in southern Washoe, 
Esmeralda, Lyon, Douglas, Carson, Mineral, 
and Lander Counties. It corresponds to unit 
QTa on the 1978 State map

QTr Rhyolite dome (Holocene to Pliocene)—Unit 
is only present in southern Washoe and 
Mineral Counties. It corresponds to unit QTr 
on the 1978 State map

Tertiary and Upper Cretaceous(?) Rocks

Most Tertiary rocks in Nevada are volcanic. There are 
also a few lacustrine, fluvial, and tuffaceous sedimentary rocks 
that were deposited in Tertiary and possibly Upper Cretaceous 
basins scattered around the State. Tertiary intrusive rocks are 
distinguished by compositional and textural characteristics.

Volcanic and Sedimentary Rocks

Map unit names of the Tertiary volcanic and sedimentary 
rocks on this map follow closely the scheme used in Stewart 
and Carlson (1978) with a few additions and consolidations. 
There are three age groupings, from youngest to oldest, T3 
(6–17 Ma), T2 (18–34 Ma), and T1 (35–43 Ma). There are 
five primary compositional and textural groupings for the 
volcanic and sedimentary rocks; sedimentary (Ts3), basaltic 
(Tb3), andesitic (Ta3), tuffaceous (Tt3), and rhyolitic (Tr3). 
The distinction between the Ts_ units and the Tt_ units is that 
Ts_ represents sedimentary rocks that formed in a primary 
depositional environment (lake bed, fluvial, and so forth) with 
some amount of tuff or tuffaceous sedimentary rock as part of 
the sequences, while the Tt_ units are primarily volcanic in 
nature (welded or nonwelded tuffs) that may have interlayered 
tuffaceous sedimentary horizons. In addition to the scheme 
described above, there are a few Tertiary units (Tba, Tbg, and 
Ths) that cross time and compositional boundaries, and they 
are designated separately as described below.

Tba Andesite and basalt flows (Miocene and 
Oligocene)—Generally poorly age 
constrained. This unit includes rocks 
originally mapped as the Pyramid sequence 
in Washoe County, the Mizpah Trachyte 
in Nye County, the Malpais Basalt, Rabbit 
Spring Formation, and Mira Basalt in 
Esmeralda County, and many other poorly 
dated unnamed basaltic and andesitic rocks 
around the State. It corresponds to unit Tba 
on the 1978 State map

Tbg Basalt, gravel, and tuffaceous sedimentary rocks 
(Miocene)—Basalt flows, cinder and lava 
cones, gravel, and tuffaceous sedimentary 
rocks mostly in Elko and some in Humboldt 
Counties. This unit includes the Banbury 
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Formation (Stewart and Carlson, 1978) and 
the Big Island Formation in Elko County 
and other unnamed units. It corresponds to 
unit Tbg from the 1978 State map

Ths Tuffaceous sedimentary rocks (middle Miocene to 
upper Oligocene)—Consists of the Horse 
Spring Formation in Clark and southern Nye 
Counties. This unit corresponds to unit Ths 
from the 1978 State map, and likely repre-
sents a composite of units Ts3 and Ts2. It 
is poorly known and may include rocks of 
other ages including Cretaceous

Ts3 Younger tuffaceous sedimentary rocks (Pliocene 
and Miocene)—Tuffaceous and other 
young Tertiary sedimentary rocks. Most of 
these rocks are sedimentary with a strong 
volcanic component—a few are tuffaceous 
with a strong sedimentary component. This 
unit includes rocks originally mapped as 
the High Rock sequence in Washoe County; 
the Horse Camp Formation in northern Nye 
County; the Esmeralda Formation in Mineral 
and Esmeralda Counties; older lake beds in 
Lincoln County; the Belted Range Tuff; the 
Indian Trail Formation (now abandoned); 
Timber Mountain, Paintbrush, and Crater 
Flat Tuffs; Wahmonie and Salyer Forma-
tions in southern Nye County; the Siebert 
Tuff in Esmeralda County; the Muddy 
Creek Formation in Clark County; and the 
Thousand Creek and Virgin Valley “beds” in 
Humboldt County; and other unnamed units. 
It corresponds to units Ts3 and Tts from the 
1978 State map. It is present in all counties

Tb3 Basalt (Miocene)—Basalt flows, plugs and dikes, 
some olivine basalt, and andesite and latitic 
rocks. This unit corresponds with unit Tb 
on the 1978 State map. It is present on the 
Washoe North, Washoe South, Lincoln, 
Clark, Elko, Eureka, Humboldt, Nye South, 
and Lander County maps

Ta3 Younger andesite and intermediate flows and 
breccias (Miocene)—Includes some rocks 
mapped as the Kate Peak and Alta Forma-
tions on the Washoe South map; Wahmonie 
and Salyer Formations on the Nye South 
map; Gilbert Andesite on the Esmeralda 
map; pyroxene, hornblende phenoandesite, 
and phenodacite on the Elko map; and other 
unnamed units. It corresponds to the unit 
Ta3 on the 1978 State map. It is present 
everywhere except Eureka and White Pine 
Counties

Tt3 Younger silicic ash flow tuffs (Miocene)—Includes 
units mapped as the High Rock sequence 
on the Washoe North map; the Timber 

Mountain, Paintbrush, Crater Flat, and 
Belted Range Tuffs, and Indian Trail 
Formation (now abandoned) on the Nye 
South map; the Thirsty Canyon Tuff on 
the Nye South and Esmeralda maps; and 
other unnamed units. Locally it includes 
tuffaceous sedimentary rocks interstratified 
with tuffs. It is present in the northernmost 
part and southernmost parts of the State, 
and is not exposed in the central region. It 
corresponds to unit Tt3 on the 1978 State 
map, although a few rocks also mapped as 
Trt on the 1978 State map also are included. 
It is present in Clark, Churchill, Washoe, 
Nye, Lincoln, Lyon, Douglas, Carson, 
Esmeralda, Elko, Humboldt, Pershing, and 
Mineral Counties

Tr3 Younger rhyolitic flows and shallow intrusive 
rocks (Miocene)—Rhyolitic flows, domes, 
plugs, breccias, quartz latite, rhyodacite, 
quartz porphyry dikes, and other shallow 
intrusive rocks. This unit includes rocks 
mapped as the Cañon Rhyolite on the 
Washoe North map, the Jarbidge Rhyolite 
and phenorhyolitic and phenodacitic flows 
and domes on the Elko County map, and 
other unnamed units. It has a distribution 
similar to Tt3, with exposures in the 
northern and southern parts of the State, but 
only crops out in a few places in the central 
region. It corresponds to unit Tr3 on the 
1978 State map, and also includes a few 
rocks mapped as Trt on the 1978 State map. 
This unit is exposed in every county except 
White Pine

Ts2 Older tuffaceous sedimentary rocks (lower 
Miocene and Oligocene)—Locally includes 
minor amounts of tuff. It includes rocks 
mapped as the Titus Canyon Formation 
on the Nye South map, the Gilmore Gulch 
Formation on the Nye North map, lacustrine 
limestone in Lincoln County, and other un-
named units. This unit corresponds to unit 
Ts2 on the 1978 State map. It is present in 
Nye, Lincoln, Elko, and Lander Counties

Tb2 Basalt, tuff, and breccia (lower Miocene and 
Oligocene)—Basalt flows, basaltic tuff, 
tuff breccia, and andesitic rocks in Elko and 
Humboldt Counties. These rocks correspond 
to unit Tob on the 1978 State map

Ta2 Intermediate andesite and intermediate flows and 
breccias (lower Miocene and Oligocene)—
Andesite flows and breccias and other 
related rocks of intermediate composition 
such as dacite, rhyodacite, quartz latite, and 
biotite-hornblende porphyries. This unit 
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includes units mapped as the South Willow 
Formation on the Washoe North map, 
the Milltown Andesite on the Nye South 
and Esmeralda County maps, the Mizpah 
Trachyte on the Nye North map, and other 
units. It corresponds to unit Ta2 on the 1978 
State map. It crops out in all counties except 
Clark, Eureka, Lyon, Douglas, and Carson

Tt2 Intermediate silicic ash flow tuff (lower Miocene 
and Oligocene)—Welded and nonwelded 
silicic ash flow tuffs. Aside from alluvium, 
this unit covers more of Nevada than any 
other rock, with over 4,000 polygons 
representing it on this map. It is principally 
exposed in the central regions of the State. It 
locally includes thin units of air fall tuff and 
sedimentary rocks. It includes rocks mapped 
on the Washoe South, Lyon, Douglas, and 
Carson Counties maps as the Hartford Hill 
Rhyolite Tuff (now abandoned); on the 
Nye South map as the tuff of White Blotch 
Spring, the tuffs of Antelope Springs, and 
the tuff of Monotony Valley; in Lander 
County it is mapped as the Bates Mountain 
Tuff, Caetano Tuff, Edwards Creek Tuff, 
New Pass Tuff, tuff of Hall Creek, and the 
tuff of McCoy Mine; in Lander and Pershing 
Counties it is the Fish Creek Mountains 
Tuff; on both of the Nye County maps it 
is the Fraction Tuff; it also includes the 
Pancake Summit Tuff, Northumberland 
Tuff, Shingle Pass Tuff, some outcrops 
of Darrough Felsite shown to be Tertiary 
(other outcrops have been shown to be 
Mesozoic or Paleozoic), tuffs of Moores 
station, tuffs of Peavine Canyon, tuffs of the 
Pancake caldera complex, the Stone Cabin 
Formation, tuff of Saulsbury Wash, tuff of 
Kiln Canyon, the Tonopah Formation, tuffs 
of Hannapah, tuff of Bald Mountain, the 
Needles Range Formation, and the Calloway 
Well Formation on the Nye North map; in 
Esmeralda County it is the Kendall Tuff 
and latite; and in northern Nye and Lander 
Counties it is the Toiyabe Quartz Latite 
(now abandoned), and other unnamed units. 
It corresponds to unit Tt2 on the 1978 State 
map. It crops out in every county except 
Clark

Tr2 Intermediate rhyolitic flows and shallow intrusive 
rocks (lower Miocene and Oligocene)—
Includes rocks mapped as the rhyolite of 
Big Sand Springs Valley on the Nye North 
map, the Sandstorm Formation in Esmeralda 
County, rhyolite flow domes in the Sheep  

Creek Range in Lander County, and other 
units. It corresponds to unit Tr2 on the 1978 
State map. It is present in Nye, Lincoln, 
Churchill, Esmeralda, Eureka, Mineral, 
Elko, Humboldt, and Lander Counties

TKs1 Conglomerate, lacustrine, and tuffaceous 
sedimentary rocks (lower Oligocene to 
Upper Cretaceous(?))—Includes the Sheep 
Pass Formation and equivalents in northern 
Nye, Lincoln, Elko, Eureka, Lander, and 
White Pine Counties. In most places the 
Sheep Pass Formation is Paleocene or 
Eocene (Fouch, Hanley, and Forester, 1979), 
although rocks from the Carlin-Piñon 
Range area that contain Late Cretaceous 
fossils have been included in the Sheep Pass 
Formation (Smith and Ketner, 1976, 1978). 
It corresponds to unit Ts1 on the 1978 State 
map 

Ta1 Older andesite and intermediate flows and 
breccias (lower Oligocene to middle 
Eocene)—Unit includes andesite or dacite 
flows, flow breccias, and hypabyssal rocks 
in Lander County, andesitic to latitic flows, 
pyroclastic rocks, and phenoandesitic and 
phenolatitic flows in Elko County, and other 
undifferentiated volcanic rocks in other 
counties. Present in Humboldt, northern 
Nye, Churchill, Elko, Eureka, Lander, and 
White Pine Counties. It corresponds to the 
1978 State map unit Ta1

Tt1 Older silicic ash flow tuffs (lower Oligocene to 
middle Eocene)—Welded and nonwelded 
silicic ash flow tuffs, locally includes thin 
units of air fall tuff and sedimentary rock. 
This unit corresponds with the 1978 State 
map unit Tt1. These rocks are present in 
northern Nye, Elko, Eureka, and White Pine 
Counties

Tr1 Older rhyolitic flows and shallow intrusive rocks 
(lower Oligocene to middle Eocene)—
Includes rhyolitic lava of Portuguese 
Mountain in northern Nye County, 
rhyodacite in Elko Hills in Elko County, and 
other unnamed units. The rhyodacite in Elko 
Hills was shown on the 1978 State map as 
unit Tr1, and on the Elko County map as 
the Jurassic Frenchie Creek Rhyolite. It was 
subsequently renamed the Rhyodacite of 
Elko Mountain (Ketner, 1990) when the late 
Eocene radiometric age of approximately 
39.5 Ma was obtained. It corresponds to 
unit Tr1 on the 1978 State map. This unit is 
present in northern Nye, Elko, Eureka, and 
White Pine Counties
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Intrusive Rocks

The groupings for Tertiary intrusive rocks are both 
compositional and textural. Two phaneritic compositions, 
mafic (Tmi) and felsic (Tfi), and one aphanitic composition, 
rhyolitic (Tri), are shown. More detail on definitions of 
intrusive rocks is provided under Mesozoic Intrusive Rocks. 
A companion publication to this one with more detailed, 
updated, and accurate intrusive rock assignments should be 
consulted for northeastern Nevada (du Bray and Crafford, 
2007).

Tmi Mafic phaneritic intrusive rocks (Miocene to 
middle Eocene)—Tertiary mafic intrusive 
rocks are widely scattered across Nevada 
north of Clark County. They include rocks 
mapped as dacite and rhyodacite, diorite, 
quartz latite, and numerous undivided 
intrusive rocks on the county maps

Tfi Felsic phaneritic intrusive rocks (Miocene to 
Eocene)—Tertiary felsic intrusive rocks 
are widely scattered in every county across 
the State. They are generally described as 
granitic rocks, granodiorite, monzonite, 
quartz monzonite, alaskitic granite, quartz 
diorite, dacite, and rhyodacite in the places 
where they are shown separately on county 
maps

Tri Rhyolitic intrusive rocks with aphanitic 
groundmass (Miocene to middle 
Eocene)—Tertiary rhyolitic intrusive rocks 
also are present in every county of Nevada. 
They include many rocks mapped as rhyolite 
or rhyolite porphyry, rhyolite intrusive rocks, 
rhyolite plugs or flows, microgranite dikes, 
and many other undifferentiated intrusive 
rocks

Miocene(?) to Jurassic(?) Intrusive Rocks

These rocks are poorly constrained in age, and are shown 
only as mafic or felsic phaneritic intrusive rocks. They could 
range in age from Miocene to Jurassic. See the description 
below under Mesozoic intrusions for more details about the 
unit definitions.

TJmi Mafic phaneritic intrusive rocks—Poorly dated 
mafic intrusions are concentrated in two 
regions of Nevada, northwestern and west-
central to southwestern parts of the State. 
They crop out in northern Nye, Mineral, 
Esmeralda, Eureka, Humboldt, and Lander 
Counties, and include rocks described on the 
county maps as dioritic to andesitic rocks, 
diorite and related rocks, and granodiorite

TJfi Felsic phaneritic intrusive rocks—Poorly dated 
felsic intrusions described as granitic rocks, 

granite porphyry, granodiorite, quartz 
monzonite, and many undivided plutonic 
rocks are included here. They crop out in 
every county except Elko and northern 
Washoe

Mesozoic Intrusive and Volcanic Rocks

A few Triassic, and numerous Jurassic and Cretaceous 
plutons of various compositions are scattered across the State, 
with a concentration along the Sierra Nevada Mountains 
associated with Mesozoic arcs. Mesozoic volcanic rocks rang-
ing in composition from felsic to mafic are spread across the 
central part of the State. Their tectonic settings and origins are 
not well understood, but they are likely related to Triassic and 
Jurassic arc complexes, and possibly also to accreted terranes.

Intrusive Rocks

Intrusive rocks include many Jurassic and Cretaceous 
plutons ranging in composition from diorite to granite—
predominantly granodiorite and quartz monzonite. The 
classification scheme for the intrusive rocks is a designation 
by age (Triassic, Jurassic, or Cretaceous) and composition, 
and is much generalized, taken primarily from designations 
given in Stewart and Carlson (1978). Compositionally, rocks 
are designated as either felsic (fi) or mafic (mi), except for 
the Jurassic gabbro complex (Jgb). Where composition is 
poorly known, rocks are simply designated as (i). A more 
comprehensive analysis of intrusive rock compositions and 
textures, with updated values using actual modal data for 
northeastern Nevada, is presented in a separate publication  
(du Bray and Crafford, 2007).

Kmi Mafic phaneritic intrusive rocks (Cretaceous)—
Rocks mapped as Cretaceous dioritic rocks 
only crop out in northern Nye County in the 
San Antonio Mountains, and in a belt in far 
northwestern Nye County from the Monte 
Cristo Mountains east to the Shoshone 
Mountains

Kfi Felsic phaneritic intrusive rocks (Cretaceous)—
Granodiorite, granite, and related rocks 
make up the largest group of granitic intru-
sions exposed in Nevada. They are present 
in every county, and are especially abundant 
in west-central Nevada in an arcuate belt 
along the border with California extending 
north and eastward towards Idaho

Ki Dikes (Cretaceous)—These dike rocks of unknown 
composition are mapped in the Shawave 
Mountains in Pershing County, the Osgood 
Mountains and Edna Mountain in Humboldt 
County, and just outside of Eureka

Jgb Gabbro complex, anorthosite, and albitite (Early 
Cretaceous to Middle Jurassic)—A large 
complex of gabbroic rocks forms a series 
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of related intrusions in the northern parts 
of the Stillwater Range and Clan Alpine 
Mountains of Churchill County and in the 
West Humboldt Range of Pershing County 
(Willden and Speed, 1974). It also may 
extend into the Trinity Range and Shawave 
Mountains in western Churchill County 
(Greene, Stewart, and others, 1991). The 
complex contains highly differentiated 
facies near the periphery of the body and 
more homogeneous gabbro in the interior. 
Layered rocks near the margins include 
picrite, olivine gabbro, hornblende gabbro, 
and anorthosite. The homogeneous rocks 
consist largely of feldspathic hornblende 
gabbro and analcite gabbro. The complex 
is interpreted to be part of a continental 
Jurassic volcanic arc that is the northern 
continuation of a Jurassic continental margin 
arc that extended from the Sonora Desert 
region in the south to northern California in 
the north (Dilek and Moores, 1995; Zientek, 
Sidder, and Zierenberg, 2004). Biotites from 
several places in the gabbro have been dated 
by K/Ar and range from 140 to 170 Ma

Jmi Older mafic phaneritic intrusive rocks 
(Jurassic)—Unit includes diorite in northern 
Elko County, diorite to granodiorite in the 
Toquima Range of northern Nye County, 
and dioritic rocks in western Churchill 
County

Jfi Older felsic phaneritic intrusive rocks 
(Jurassic)—Concentrated in two areas of 
the State; common in the west-central part 
of the State along the California border in 
Mineral, Esmeralda, Lyon, Douglas, and 
Carson Counties. There is another more 
widely scattered group in eastern and central 
Nevada in Elko, Eureka, and White Pine 
Counties. Scattered occurrences also are 
present in Humboldt, Churchill, Lander, and 
Pershing Counties. Compositions are mainly 
granitic, granodiorite, and quartz monzonite

Ji Phaneritic intrusive rocks (Jurassic)—Quartz 
monzonite to Quartz diorite intrusions crop 
out in west-central Nevada in the Singatse 
Range in Lyon County, the Gillis Range in 
Mineral County, the Toquima Range on the 
Nye/Lander County boundary, in northern 
Nevada at Buffalo Mountain in Humboldt 
County, and in the East Range in Pershing 
County

dfi Felsic phaneritic intrusive rocks (Triassic)—
Intrusive rocks crop out in the East Range 
and Humboldt Range in Pershing County 
associated with the Koipato Group volcanic 

rocks (dkv). They intrude upper Paleozoic 
rocks of the Golconda terrane (GC) and 
rocks of the Koipato Group. Limited older 
evidence suggests that these rocks may 
be Triassic (Silberling and Wallace, 1967; 
Wallace, Silberling, and others, 1969; 
Wallace, Tatlock, and Silberling, 1960; 
Wallace, Tatlock, and others, 1969), but new 
data (du Bray and Crafford, 2007) suggests 
that most of the intrusive rocks mapped as 
Triassic in the East and Humboldt Ranges 
are Cretaceous or younger. In northern 
Esmeralda County between the Royston 
Hills and the Monte Cristo Range small 
exposures of Upper Triassic plutons are 
inferred to relate to the Lee Vining intrusive 
epoch in eastern California (Stewart, 1980). 
These rocks also intrude into the Golconda 
terrane (GC)

Volcanic Rocks

Triassic volcanic rocks are present only in west-central 
Nevada. They include the Koipato Group (dkv) volcanic and 
sedimentary rocks which unconformably overlie the Golconda 
terrane in a large area of eastern Pershing County and mafic 
volcanic rocks (dvm) in the Humboldt and East Ranges 
in Pershing County that are present as flows interbedded 
with Triassic carbonate rocks. Jurassic felsic volcanic rocks 
(Jvr) are isolated in the Cortez Mountains and Dry Hills 
around Crescent Valley in northern Eureka County near 
Carlin. Jurassic basaltic rocks (Jvb) are present in Churchill 
County in the Stillwater Range associated with Jurassic 
gabbro (Jgb) and quartzose sandstone (Jcg). In far western 
Nevada around Reno, a sequence of Triassic(?) and Jurassic(?) 
metamorphosed volcanic rocks (Jdv) is dissimilar to other 
Mesozoic rocks in the area, and may represent a distinct 
terrane.

Jvb Flows, basaltic tuffs, and lapilli tuffs (Middle(?) 
Jurassic)—Layered tuff, lapilli tuff, bedded 
agglomerate, tuff breccia, autobreccia, and 
lava, chiefly basaltic. Jurassic mafic volcanic 
rocks are present in the Stillwater Range in 
Churchill County, with smaller exposures 
in the West Humboldt Range. In the Still-
water Range they are intimately associ-
ated with gabbroic intrusive rocks (Jgb). 
They conformably overlie and locally are 
interbedded with quartz arenite (Jcg). The 
lavas are homogeneous basalts that contain 
microphenocrysts of labradorite, diopsidic 
augite, and talc-hematite after olivine. The 
groundmass is plagioclase-clinopyroxene-
iron oxide (Willden and Speed, 1974). They 
are believed to be Middle Jurassic because 
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they are thought to be comagmatic with the 
gabbro (Jgb). This unit is included within 
the 1978 State map unit Jgb

Jvr Rhyolite flows, tuffs, and volcaniclastic rocks 
(Upper Jurassic)—Rhyolite flows, felsic 
ash-flow tuffs and volcaniclastic rocks 
of the Pony Trail Group (Muffler, 1964) 
are the only recognized Jurassic felsic 
volcanic rocks in Nevada, cropping out 
in northern Eureka County in the Cortez 
Mountains area. They are dated as Jurassic 
by a radiometric date from 1972 (Smith 
and Ketner, 1976). The Pony Trail Group 
is made up of (in ascending order) the 
volcaniclastic Big Pole Formation; a silicic 
ash-flow tuff unit, the Sod House Tuff; and 
the boldly outcropping Frenchie Creek 
Rhyolite made of tuffs, volcaniclastic 
horizons and flows (Smith and Ketner, 
1976). While some of these rocks likely are 
Jurassic, rocks mapped on the Elko County 
map as the Frenchie Creek Rhyolite exposed 
in the Elko Hills northeast of Elko have 
been shown to be Tertiary and renamed 
(Ketner, 1990) so it is possible that parts 
of the section included in the Frenchie 
Creek Rhyolite are not Jurassic. This unit 
corresponds to unit Jv on the 1978 State 
map

Jdv Metavolcanic rocks (Jurassic(?) and 
Triassic(?))—Metamorphosed (generally 
greenschist-facies) andesite and dacite flows 
and breccias, flow-banded rhyolite and 
rhyodacite, welded tuff, local hypabyssal 
intrusive rocks, and minor amounts of 
volcaniclastic sandstone and conglomerate 
(Greene, Stewart, and others, 1991). 
This unit includes the Peavine sequence 
in Washoe County, and other unnamed 
metasedimentary and metavolcanic rocks 
in Lyon, Douglas, Carson, and Churchill 
Counties. These rocks are considered 
distinct from the other metavolcanic and 
metasedimentary rocks in adjacent Mesozoic 
terranes. They are included in unit Jdsv on 
the 1978 State map

dvm Mafic flows and volcanic breccias (lower Upper 
Triassic to lower Middle Triassic)—
Amygdaloidal, nonporphyritic, massive 
flows and breccia, tuff, and tuffaceous 
argillite are interbedded with limestones in 
the Smelser Pass Member of the Augusta 
Mountain Formation in the Star Peak Group 
Triassic sedimentary rocks (dc) in Pershing 
County (Nichols and Silberling, 1977b). 
They are well dated by abundant fossils 

from the surrounding rocks and range from 
lower Upper Triassic (Carnian) to lower 
Middle Triassic (Anisian) (Silberling and 
Wallace, 1969). They are not divided out on 
the 1978 State map from the surrounding 
Triassic carbonate unit dc

dkv Andesite, rhyolite, tuff, and volcaniclastic rocks 
(Middle and Lower Triassic)—Andesite, 
rhyolite, tuff, and generally siliceous 
volcaniclastic rocks make up the Koipato 
Group, which lies unconformably below the 
Humboldt assemblage. The Koipato Group 
consists of altered porphyritic andesite 
flows and flow breccia of the Limerick 
Greenstone, altered felsite and coarse-
grained tuffaceous sedimentary rocks of 
the Rochester Rhyolite, and quartz-rich 
ash-flow tuff and tuffaceous sedimentary 
rocks of the Weaver Rhyolite. It is present 
in Churchill, Humboldt, Lander, and mostly 
Pershing Counties where it unconformably 
overlies deformed rocks of the Golconda 
terrane (GC). The upper part of the Koipato 
contains late Early Triassic (Spathian) 
fossils (Silberling, 1973; Wallace, Tatlock, 
and others, 1969). It is depositionally 
overlain by the Star Peak Group (dc), a 
sequence of carbonate platform deposits 
at the base of the Humboldt assemblage. 
Radiometric dates from the 1970s (McKee 
and Burke, 1972) suggest a Middle to Early 
Triassic age

Mesozoic Terranes, Sedimentary Rocks, and 
Assemblages

Ten different groupings of Mesozoic terranes, 
sedimentary rocks, and assemblages are recognized in 
the State. Mesozoic sedimentary rocks are difficult to 
classify because of the diversity of their structural histories, 
depositional settings, and basements coupled with our 
incomplete knowledge of their relations to one another. 
Generally, they can be grouped into two categories—those 
sequences that are deposited on a known basement, and those 
sequences that are strongly disrupted and their basement is 
either unknown or intimately deformed along with them as 
part of a larger terrane. In places where the Mesozoic rocks 
have a complex deformation history, they are not grouped 
by formation, but rather they are grouped as either terranes 
or assemblages. Terranes are used in the classic sense for 
fault-bounded geologic entities of regional extent, each 
characterized by a geologic history that is different from the 
histories of contiguous terranes (Jones, Howell, and others, 
1983). Assemblage, an informal term, is used for a group of 
related rock units within a terrane or for a unit (or units) that 
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has a known basement, but is geographically isolated and 
lithologically and (or) structurally distinct from other coeval 
rocks. This can result in traditional formation names being 
used across assemblages, but it provides a clearer picture of 
the tectonic groupings of the rocks. This, in turn, provides the 
framework for understanding the overall tectonic evolution 
of these rocks and how their complex relations to one another 
have evolved over time. The groupings used here generally 
follow earlier terrane maps and discussions (Silberling, 1991; 
Silberling, Jones, and others, 1987; Silberling, Jones, and 
others, 1992) with a few modifications.

The disrupted rocks with unknown basement include 
those in:

• the Walker Lake terrane composed of Mesozoic car-
bonate, siliclastic, volcanic, and volcaniclastic rocks 
in Lyon, Mineral, and western Nye Counties which is 
broken into three distinct assemblages (WPN, WPL, 
WLB), 

• the Black Rock-Jackson terrane (BRJ) that includes 
Mississippian to Middle Jurassic carbonate, clastic, 
and volcaniclastic rocks,

• the Sand Springs terrane (SAS) which extends from 
the northwestern corner of Nye County northwest into 
Washoe County, consisting mostly of volcanic rocks of 
Late Triassic and Early Jurassic age,

• the Quartz Mountain terrane (QM), a structurally 
disrupted unit of unknown Mesozoic or Paleozoic 
age in Churchill and northern Nye Counties, which is 
distinguished lithologically by the association of ortho-
quartzite with feldspathic sandstone and (or) volcanic 
rocks, and

• the Jungo terrane (JO) in west central and northwest-
ern Nevada consisting of Triassic to Lower Jurassic 
fine-grained terrigenous clastic rocks.

All of the rocks of these terranes have experienced 
varying degrees of deformation and metamorphism, and have 
complex tectonic histories.

The rocks that are deposited on a known basement 
include:

• Localized clastic rocks (TKcg, Kcg, Jcg) scattered in 
several places across the State,

• the Gold Range assemblage (Jdgor) in Mineral and 
western Nye Counties,

• the Humboldt assemblage (dc, Jds) in a large area of 
Pershing, Churchill, and Lander Counties,

• the Candelaria Formation (dcl) of the Siliciclastic 
overlap assemblage best exposed south of Mina, and

• the Cratonal sequence (dmt, Jdch, Jas) in the 
eastern and southern parts of the State.

Terranes

Walker Lake Terrane

The Walker Lake terrane is divided into three assem-
blages or allochthons, not two subterranes as in earlier 
discussions (Silberling, oral commun., 2006). The three 
assemblages, Pine Nut (WPN), Pamlico-Lodi (WPL), and 
Luning-Berlin (WLB), have similar but not identical strati-
graphic characteristics, and the Pine Nut assemblage has a 
distinct structural history. The Pamlico-Lodi and Luning-
Berlin assemblages have different degrees of similar defor-
mation, and different stratigraphic sequences in the oldest 
and youngest rocks. All three assemblages are structurally 
bounded from one another. Together, they form a southeast-
vergent accretionary complex of Triassic volcanogenic rocks, 
in part, interfingering with and overlain by an extensive Upper 
Triassic to Lower Jurassic carbonate platform assemblage 
that has intercalations of terrigenous and volcaniclastic rocks, 
and grades upward into nonmarine terrigenous clastic and 
volcanogenic rocks (Silberling, 1991). The upper Paleozoic 
andesitic rocks originally included here (Pablo Formation) 
are now reassigned to the Golconda terrane, and are overlain 
by the distinct Gold Range assemblage (Jdgor). The Sand 
Springs assemblage, originally included in the Paradise terrane 
(Silberling, Jones, and others, 1987), also has been designated 
as a separate terrane and is not included here. The oldest 
Mesozoic rocks in this terrane containing abundant quartzose 
and continentally derived clastic materials are latest Triassic 
in age; the youngest stratified rocks are partly synorogenic 
deposits of late Early Jurassic and possibly younger age 
(Silberling, 1984; Whitebread and John, 1992). Rocks in the 
Pamlico-Lodi and Luning-Berlin assemblages are present in 
numerous thrust nappes representing several major juxtaposed 
allochthons (Oldow, 1984a; Oldow, Satterfield, and Silberling, 
1993; Silberling and John, 1989; Silberling, Jones, and others, 
1992; Speed, Silberling, and others, 1989).

WPN Pine Nut assemblage—Volcanogenic, carbonate, 
and clastic rocks (Middle(?) Jurassic 
to Middle Triassic)—This assemblage is 
composed of Upper Triassic basinal-marine 
volcanic and carbonate rocks overlain 
by Lower Jurassic fine-grained, marine 
siliciclastic and tuffaceous sedimentary 
rocks, and by partly nonmarine sandstone, 
coarse clastic rocks, and volcanic rocks of 
late Early Jurassic and possibly younger 
age. This assemblage has stratigraphic 
similarities to the Luning-Berlin and 
Pamlico-Lodi assemblages, but shares 
only part of their late Mesozoic structural 
history, and is separated from them by the 
linear trace of the northwesterly trending 
Pine Nut fault (Oldow, 1984a; Silberling, 
Jones, and others, 1992). Structurally, the 
rocks are involved in only a single phase of 
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tight to isoclinal folds with north-northwest 
striking axial planes, and no major internal 
thrust faults are known (Oldow, 1984a). 
The Pine Nut assemblage crops out in 
southern Washoe, Lyon, Douglas, Carson, 
and Mineral Counties, and includes 
rocks originally mapped as the Excelsior 
Formation, the Peavine sequence, and other 
metasedimentary and metavolcanic rocks

WPL Pamlico-Lodi assemblage—Carbonate and 
volcanogenic rocks (Middle(?) Jurassic 
to Middle Triassic)—The Pamlico-
Lodi assemblage differs stratigraphically 
from the Luning-Berlin assemblage in 
that the Triassic carbonate sequences 
are interstratified with volcanic and 
volcanogenic rocks, not continentally 
derived epiclastic chert, conglomerate, 
sandstone, and argillite (Oldow, Satterfield, 
and Silberling, 1993; Silberling and John, 
1989). The uppermost part of the sequence 
is a regionally extensive carbonate shelf 
like the Luning-Berlin assemblage. This is 
conformably overlain by quartz arenite and 
poorly sorted coarse clastic rocks faunally 
dated as Early Jurassic that grade upward 
into volcanogenic sedimentary and volcanic 
rocks (Oldow, 1984a; Oldow and Bartel, 
1987). The Pamlico-Lodi assemblage 
has a polyphase folding history similar to 
the Luning-Berlin assemblage that was 
caused by northwest-southeast directed 
thrusting that displaced the rocks tens of 
kilometers toward the southeast (Oldow, 
1984a). Compared with the Luning-Berlin 
assemblage to the east, however, rocks of the 
Pamlico-Lodi assemblage manifest much 
more shortening from this first deformation 
of southeast-directed tectonic transport 
(Speed, Silberling, and others, 1989). This 
assemblage is exposed in Churchill, Mineral, 
and northern Nye Counties. It includes 
rocks mapped as Dunlap, Excelsior, Gabbs, 
Sunrise, and Luning Formations

WLB Luning-Berlin assemblage—Carbonate and 
terrigenous clastic rocks (Middle(?) 
Jurassic to Middle Triassic)—Assemblage 
is underlain by the regionally extensive 
Luning thrust  and lies structurally below the 
Pamlico-Lodi assemblage (WPL) (Oldow, 
1984a). The Upper Triassic continental shelf 
sequence part of WLB consists of platform 
carbonate rocks and shallow-marine to 
deltaic-clastic rocks. Minor amounts of 
volcanogenic rocks are interbedded with 

terrigenous clastic rocks near the western 
margin of the assemblage (Oldow, 1984a). 
These are conformably overlain by Lower 
(Pliensbachian) to Middle Jurassic quartz 
arenite and coarse clastic rocks which 
grade upward into volcanogenic rocks 
(Oldow, 1984a; Oldow and Bartel, 1987). 
Rocks of the Luning-Berlin assemblage are 
involved in a complex deformational history 
involving first northwest-southeast thrusting, 
followed by second folds with north-
northwest to west-northwest axial planes 
(Oldow, 1984a). The folding is constrained 
between Middle Jurassic and Late 
Cretaceous (90 Ma) (Oldow, 1984a). Rocks 
that have been assigned to the Dunlap, 
Gabbs, Sunrise, Luning, and Grantsville 
Formations are included in this assemblage 
(Silberling, 1984; Whitebread and John, 
1992)

Black Rock-Jackson Terrane

BRJ Basinal, island arc, carbonate, and 
volcanogenic rocks (Middle Jurassic to 
Mississippian)—This composite terrane 
includes Mississippian to Middle Triassic 
oceanic-basin and island-arc rocks in 
isolated exposures in northwesternmost 
Nevada originally assigned to the Black 
Rock terrane, and Upper Triassic to Middle 
Jurassic volcanogenic and volcanic rocks 
of the Jackson terrane in the same region. 
These rocks crop out in southern Washoe, 
Humboldt, and Pershing Counties. Parts of 
the Black Rock terrane can be interpreted as 
the base of the Jackson terrane, but they are 
generally structurally juxtaposed throughout 
the region (Jones, 1990; Russell, 1984; 
Silberling, Jones, and others, 1987; Wyld, 
1990). Rocks of this terrane have affinities 
with correlative rocks in the Eastern 
Klamath and Northern Sierra terranes in 
California (Silberling, Jones, and others, 
1992)

Sand Springs Terrane

SAS Basinal volcanogenic rocks and carbonate 
turbidites (Lower Jurassic and Upper 
Triassic)—The Sand Springs terrane is 
a highly deformed, thick, mainly basinal 
volcanogenic assemblage of rocks at least 
partly of early Mesozoic age and possibly 
having affinities with rocks of the Black 
Rock-Jackson terrane (Silberling, 1991). 
The presumably oldest Mesozoic rocks 
are volcanogenic and carbonate turbidites 
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interbedded with mudstone which grade 
upward into interbedded basinal carbonates 
and volcanogenic rocks containing Late 
Triassic faunas (Oldow, 1984a). Elsewhere, 
interbedded carbonate, volcanic, and 
volcanogenic rocks are assigned an Early to 
Middle Jurassic age and represent relatively 
shallow-marine to subaerial deposition 
(Oldow, 1984a). Although structural 
relations in the Sand Springs terrane are 
locally complicated by later Cenozoic 
deformation, the rocks appear to have been 
involved in major northwest-southeast 
shortening between the Early Jurassic and 
Late Cretaceous (80 Ma) (Oldow, 1984a). 
The rocks of the Sand Springs terrane crop 
out in southern Washoe, Pershing, Churchill, 
Mineral, and northern Nye Counties

Quartz Mountain Terrane

QM Orthoquartzite, feldspathic sandstone, and volcan-
ic rocks (Mesozoic or Paleozoic, possibly 
Jurassic)—The Quartz Mountain terrane, of 
unknown Mesozoic or Paleozoic age, is dis-
tinguished lithologically by the association 
of orthoquartzite with feldspathic sandstone 
and (or) volcanic rocks (Silberling, oral 
commun., 2006). Other rock types include 
metapelite, dolomite, and locally derived 
coarse clastic rocks (Silberling and John, 
1989). This structurally disrupted mass is 
intricately intruded by and structurally brec-
ciated with igneous rocks in the Lodi Hills. 
The structures that bound the intrusive rocks 
are thought to postdate the fault or faults on 
which the sedimentary rocks of the Quartz 
Mountain terrane were originally emplaced 
(Silberling and John, 1989). Exposures 
in the La Plata quadrangle mapped as the 
Mountain Well sequence, have here been 
assigned to the Quartz Mountain terrane 
(John and Silberling, 1994). These rocks 
are exposed in Churchill and northern Nye 
Counties

Jungo Terrane

JO Turbiditic, fine-grained, terrigenous clastic rocks 
(Middle Jurassic to Upper Triassic)—The 
Jungo terrane, also called the Lovelock 
assemblage or Fencemaker allochthon 
(Oldow, Satterfield, and Silberling, 1993), 
consists of complexly deformed, thick 
basinal, turbiditic, fine-grained, terrigenous 
clastic rocks, mainly Norian, but also as 
young as Pliensbachian (Late Triassic and 

Early Jurassic) age. It crops out in southern 
Washoe, Churchill, Humboldt, and Pershing 
Counties. These rocks represent the basinal 
facies component of the Auld Lang Syne 
Group (Burke and Silberling, 1973; Lupe 
and Silberling, 1985). The Jungo terrane 
has no known basement and is structurally 
detached from coeval shelf facies 
(Silberling, Jones, and others, 1992). It is 
locally overlain unconformably by Middle 
or Upper Jurassic peritidal sedimentary 
rocks (Jcg) intruded by a gabbroic igneous 
assemblage (Silberling, 1991). Rocks 
included with the Jungo terrane were 
originally mapped as the Grass Valley 
Formation of the Auld Lang Syne Group 
in Humboldt and Pershing Counties; some 
rocks were mapped as the Happy Creek 
Volcanic “series” (now the Happy Creek 
Volcanic Complex) in Humboldt County, the 
Nightingale sequence in southern Washoe 
County, the Osobb Formation of the Auld 
Lang Syne Group in Churchill County, and 
the Winnemucca and Raspberry Formations 
of the Auld Lang Syne Group (Compton, 
1960) in the Santa Rosa Range in Humboldt 
County

Sedimentary Rocks and Assemblages

Localized Clastic Rocks

Scattered occurrences of Mesozoic conglomeratic rocks 
and sandstone (TKcg, Kcg, Jcg) are present in several places 
in Nevada. They lie unconformably over older, deformed rocks 
thus serving as important age constraints on underlying rocks 
and deformation. Their isolated occurrences are significant 
indicators of local and regional tectonic events, but their ages 
are generally poorly constrained.

TKcg Conglomerate and clastic rocks (Tertiary(?) and 
Cretaceous(?))—These conglomeratic, tuff-
aceous, and other clastic rocks are not well 
enough constrained to be assigned either 
a Tertiary (unit TKs1) or Cretaceous (unit 
Kcg) age, so they are grouped as TKcg. 
Like the Cretaceous clastic unit Kcg, these 
rocks sit unconformably on many different 
age rocks. Included in this unit are units pre-
viously mapped as “Older clastic rocks” in 
Lincoln County; conglomerate, clastic rocks, 
and tuff in northern Nye County; the Gale 
Hills Formation in Clark County; and the 
Pansy Lee Conglomerate in the Krum Hills 
and Jackson Mountains in Humboldt County

Kcg Siltstone, shale, conglomerate, and limestone 
(Cretaceous)—Includes detrital deposits of 
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continental origin, and locally derived fluvial 
and lacustrine clastic rocks, some interbed-
ded with siltstone and freshwater limestone. 
Outcrops are concentrated in three separate 
areas of the State. In each place, limited 
biostratigraphic data indicate these rocks 
are Cretaceous. The King Lear Formation in 
the Jackson Mountains in Humboldt County 
lies unconformably on Triassic and older 
rocks of the Black Rock-Jackson terrane. 
The Newark Canyon Formation crops out 
mostly in Eureka and White Pine Counties 
but extends into Elko and Nye Counties as 
well, and rests unconformably on Ordovi-
cian to Permian rocks. In places it is difficult 
to distinguish Upper Devonian, Pennsylva-
nian, and Permian clastic rocks also derived 
from the nearby underlying bedrock from 
the Newark Canyon Formation, and some 
confusion still exists. The Willow Tank 
Formation in Clark County lies unconform-
ably on Jurassic rocks and is overlain by 
what was mapped as the Baseline Sandstone 
and Overton Fanglomerate (now referred to 
as the Overton Conglomerate Member of the 
Baseline Sandstone), all of Cretaceous age

Jcg Conglomerate, limestone, and quartz sandstone 
(Middle and Lower Jurassic)—The Boyer 
Ranch Formation in the Clan Alpine and 
Stillwater Ranges in Pershing and Churchill 
Counties consists of a basal conglomerate 
overlain by partly silicified limestone that 
is overlain by quartz sandstone. In places 
it rests unconformably over Upper Triassic 
or younger rocks (Speed and Jones, 1969) 
of the Jungo terrane (JO), constraining 
its maximum age, and elsewhere it is 
faulted over Late Triassic and Early 
Jurassic rocks (Speed and Jones, 1969). 
The occurrence of conglomerate-bearing 
clasts of underlying units at the base of the 
formation supports the interpretation of 
unconformable basal contacts even though 
the unit is strongly folded (Speed and Jones, 
1969). It is overlain by volcanic rocks that 
are comagmatic with the adjacent Middle 
Jurassic gabbro. In the Pamlico-Lodi (WPL) 
and Luning-Berlin (WLB) assemblages of 
the Walker Lake terrane and the Gold Range 
assemblage (Jdgor), a coarse clastic and 
shallow marine unit of Jurassic age has been 
mapped as the Dunlap Formation (Stewart 
and Carlson, 1978). It lies unconformably 
over both Permian and Triassic rocks 
(Oldow, 1981), and disconformably over 
other Triassic and Lower Jurassic rocks 

(Oldow and Bartel, 1987). Some of the rocks 
mapped as Dunlap likely belong in unit Jcg, 
however, it is not consistently defined on the 
Nye, Mineral, and Esmeralda County maps, 
and in many places rocks originally mapped 
as Dunlap have turned out to be a variety of 
other units. The Dunlap Formation therefore 
has not been separated from the other 
Mesozoic rocks on this map at this time, 
but it may belong with a more regional Jcg 
unit that defines an important mid-Mesozoic 
tectonic constraint

Gold Range Assemblage

Jdgor Terrigenous clastic and volcanogenic rocks 
(Lower Jurassic and Upper Triassic)—
The Gold Range assemblage consists of 
mainly nonmarine, terrigenous clastic, and 
volcanogenic rocks of probable Late Triassic 
to Middle Jurassic ages, and local volcanic 
rocks having younger Mesozoic radiometric 
ages (Silberling, 1991). It is lying with 
angular unconformity over Permian rocks 
included in the Golconda terrane (GC). 
The oldest rocks are interbedded, subaerial 
and shallow-marine terrigenous clastic, 
volcaniclastic, and minor carbonate rocks 
overlain by shelf carbonates containing 
Early Jurassic pelecypods. Unfossiliferous 
quartz arenite and coarse clastic rocks 
disconformably overlie the shelf carbonate 
and grade upward into poorly sorted 
volcanogenic sandstone and coarse clastic 
rocks (Oldow, 1984a; Oldow and Bartel, 
1987). The assemblage is deformed by 
northeast-trending folds associated with the 
overlying Luning thrust as well as younger 
northwest-trending folds (Oldow, 1984a). 
Archbold and Paul (1970) named these 
rocks the Gold Range Formation. They were 
originally mapped as the Luning Formation 
and in a few cases, the Excelsior Formation 
by early workers (Archbold and Paul, 1970, 
p. 6). Speed (1977a) later modified the 
definition of the Gold Range Formation. 
Oldow (1981) included some of these rocks 
in the Water Canyon assemblage. These 
rocks were included with the Paradise 
terrane (Silberling, Jones, and others, 1987; 
Silberling, Jones, and others, 1992), but 
have been separated here in agreement 
with Silberling (1991). Silberling (1991) 
used “Gold Range terrane” to include 
the unconformably underlying Permian 
rocks of the Mina Formation. Since the 
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basement rocks are here included with the 
Golconda terrane, the term “Gold Range 
assemblage” is used only for the Mesozoic 
rocks unconformably overlying the Permian 
basement. The Gold Range assemblage is 
in the same tectonostratigraphic position 
as the Humboldt assemblage—both are 
overlying rocks of the Golconda terrane with 
a strong angular unconformity. While these 
assemblages are similar in overall age, they 
have different stratigraphic sequences and 
thus paleogeographic settings. The exact 
stratigraphy of the Gold Range assemblage 
and whether or not it includes younger 
Cretaceous volcanic rocks (Silberling, Jones, 
and others, 1987; Stewart, 1980) is not clear. 
This assemblage crops out in Esmeralda, 
Mineral, and northern Nye Counties

Humboldt Assemblage

A thick carbonate and clastic sequence of Triassic and 
Early Jurassic age (dc, Jds) was deposited on top of the 
Lower Triassic volcanic Koipato Group (dkv) throughout 
a large area of Pershing, Churchill, and Lander Counties 
(Oldow, 1984a). These sedimentary rocks crop out in central 
Nevada and are geographically isolated and stratigraphically 
distinct from stratigraphic sequences to the east. They exhibit 
varying degrees of deformation, but can still be defined as 
coherent sequences of strata. They may be paleogeographi-
cally related to rocks of similar ages and facies that are part of 
accreted terranes now located to the west, but each terrane and 
assemblage has somewhat different structural and stratigraphic 
characteristics.

Jds Shale, siltstone, sandstone, and minor carbonate 
(Lower Jurassic to Upper Triassic)—
Rocks of the Grass Valley, Osobb, and 
Dun Glen Formations, and their unnamed 
overlying rocks elsewhere known as 
the Winnemucca Formation, exposed in 
Pershing, Churchill, Lander, and Humboldt 
Counties, characterize this unit. These 
rocks are depositional on top of the Star 
Peak Group carbonate and detrital rocks 
(dc). Crossbedding, lode casts, and other 
depositional features indicate uniform 
northwest-trending current directions. The 
lithology and depositional characteristics 
of these rocks suggest shallow marine 
conditions on and around a westerly 
prograding delta (Silberling and Wallace, 
1969). Fossils from these rocks range in age 
from Late Triassic (Norian) to Early Jurassic 
(Toarcian) (Silberling and Wallace, 1969)

dc Limestone, dolomite, shale, sandstone, and con-
glomerate (middle Upper to upper Lower 

Triassic (Carnian to Spathian))—Unit 
consists of the Star Peak Group which 
lies depositionally on the volcanic and 
volcaniclastic rocks of the Koipato Group 
(dkv). Map unit includes rocks mapped as 
Cane Spring, Natchez Pass, Prida, Augusta 
Mountain, Congress Canyon, Fossil Hill, 
Favret, Dixie Valley, and Tobin Formations, 
including Smelser Pass, Panther Canyon, 
and Home Station Members of the Augusta 
Mountain Formation. Basaltic flows and 
volcanic breccias (dvm) are present in the 
Humboldt and northern Stillwater Ranges 
within the Smelser Pass Member of the 
Augusta Mountain Formation. The Star 
Peak Group includes carbonate platform 
deposits and grades westward into slope 
and basin paleogeographic environments. 
Complex stratigraphic patterns of carbonate 
and terrigenous rocks in the lower part of the 
group result from localized relative uplift. 
Widespread diagenetic secondary dolomiti-
zation of calcareous rocks complicates the 
stratigraphic patterns (Nichols and Silber-
ling, 1977b). There is a major unconformity 
within the Star Peak Group underneath 
the Panther Canyon Member, which is late 
Ladinian (late Middle Triassic) in age. The 
Panther Canyon Member rests in places 
directly on the noncarbonate rocks of either 
the Koipato Group (dkv) or the Golconda 
terrane (GC), and elsewhere on varying 
thicknesses of secondary dolomite that 
replaces Star Peak Group carbonate rocks. 
The Star Peak Group crops out in Churchill, 
Humboldt, Lander, and mostly Pershing 
Counties. Abundant fossil data from the Star 
Peak Group indicates this unit is latest Early 
(Spathian) to middle Late (Carnian) Triassic 
in age (Nichols and Silberling, 1977b)

Siliciclastic Overlap Assemblage

The Candelaria Formation (dcl) is the only Mesozoic 
unit grouped with the Siliciclastic overlap assemblage (dcl, 
Pacl, Phacl) which is discussed in detail under Paleozoic 
rocks.

dcl Shale, sandstone, and limestone (Lower 
Triassic)—Shale with interbedded 
sandstone and minor limestone characterize 
the Lower Triassic Candelaria Formation 
(Ferguson, Muller, and Cathcart, 1954). 
This vertically coarsening sequence grades 
up into a distal volcanogenic turbidite in 
the middle and a proximal turbidite and 
breccia near the top (Stewart, 1980). The 
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basal strata of the Candelaria are earliest 
Triassic (Griesbachian) and the highest are 
late Early Triassic (early Spathian) (Speed, 
Silberling, and others, 1989). It is equivalent 
in age to the marine Dinwoody Formation 
of northwestern Utah and southeastern 
Idaho, and possibly, to the lower part of the 
predominantly volcanic Koipato Group in 
northwestern Nevada (Poole and Wardlaw, 
1978). The Candelaria Formation is mainly 
exposed near the old mining camp of 
Candelaria, located a little more than 20 mi 
south of Mina, in Mineral County. Another 
exposure also has been described from the 
southern Toquima Range in Nye County, 
and a collection of Early Triassic fauna was 
recovered from flaggy brown siltstone from 
the west side of the Toiyabe Range east 
of Ione (Poole and Wardlaw, 1978). Early 
Triassic conodonts in clastic rocks in the 
northern Hot Creek Range near Morey Peak 
suggest that some of these rocks may also 
be correlative with the Candelaria. These 
additional Early Triassic locals suggest 
that the Candelaria may have been more 
extensive, or is still unrecognized elsewhere 
in the central part of the State. The nature of 
the basal contact is critical to determining 
the appropriate paleogeographic setting 
and regional grouping for this unit. If the 
basal contact is a major structure, then the 
Candelaria likely represents a section of 
one of the many Mesozoic terranes that 
have been emplaced from the west. If the 
contact is fundamentally sedimentary, 
albeit disconformable or unconformable, 
then it constrains an important piece of the 
paleogeographic tectonic puzzle of Nevada 
geology. The Candelaria Formation lies on 
the subjacent Permian Diablo Formation 
where it is described as unconformable by 
Ferguson and others (1954), conformable 
by Speed and others (1977, p. 303), and 
nearly conformable by Page (1959). The 
Candelaria near Willow Spring in the 
Toquima Range is described as a “probable 
unconformity” by Poole and Wardlaw 
(1978). The regional map relations for this 
unit suggest that the base is a disconformity 
or slight unconformity with the underlying 
Diablo Formation (Ferguson, Muller, and 
Cathcart, 1954; Page, 1959), but not a major 
structure. The Diablo Formation, included 
here with the Permian siliciclastic overlap 
assemblage, lies with marked unconformity 
on lower Paleozoic basinal rocks of chert, 

argillite, and shale, as discussed below. 
The Candelaria Formation is unusual in 
that it is the oldest Mesozoic sedimentary 
sequence known in Nevada, and is present 
in a restricted area only over the Permian 
rocks of the Siliciclastic overlap assemblage, 
which also suggests that it was originally 
deposited directly on those rocks. The 
presence of volcaniclastic rocks in the 
upper part of the section is an important 
tectonostratigraphic link to the rocks of 
adjacent terranes. Rocks near Quinn River, 
Nevada that are almost as old and contain 
volcaniclastic rocks in the upper part of 
the section, belong to the Black Rock-
Jackson terrane (Blome and Reed, 1995; 
Jones, 1990). Triassic rocks of similar age 
exposed south of Jarbidge in northeastern 
Elko County are juxtaposed with Permian 
rocks of the Siliciclastic overlap assemblage 
and may correlate with the Candelaria, but 
the base of the section is unknown and no 
volcanic facies are reported from those 
rocks, so they are currently included with 
the Cratonal sequence, dmt

Cratonal Sequence

Marine and continental deposits of Triassic and Jurassic 
rocks crop out east of 116° longitude. They can be correlated 
with similar deposits present to the east on the Colorado 
Plateau and eastward across the western United States. The 
older Triassic rocks are marine (dmt) and grade upward in a 
depositional sequence into continentally derived rocks (Jdch) 
and crossbedded sandstone (Jas).

Jas Eolian crossbedded sandstone (Jurassic)—Con-
sists of the Aztec Sandstone. Unit is a friable 
fine- to medium-grained sandstone with 
conspicuous large scale cross-strata (Stewart 
and Carlson, 1978). It is considered eolian. 
Its age is wholly Jurassic and does not 
include Triassic rocks as indicated on the 
1978 State map (Stewart, 1980). The Aztec 
is the westward continuation of the Navajo 
Sandstone of the Colorado Plateau. It crops 
out only in southern Nevada in Clark and 
Lincoln Counties

Jdch Continentally derived siltstone and clay (Lower 
Jurassic and Upper Triassic)—These 
continental deposits include variegated 
bentonitic claystone, siltstone, and clayey 
sandstone, ledge-forming sandstone, and 
red siltstone (Stewart and Carlson, 1978). 
The lower part of this unit is equivalent to 
the Upper Triassic Chinle Formation and 
the upper part corresponds to the Moenave 
and Kayenta Formations which are now 
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considered Lower Jurassic (Stewart, 1980). 
It crops out in Elko, Lincoln, and Clark 
Counties

dmt Marine siltstone, limestone, and conglomerate 
(Middle(?) and Lower Triassic)—Unit 
consists of marine deposits of siltstone, 
sandstone, claystone, mudstone, limestone, 
and conglomerate (Stewart and Carlson, 
1978). It includes rocks assigned to the 
Moenkopi and Thaynes Formations and 
related unnamed rocks in northern Nevada 
(Stewart, 1980). It crops out in the eastern 
part of the State in Elko, White Pine, 
Lincoln, and Clark Counties

Paleozoic Rocks

The interpretation of Paleozoic rocks in Nevada has had 
a long and colorful history that is almost as interesting as the 
rocks themselves. Paleozoic rocks in Nevada are here grouped 
into nine categories that include stratigraphic sequences, 
lithologic assemblages, and accreted terranes. These groupings 
were chosen to best represent the similarities and differences 
among different rock units.

• In the eastern third of the State, the Carbonate shelf 
sequence includes Cambrian through Permian rocks 
and their metamorphosed equivalents. While these 
rocks have seen significant post-Paleozoic disruption 
in places, the regional pattern of these rocks is one 
of either continuous conformable or disconformable 
sequences. Major unconformities are not part of this 
sequence.

• The Siliciclastic overlap assemblage is a Pennsylva-
nian through Lower Triassic sequence of siliciclastic 
and carbonate rocks that lies above a major unconfor-
mity over several other assemblages and terranes. It 
lies disconformably on Pennsylvanian Carbonate shelf 
sequence rocks and on the Foreland basin assemblage, 
and with major unconformity on lower Paleozoic 
rocks of the Slope assemblage, the Basin assemblage, 
the Nolan belt, and the Dutch Flat terrane. Its sparse 
regional distribution but consistent stratigraphic (and 
structural) position makes it an important regional tec-
tonic constraint. Lower Triassic rocks of the Siliciclas-
tic overlap assemblage only are exposed in southwest-
ern and south-central Nevada.

• The Foreland basin assemblage is an Upper Devonian 
through Lower Pennsylvanian siliciclastic sequence 
deposited on the western part of the Carbonate shelf 
sequence. There may be unconformities within the 
Foreland basin assemblage, but much of the sequence 
is conformable or disconformable, and lithologies 
above and below any breaks are similar, making them 
difficult to identify.

• In a north-south belt in the east-central part of the 
State, Ordovician through Lower Mississippian rocks 
are grouped into the Slope assemblage. In places parts 
of this assemblage are in conformable depositional 
contact with Carbonate shelf sequence rocks, and fairly 
coherent stratigraphic sequences can be defined. In 
most places, these rocks are imbricated in thrust sheets 
with rocks of both the Carbonate shelf sequence and 
the Basin assemblage. The lithologies of the Slope 
assemblage reflect deeper slope and basin depositional 
settings than their coeval Carbonate shelf sequence 
counterparts.

• Rocks of the Basin assemblage are exposed in a 
belt trending southwest and south from northeastern 
Nevada towards Esmeralda County. These Upper 
Cambrian through Devonian rocks are characteristic of 
deep marine paleogeographic settings and include both 
sedimentary rocks and occasionally their mafic volca-
nic substrate. Apart from fragments of basaltic rocks, 
no basement is preserved with these rocks, and they 
are structurally emplaced over other generally coeval 
rocks. In many places they are intimately imbricated 
with Slope assemblage rocks, and in some places they 
are imbricated with Carbonate sequence rocks. While 
biostratigraphic evidence indicates that these rocks 
range from Upper Cambrian through Devonian, few 
stratigraphic sequences can be defined within these 
strongly deformed rocks. The amount of displace-
ment experienced by the rocks in this assemblage is 
unknown and likely highly variable.

• A belt of lower Paleozoic rocks with strong affinity 
to the North American continental margin but with 
unusual structural characteristics forms a discrete belt 
west and northwest of displaced rocks of the Slope and 
Basin assemblages, and is here named the Nolan belt. 
They are different from the other Paleozoic rocks in 
a number of important ways that warrant distinction 
as a separate group. These rocks have structural 
characteristics of an accreted terrane, that is, they 
exhibit polyphase deformation, but have stratigraphic 
ties to North America that suggest they have not 
traveled great distances laterally from the continental 
margin. The three principal characteristics that define 
the Nolan belt of rocks are that (1) lithologically they 
define a region of outer shelf and slope Cambrian 
and Ordovician rocks, originally deposited in a more 
proximal position to the Carbonate shelf sequence 
than the rocks of the Basin assemblage, some of which 
now lie structurally to the east of this belt, (2) unlike 
rocks of the Basin or most of the Slope assemblage, 
they are stratigraphically attached to their Precambrian 
to Cambrian quartzite basement, and (3) they exhibit 
a unique polyphase deformation history distinct from 
adjacent coeval rocks.
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Two Paleozoic terranes are included, in addition to the 
Black Rock terrane described in the Mesozoic terranes section 
which also contains Paleozoic rocks. These terranes represent 
groups of rocks that have a range of ages and lithologies, but 
share structural or tectonic characteristics that indicate they 
have a common structural history that is distinct from the his-
tory of adjacent rocks. Some of these rocks may be displaced 
only tens of kilometers from their places of origin, while 
others may be displaced by thousands of kilometers. The rocks 
in these terranes also have tectonic histories distinct from the 
rocks of the continental margin prior to the time of their accre-
tion. The terranes were accreted by a combination of transla-
tional and compressional movement leading to large steeply 
dipping fault zones and many imbricate slices of deformed 
rocks along the boundaries between these terranes and the 
continental margin.

• The Golconda terrane is a strongly deformed group 
of Upper Devonian through Middle Permian deep 
basinal sedimentary, distal shelf clastic, volcaniclastic, 
and volcanic rocks. The only basement known for the 
Golconda terrane is slivers of Mississippian to Permian 
ocean floor mafic and ultramafic rocks interleaved with 
the deep marine sedimentary and clastic rocks. It is 
structurally emplaced over Pennsylvanian and Permian 
rocks of the Siliciclastic overlap assemblage.

• The Late Devonian or younger Dutch Flat terrane is 
represented by the Harmony Formation, feldspathic 
sandstone long thought to be Cambrian. It is uncon-
formably overlain by Pennsylvanian rocks of the 
Siliciclastic overlap assemblage providing an upper 
age limit. Its contacts with adjacent rock units are 
structural. It has a unique structural history and unique 
lithologic characteristics. Its origin and mode of 
emplacement remain uncertain.

• Finally, the Paleozoic rocks of the Black Rock-Jackson 
terrane exposed in northwesternmost Nevada have 
stratigraphic and structural affinities with coeval rocks 
in the eastern Klamath Mountains. These rocks were 
accreted to other Mesozoic rocks in Nevada during 
Jurassic and (or) Cretaceous time.

Sedimentary and Metamorphic Rocks

Carbonate Shelf Sequence

In the eastern third of the State, the Carbonate shelf 
sequence includes Cambrian through Permian rocks and their 
metamorphosed equivalents. While these rocks have seen 
significant post-Paleozoic disruption in places, the regional 
pattern of these rocks is one of either continuous conform-
able or disconformable sequences. Major unconformities are 
not part of this sequence, although disconformities are. The 
Carbonate shelf sequence rocks are principally carbonate and 
dolomite, with lesser amounts of shale, sandstone, quartzite, 

and other clastic rocks typical of middle inner shelf to plat-
form margin depositional environments. Metamorphic equiva-
lents are also present in Cambrian through Devonian rocks and 
are included in the next section. Two clastic units, the Middle 
and Upper Ordovician Eureka Quartzite (Ocq) and the Lower 
Permian siltstone and sandstone (Psc), are also part of this 
sequence, the former serving as an important marker horizon 
in the Ordovician rocks, and the latter indicating a period 
of extended subaerial deposition during the Early Permian 
across the region. The area of exposure of the Carbonate shelf 
sequence of rocks generally defines the extent of the Paleozoic 
continental shelf, although locally this area has been signifi-
cantly modified as the result of post-Paleozoic tectonism. 
The Cambrian through Devonian sequence of shelf rocks can 
be broken out reasonably well according to the depositional 
sequences discussed in Cook and Corboy (2004), which is 
similar to, but provides more detail than the groupings used 
in Stewart and Carlson (1978). Units DSc and SOc are not 
uniformly broken out across their area of exposure. In some 
places unit DSc is lumped with unit SOc, in other places unit 
SOc is lumped with unit Oec. The resulting local differences 
in the stratigraphic section are largely an artifact of the map 
units, but may locally be caused by the irregular distribution of 
these units.

Pc Cherty limestone, dolomite, shale, and sandstone 
(Middle to Lower Permian)—These 
Permian rocks include cherty limestone, 
dolomite, shale, sandstone, bioclastic 
limestone, and phosphatic limestone 
exposed in Elko, White Pine, Lincoln, and 
Clark counties. This unit includes rocks 
mapped as the Phosphoria Formation; the 
Gerster Limestone, Plympton Formation, 
Kaibab Limestone, and Grandeur Formation 
of the Park City Group; the Park City 
Group undivided; the Toroweap Formation; 
and the Coconino Sandstone. Unit Pc is 
disconformably overlain by Triassic unit 
dmt in scattered places in eastern and 
southern Nevada. It depositionally overlies 
unit Psc. It matches closely with unit Pc of 
Stewart and Carlson (1978)

Psc Siltstone, sandstone, limestone, and dolomite 
(Lower Permian, Leonardian and Wolf-
campian)—This largely siliciclastic unit of 
siltstone, sandstone, limestone, and dolomite 
crops out in Elko, White Pine, Lincoln, and 
Clark Counties. It includes rocks originally 
mapped as the Arcturus Formation, Rib 
Hill Sandstone, undivided Kaibab Lime-
stone, Toroweap Formation, and Coconino 
Sandstone in Clark County; and the Pequop 
Formation and red beds in Lincoln County. 
Unit Psc represents a strong influx of clastic 
material over the carbonate shelf during 
the Early Permian, presumably derived 
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primarily from the craton to the east. It is 
depositionally overlain by unit Pc and lies 
conformably above unit Phc. At its west-
ern and northern edges it can be difficult to 
distinguish from Permian clastic rocks of the 
Siliciclastic overlap assemblage (units Pacl 
and Phacl). It follows closely with unit Psc 
of Stewart and Carlson (1978)

Phc Limestone, dolomite, siltstone, sandstone, 
and shale (Lower Permian and 
Pennsylvanian)—Present in Elko, White 
Pine, Lincoln, and Clark Counties. This 
unit represents mostly Upper Pennsylvanian 
and Lower Permian rocks that have 
not otherwise been separated into units 
Psc or hMbc. Unit includes unnamed 
Pennsylvanian and Lower Permian 
limestone and sandstone beds in Lincoln 
County, the Bird Spring Formation in 
Clark County, the Riepe Spring and Ely 
Limestones (undivided) in White Pine 
County, and limestone and dolomite rocks 
not otherwise assigned in Elko County. This 
unit lies depositionally below unit Psc and 
above the Ely Limestone (hMbc) where it 
is mapped separately. Where unit hMbc is 
not mapped separately in southern Nevada, 
the unit lies directly on Mississippian 
carbonate (Mc) and in White Pine County 
it rests on undivided Chainman and Pilot 
Shales and Joana Limestone (shown as 
either unit hMcl or MDcl)

hMbc Bioclastic limestone (Pennsylvanian and 
Upper Mississippian)—Mostly Lower 
Pennsylvanian limestone is present in Nye, 
Elko, Eureka, White Pine, Lincoln, and 
Clark Counties, and is most commonly 
referred to as the Ely Limestone. A ledgy 
gray limestone mapped as the Moleen 
Formation is included here. It is not 
mapped separately from unit Phc in most 
of White Pine County, southeastern Elko 
County, southern Lincoln, and western 
Clark Counties. Throughout most of the 
area of exposure unit lies conformably 
or disconformably beneath unit Phc and 
depositionally above unit hMcl. In southern 
Nye County this unit includes the Tippipah 
Limestone, and in Clark County it includes 
the Callville Limestone. In a north-south 
trending belt starting at the north end of 
the Pancake Range in Nye County and 
continuing north up through the Diamond 
Mountains along the Eureka-White Pine 
County border, Lower Pennsylvanian 
limestone is overlain unconformably by 

clastic rocks of the Siliciclastic overlap 
assemblage (Pacl, Phacl). North of 
the Diamond Mountains, where Lower 
Pennsylvanian carbonate is not recognized 
separately, the coeval facies are grouped 
with unit hMcl. Unit hMbc is primarily 
Pennsylvanian, but in places contains Late 
Mississippian fossils as well

Mc Limestone (Mississippian)—This unit is present in 
southern Nye, Lincoln, and Clark Counties. 
Unit includes the Monte Cristo Limestone, 
and Lower Mississippian rocks referred to as 
the Joana, Mercury, Bristol Pass, and Rogers 
Spring Limestones. It generally lies deposi-
tionally above Devonian carbonate rocks and 
beneath Pennsylvanian carbonate and clastic 
rocks. In the Meadow Valley Mountains in 
southern Lincoln County it is also shown 
sitting on a thin horizon of Pilot Shale and 
overlain by a thin Mississippian clastic unit 
assigned to unit hMcl

Dc Limestone and minor dolomite (Upper and 
Middle Devonian)—Includes generally 
cliff-forming, thin- to thick-bedded 
limestone. These rocks are mainly shallow-
water subtidal, intertidal, and supratidal 
deposits formed on a broad inner carbonate 
shelf (Stewart, 1980). The Devils Gate 
Limestone and Guilmette Formation in 
northern Nevada are the principal units, and 
the Sultan Limestone is included from the 
southern part of the State. Unit is overlain 
(usually disconformably) by the Pilot 
Shale of unit MDcl except in southernmost 
Nevada where it is overlain by Mississippian 
carbonate (Mc). It depositionally overlies 
Middle and Lower Devonian unit Dcd. 
In a few places, such as southern Nevada 
and parts of Eureka County, regional 
mapping did not distinguish the Upper and 
Middle Devonian section from the Lower 
Devonian section, and all of the Devonian 
is included in unit Dc. Rocks mapped as 
the Simonson Dolomite would fit into this 
depositional sequence (sequences 9 and 10 
of Cook and Corboy, 2004), but they are not 
differentiated from the underlying dolomites 
in White Pine or Elko Counties, so they are 
all included in unit Dcd here, not unit Dc. 
This unit crops out in Clark, Elko, Eureka, 
Lander, Lincoln, Nye, and White Pine 
Counties

Dcd Dolomite, sandstone, and limestone (Middle and 
Lower Devonian)—Crops out over the 
same area as unit Dc. Its primary formations 
are the Sevy Dolomite and the Nevada 
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Formation (now abandoned). In White 
Pine County, there may be some undivided 
Guilmette Formation included with unit 
Dcd. Also included are the Lower Devonian 
Tor and McMonnigal Limestones in northern 
Nye County. The Simonson Dolomite is also 
included here as it is not differentiated in 
White Pine and Elko Counties. These rocks 
correspond to depositional sequences 6, 7, 
and 8 of Cook and Corboy (2004). Unit Dcd 
is overlain by unit Dc and is depositional 
on DSc. In White Pine County and most 
of Elko County, unit DSc is not broken 
out from unit SOc, hence the Devonian 
dolomite sequence appears to rest directly 
on SOc

DSc Dolomite (Lower Devonian and Silurian)—Unit 
corresponds with sequence 5 of Cook and 
Corboy (2004) and includes the Laketown 
and Lone Mountain Dolomites and equiva-
lent unnamed rocks. In White Pine County 
these rocks are grouped with the underlying 
unit SOc, but otherwise are mapped in Elko,  
Eureka, Nye, Lincoln, and Clark Counties. 
Disconformities and discontinuities are 
commonplace along both upper and lower 
contacts (Langenheim and Larson, 1973). 
Unit DSc is depositionally overlain by unit 
Dcd, except where those rocks are grouped 
with unit Dc. In general, unit DSc overlies 
unit SOc. In Clark County and parts of Elko 
County, unit SOc is not differentiated from 
unit Oec, and therefore DSc lies directly 
on Oec. In the Sulphur Spring Range, 
DSc depositionally overlies unit DSt, and 
in the Roberts Mountains it grades later-
ally and vertically down into unit DSt. The 
Lone Mountain Dolomite has been shown 
to be both primary and secondary dolomite 
(Nichols and Silberling, 1977a). Therefore 
the boundaries mapped between unit DSc 
and both underlying DSt and overlying Dcd 
are not primary depositional features in all 
cases, especially in the Roberts Mountains

SOc Dolomite, limestone, and shale (Lower Silurian to 
Middle Ordovician)—Ely Springs Dolo-
mite and Hanson Creek Formation are the 
main formations included in this unit. Many 
of the rocks in this unit are not assigned to 
a formation. A large section of the carbon-
ate platform from Early Devonian through 
latest Ordovician time is represented by 
dolomitic rocks. They commonly look 
similar, have poor biostratigraphic control, 
and thus are not always well differentiated 
on the county maps. Additionally, not all of 

the dolomite is primary, and thus boundaries 
between secondary dolomite and other rock 
units have been misinterpreted as primary 
stratigraphic boundaries, further confusing 
the stratigraphy of the lower Paleozoic shelf 
(Nichols and Silberling, 1977a). Rocks in 
this unit correspond to sequence 4 of Cook 
and Corboy (2004). This unit includes rocks 
deposited immediately above the Eureka 
Quartzite, but disconformably below the 
Lone Mountain and Laketown Dolomites, 
hence it includes the Silurian and uppermost 
Ordovician. Rocks included in unit SOc that 
are mapped as the Hanson Creek Formation 
are depositionally overlain by the Roberts 
Mountains Formation of unit DSt in the 
northern and western part of the exposure 
area. The SOc rocks mapped as Hanson 
Creek Formation are difficult to distinguish 
from units DSt and DOts, and should more 
appropriately be included in unit DOts, but 
inconsistent mapping makes this difficult. In 
general unit SOc is not differentiated from 
unit Oec in Clark County, and thus unit 
DSc lies directly on unit Oec. In Lincoln 
and Nye Counties unit SOc lies directly on 
the Eureka Quartzite (Ocq) and is over-
lain by the Laketown Dolomite (DSc). In 
southern Nye County, rocks mapped as Ely 
Springs Formation are grouped with the 
Eureka Quartzite as unit Ocq. In White 
Pine and eastern Elko Counties, the Eureka 
Quartzite is not mapped separately, and 
unit SOc therefore lies directly on unit 
Oec, which includes the quartzite. Also in 
White Pine and eastern Elko Counties, unit 
DSc is not differentiated from unit SOc, 
so SOc is overlain directly by unit Dcd. In 
the northern and western areas of exposure 
where unit SOc is mapped as Hanson Creek 
Formation it is overlain depositionally by 
unit DSt of the Slope assemblage

Ocq Quartzite (Middle Ordovician)—Because of 
its importance as a stratigraphic marker 
horizon, the Eureka Quartzite is depicted on 
this map wherever it is mapped separately 
from the Ordovician carbonate shelf rocks. It 
represents depositional sequence 3 of Cook 
and Corboy (2004). It is not differentiated 
from the rest of the Ordovician (Oec) in 
White Pine or Clark Counties, but is shown 
in Elko, Eureka, Nye, and Lincoln Counties. 
Rocks mapped as the Ely Springs Dolomite 
are included with the Eureka Quartzite in 
southern Nye County. The Eureka Quartzite 
depositionally overlies the Pogonip Group 
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(Oec), and is overlain by either the Hanson 
Creek Formation or the Ely Springs Dolo-
mite (SOc)

Oec Limestone, dolomite, and quartzite (Middle 
Ordovician to Upper Cambrian)—
Carbonate platform rocks are present in Nye, 
Lincoln, Elko, Eureka, Lander, White Pine, 
Esmeralda, and Clark Counties. This unit is 
primarily Ordovician in age but does include 
Upper Cambrian rocks at the base (Page, 
Lundstrom, and others, 2005). The Pogonip 
Group, including the Antelope Valley 
Limestone is the most common name used. 
In Clark County it also includes the Ely 
Springs Dolomite, and includes the Eureka 
Quartzite in White Pine and Clark Counties. 
Unit Oec corresponds to depositional 
sequence 2 of Cook and Corboy (2004). 
Where Ocq is mapped separately, it overlies 
Oec. Otherwise Oec is depositional 
under SOc, or in southern Nye and Clark 
Counties, it is overlain directly by DSc 
where SOc is not differentiated. Unit Oec 
depositionally overlies unit ec

ec Dolomite, limestone, and shale (Cambrian)—
Occurs in southern and eastern Nevada. 
The Bonanza King and Carrara Formations 
are the primary formations in southern Nye 
County; the Dunderberg Shale in northern 
Nye and Lincoln Counties; the Hamburg 
Dolomite in Eureka County; the Nopah 
Formation in southern Nye and Esmeralda 
Counties; the Patterson Pass and Pioche 
Shales, the Chisholm and Highland Peak 
Formations, and the Lyndon Limestone in 
Lincoln County; the Pole Canyon Limestone 
and the Lincoln Peak and Windfall 
Formations in northern Nye County; and 
undifferentiated limestone and dolomite 
in Lincoln, Clark, White Pine, Eureka, 
northern Nye, and Elko Counties. This unit 
is conformably overlain by the Ordovician 
shelf rocks (Oec), and is depositional 
on the underlying Proterozoic-Cambrian 
quartzite of eZq

Undivided and Metamorphosed Carbonate Shelf 
Sequence Rocks

Dec Dolomite and limestone (Middle Devonian to 
Upper Cambrian)—Lower Paleozoic 
dolomite and limestone present in 
southeastern Lincoln and Clark Counties 
are grouped together into unit Dec. The 
lower Paleozoic section is too thin to map 
regionally as individual units, and the 

structure is too complex in these rocks to 
accurately portray the individual units at 
this scale. In part of Clark County, these 
rocks are referred to as the Goodsprings 
Dolomite. In the Mormon Mountains of 
Lincoln County, these rocks are overlain 
by Mississippian carbonate (Mc). In Clark 
County in the Spring Mountains, they are 
overlain by the Devonian Sultan Limestone 
(Dc)

DOcm Dolomite and graphitic marble (Devonian to 
Upper Ordovician)—Occurs in the Ruby 
Mountains, East Humboldt Range, and 
Wood Hills in Elko County and overlies the 
metamorphosed Eureka Quartzite (Ocqm)

Ocqm Metaquartzite (Middle Ordovician)—The 
metamorphosed Eureka Quartzite is shown 
separately in the Ruby Mountains, East 
Humboldt Range, and Wood Hills in Elko 
County, and serves as a valuable marker 
horizon for the thick sequence of metamor-
phosed lower Paleozoic shelf rocks

Oecm Calcite marble (Middle Ordovician to 
Cambrian)—Underlies the metamorphosed 
Eureka Quartzite marker horizon in the 
Ruby Mountains, Wood Hills, and Pequop 
Mountains in Elko County

Terranes and Assemblages

Golconda Terrane

GC Basinal, volcanogenic, terrigenous clastic, 
and minor carbonate rocks (Permian 
to Upper Devonian)—The Golconda 
terrane is composed of deformed and 
imbricated thrust slices of upper Paleozoic 
rocks including deep-marine, pelagic and 
turbiditic, carbonate, terrigenous clastic 
and volcaniclastic rocks, radiolarian chert 
and argillite, and pillow basalt (Silberling, 
Jones, and others, 1992). While the terrane 
is characterized by a great diversity of rock 
types, all rocks are strongly deformed with 
an east-vergent fabric, a distinguishing 
characteristic of this terrane (Brueckner and 
Snyder, 1985; Jones, 1991a; Miller, Kanter, 
and others, 1982; Murchey, 1990; Stewart, 
Murchey, and others, 1986). It crops out in 
a long sinuous belt, up to 100 mi wide in 
places. Southwest of Mina, the belt trends 
east from the California border to just north 
of Tonopah, and then bends north-south to 
the west of Longitude 117° to about 50 mi 
north of Winnemucca, where it bends again, 
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sharply to the east-north of Tuscarora with 
significant exposures eastward and to the 
northern border of the State. Outcrops of 
the Golconda terrane are present in Mineral, 
Esmeralda, northern Nye, Churchill, 
Elko, Humboldt, Lander, and Pershing 
Counties. It includes some rocks originally 
mapped as Banner and Nelson Formations 
in Elko County; rocks originally mapped 
as the Excelsior Formation in Mineral 
and Esmeralda Counties, later assigned 
to the Black Dyke and Mina Formations 
by Speed (1977b); the original Havallah 
and Pumpernickel Formations (Muller, 
Ferguson, and Roberts, 1951; Roberts, 
1964; Silberling and Roberts, 1962), later 
revised to structural sequences (Murchey, 
1990; Stewart, MacMillan, and others, 
1977; Stewart, Murchey, and others, 1986; 
Theodore, 1991; 1994) in Elko, Humboldt, 
Lander, and Pershing Counties; the Inskip 
Formation in Pershing County; the Mitchell 
Creek Formation in Elko County; the Pablo 
Formation in northern Nye County; and the 
Schoonover Formation (see unit GChr) in 
Elko County. 

  In all of the places where rocks of the 
Golconda terrane were originally believed 
to form a stratigraphic sequence, detailed 
mapping and biostratigraphic analysis 
with radiolarians and conodonts has 
demonstrated that it is characterized by 
complex imbrications of rocks ranging from 
mid-Permian through latest Devonian age 
(Holdsworth, 1986; Jones, 1991b; Miller, 
Holdsworth, and others, 1984; Murchey, 
1990; Stewart, MacMillan, and others, 
1977). In Pershing County, the Golconda 
terrane is unconformably overlain by 
Triassic volcanic rocks of the Koipato Group 
(dkv) which form the stratigraphic base 
to the Humboldt assemblage (dc, Jds). 
In Mineral and Esmeralda Counties, it is 
unconformably overlain by the Gold Range 
assemblage (Jdgor) of mainly nonmarine, 
terrigenous clastic, and volcanogenic Upper 
Triassic and younger rocks. Elsewhere in 
northern and southwestern Nevada, it is 
structurally overlain by Mesozoic accreted 
terranes. 

  Across the length of its exposure from 
the Independence Mountains north of 
Elko to the Candelaria region south of 
Mina, the base of the Golconda terrane 
has a remarkably consistent structural 

emplacement relationship with adjacent 
rocks. It commonly lies on a low-angle 
structure above Permian and Pennsylvanian 
rocks of the Siliciclastic overlap assemblage. 
In places where these rocks are missing, 
it is faulted directly onto either the nearby 
lower Paleozoic Basin assemblage, the 
Nolan belt rocks, or the Harmony Formation 
of the Dutch Flat terrane. The type locality 
of this regional feature, the Golconda 
thrust is well exposed along Interstate 
Highway 80 at Edna Mountain near the 
town of Golconda (Ferguson, Roberts, 
and Muller, 1952), and in the open pits of 
mines near Battle Mountain (Theodore, 
T., oral commun., 2006). In southwestern 
Nevada, the lower Lower Triassic rocks of 
the Candelaria Formation overlie Permian 
and Pennsylvanian Siliciclastic overlap 
assemblage rocks, and the Golconda terrane 
is exposed nearby, but not observable 
directly on top of the Candelaria because 
of younger cover rocks. Elsewhere, there 
is no youngest age constraint for the age 
of emplacement. In several places, notably 
in the Osgood Mountains and the Toiyabe 
Range, it is also bounded by large, steeply 
dipping, mélange-like shear zones against 
older rocks of the Nolan belt. Stratigraphic 
and structural studies within the terrane 
have locally identified lithostratigraphic 
groupings (Erickson and Marsh, 1974a, b; 
Jones, 1991a; Murchey, 1990), but only the 
Home Ranch subterrane can presently be 
distinguished on a regional scale (GChr). 
Interpretations of the size and character of 
the late Paleozoic basin where these rocks 
formed and the nature of its Late Permian or 
Early Triassic accretion are as varied as the 
lithologic and structural characteristics of 
the terrane itself (see references above)

GChr Home Ranch subterrane (Mississippian)—
Limestone, basalt, chert, and volcaniclastic 
rocks. The Home Ranch subterrane of 
the Golconda terrane shares similar 
structural characteristics with the rest 
of the Golconda terrane, but it has more 
specific age and lithologic features. It is 
restricted to Mississippian age (generally 
Early) and consists of shallow-water 
fossiliferous limestone, black chert, basalt, 
and volcaniclastic rocks. Olistostromal 
debris flows of basalt and limestone, 
indicative of steep paleotopography, are a 
distinguishing characteristic (Jones, 1991a). 
The depositional setting for this subterrane 
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can be interpreted as a seamount. It includes 
rocks in Elko County mapped as the Banner 
and Nelson Formations, at least parts of 
the Inskip Formation in the East Range 
in Pershing County, the Goughs Canyon 
Formation in the Osgood Mountains, similar 
rocks in the Hot Springs Range in Humboldt 
County, and likely includes Mississippian 
limestone in the San Antonio Mountains in 
northern Nye County. To what extent these 
rocks have a history distinct from other 
rocks of the Golconda terrane is unclear. 
They are present structurally in a position 
outboard or west of most other exposures 
of the Golconda terrane, and are separated 
in the northern part of the State from other 
exposures of the terrane by the Nolan belt

Siliciclastic Overlap Assemblage

The Siliciclastic overlap assemblage is a discontinuous 
sequence of Pennsylvanian, Permian, and Triassic siliciclastic 
and carbonate rocks deposited with marked unconformity, 
usually with a basal conglomerate, over variably deformed 
Paleozoic rocks of the Dutch Flat terrane (DF), the Nolan 
belt (Oetd, etd), the allochthonous Basin and Slope 
assemblages (Ss, Des, DOts, DSt, MDst), the Foreland 
basin assemblage (hMcl, MDcl), and Pennsylvanian 
carbonates of the Carbonate shelf sequence (hMbc). The 
exposures are scattered over a wide area as far west as the 
Osgood Mountains in Humboldt County and as far east 
as the HD Range in northeastern Elko County. Exposures 
are present as far south and west as Candelaria in Mineral 
County and as far southeast as the Hot Creek Range and 
possibly into the Pancake Range in eastern Nye County. 
Outcrops are spotty and discontinuous regionally, but the 
geologic relations are always very consistent. The regionally 
significant characteristics of this group are (1) it lies with 
marked unconformity on deformed older Paleozoic rocks, (2) 
it is a mixed sequence of siliciclastic and carbonate rocks, 
commonly with locally derived conglomeratic horizons, (3) it 
has multiple internal disconformities and unconformities, and 
(4) it is structurally overlain by rocks of the Golconda terrane 
(GC) along a low angle structure in many places. The oldest 
rocks of the assemblage are Middle Pennsylvanian (Atokan), 
and the youngest rocks of the sequence are Late Permian age, 
except in southwestern Nevada where the Permian rocks are 
overlain disconformably by Lower Triassic rocks (unit dcl is 
described above under Mesozoic sedimentary rocks). All of 
the section is not present at all exposures; there is a significant 
unconformity within the section such that Permian rocks are 
commonly lying directly on deformed lower Paleozoic rocks. 
Everywhere except where the rocks lie on the Foreland basin 
assemblage and Pennsylvanian Carbonate shelf sequence, 
the unconformity is pronounced and the time gap ranges 
from as large as Permian overlying Cambrian to as small as 

Middle Pennsylvanian overlying Devonian or possibly Lower 
Mississippian rocks. Where the rocks overlie the Foreland 
basin assemblage, in some areas the unconformity is marked, 
such as in Carlin Canyon (Dott, 1955; Trexler, Cashman, 
and others, 2004), but the lithologies are similar above and 
below the unconformity—making it difficult to distinguish 
in areas of poor exposure, and the time gap is much smaller 
with Middle or Upper Pennsylvanian rocks sitting on Lower 
or possibly Middle Pennsylvanian rocks (Trexler, Cashman, 
and others, 2004). Because this assemblage overlaps so many 
different rocks with distinct tectonic histories, it serves as 
an important regional age constraint for a number of major 
Paleozoic tectonic events (Theodore, Moring, and others, 
2003). This assemblage is broken into three units that include 
rocks that are Lower Triassic (dcl), Permian (Pacl), and 
Pennsylvanian to Lower Permian (Phacl). Disconformities 
or unconformities are present between each of these units. 
In places where this assemblage has not been broken into 
separate units it is grouped into unit Phacl. See above under 
Mesozoic sedimentary rocks for a description of unit dcl.

Pacl Sandstone, siltstone, limestone, conglomerate, 
and carbonaceous limestone (Permian)—
Unit is mapped in Elko, Mineral, Humboldt, 
Lander, Eureka, White Pine, northern Nye, 
and Esmeralda Counties. Included in this 
unit are the Carbon Ridge Formation in 
Eureka and White Pine Counties, parts of 
the Carlin sequence of Coats (1987), the 
sandstone and siltstone of Horse Mountain 
in Elko County, the Edna Mountain 
Formation in Humboldt and Elko Counties, 
the Garden Valley Formation in Eureka 
County, and the Diablo Formation in 
northern Nye, Mineral, and Esmeralda 
Counties. In the Candelaria area south 
of Mina, unit Pacl rests unconformably 
on deformed Upper Cambrian through 
Devonian Basin assemblage (Des) and is 
overlain by the Lower Triassic Candelaria 
Formation (dcl). In the Toiyabe Range, it 
lies unconformably on deformed Cambrian 
through Ordovician rocks of the Nolan belt 
(Oetd). In the Simpson Park Mountains 
and the Sulphur Spring Range, it rests 
unconformably on Ordovician and Devonian 
Slope assemblage rocks (DOts). In the 
Diamond Mountains it rests unconformably 
on the Ely Limestone (hMbc). In the 
Eureka area, Pacl unconformably overlies 
the Ely Limestone (hMbc) and the 
Diamond Peak Formation (hMcl) and is 
unconformably overlain by Cretaceous 
conglomerate (Kcg). Near Golconda it 
unconformably overlies Phacl. In the 
Adobe Range in Elko County it overlies 
Foreland basin assemblage rocks (hMcl, 
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MDcl) and Phacl, and in the Snake 
Mountains and HD Range of northeast 
Nevada it lies unconformably on lower 
Paleozoic Slope and Basin assemblage rocks 
(Des, Ss, DOts) and on older Siliciclastic 
overlap assemblage rocks (Phacl)

Phacl Conglomerate, sandstone, siltstone, and limestone 
(Permian to Middle Pennsylvanian)—Unit 
represents rocks that are stratigraphic 
sequences that include both Lower 
Permian and Pennsylvanian rocks, and 
also sections that have not been broken 
out regionally into younger and older 
Permian and Pennsylvanian units. The 
Antler sequence (Roberts, 1964) rocks are 
present in Humboldt and Lander Counties 
and include the Antler Peak Limestone, the 
Highway Limestone, the Battle Formation 
or Battle Conglomerate, and the Etchart  
Limestone. The Brock Canyon Formation 
of Permian or Pennsylvanian age is in the 
Cortez Mountains in Eureka County and 
the siliciclastic and carbonate Strathearn 
Formation is exposed in Elko County 
(Theodore, Moring, and others, 2003). 
Scattered remnants of conglomerate, 
sandstone, siltstone, and limestone in 
Nye County, and unnamed limestone and 
dolomite in Elko County are also included. 
In the northern Hot Creek Range in Nye 
County, Phacl is faulted with lower 
Paleozoic Carbonate shelf sequence rocks. 
Additionally, Early Triassic fossils in the 
area have caused reassignment of some of 
the rocks to the Candelaria Formation (dcl). 
In the Pancake Range, Phacl lies on the Ely 
Limestone (hMbc). In the Toquima Range, 
the Pennsylvanian Wildcat Peak Formation 
lies unconformably on Slope assemblage 
rocks (DOts). In the Monitor Range and in 
Lander County, this unit lies unconformably 
on the lower Paleozoic Basin assemblage 
rocks (Des). At Battle Mountain the 
Antler sequence lies unconformably on 
both the Harmony Formation, which is the 
Dutch Flat terrane (DF), and the Valmy 
Formation of Basin assemblage unit Des. 
At Edna Mountain near Golconda and in the 
Osgood Mountains it lies unconformably 
on Cambrian and Late Proterozoic quartzite 
(eZq) and Cambrian phyllite and shale 
(etd) of the Nolan belt, as well as on units 
of the Basin and Slope assemblages (Des, 
DOts). In the Cortez Mountains of northern 
Eureka County, it lies unconformably on 
Basin and Slope assemblage rocks (Des, 

DOts). In the Adobe Range and the Sulphur 
Spring Range, it lies unconformably on 
Pennsylvanian and Mississippian Foreland 
basin rocks (hMcl) (Trexler, Cashman, 
and others, 2004). In northern Elko County 
in the Bull Run and Copper Mountains, it 
lies unconformably on strongly deformed 
Ordovician to Cambrian rocks of the Nolan 
belt (Oetd). In the Snake Mountains and 
the HD Range, the Pennsylvanian Quilici 
Formation lies unconformably on the Basin 
and Slope assemblages (Des, DOts, 
Ss) and is unconformably overlain by the 
Permian Siliciclastic overlap assemblage 
rocks (Pacl). In far northeastern Nevada, 
upper Paleozoic rocks around Contact 
are very poorly known, but are similar to 
the Siliciclastic overlap assemblage rocks 
recognized in the HD range, and are thus 
included in this group

Foreland Basin Assemblage

The Foreland basin assemblage is a sequence of Upper 
Devonian through Lower Pennsylvanian siliciclastic and 
carbonate rocks deposited disconformably on older Paleozoic 
rocks of the Carbonate shelf sequence. The boundaries 
between the Foreland basin assemblage and coeval rocks of 
the Carbonate shelf sequence migrated east and west as a 
result of the changing tectonic and depositional settings during 
this time. Disconformities may be part of this assemblage but 
are often difficult to identify in these rocks, some of which 
have limited biostratigraphic control and consist largely of 
reworked siliciclastic rocks. The primary distinction with 
coeval rocks to the east in the Carbonate shelf sequence is the 
principally siliciclastic nature of the units, with a secondary 
carbonate component. In addition, the source of much of the 
siliciclastic component is interpreted to be material from the 
west, as well as from the east. Because of significant Mesozoic 
and younger structural disruption of these rocks, original 
stratigraphic relations can be difficult to determine.

hMcl Shale, siltstone, sandstone, and conglomerate 
(Middle Pennsylvanian to Lower 
Mississippian)—Unit crops out across all of 
eastern Nevada, generally east of 116° west 
longitude, and somewhat farther west in the 
southern half of the State. It includes rocks 
mapped as the Chainman Shale in Elko, 
northern Nye, and Lincoln Counties; the 
Diamond Peak Formation in northern Nye, 
Elko, Eureka, and White Pine Counties; the 
Scotty Wash Quartzite in Lincoln County; 
the upper part of the Eleana Formation in 
Nye County; and undivided sedimentary 
rocks in Eureka and Lincoln Counties. 
Clastic and carbonate rocks mapped in 
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Elko County, including undivided Moleen 
and Tomera Formations (the Tomera 
Formation includes Middle Pennsylvanian 
rocks) are also grouped here. Most of these 
rocks are Upper Mississippian and Lower 
Pennsylvanian in age, but unit hMcl 
also includes Lower Mississippian rocks, 
overlapping with unit MDcl where they have 
not been clearly distinguished. In places the 
Chainman Shale is time transgressive into 
the Diamond Peak Formation, and in other 
places they represent different coeval facies, 
based on limited biostratigraphic data. 
Where possible, younger siliciclastic rocks 
have been separated from the older sequence 
that includes the Pilot Shale and Joana 
Limestone because of significant differences 
in the character of the rocks. Unit hMcl is 
overlain conformably or disconformably in 
the eastern part of its exposure by carbonate 
rocks of units Phc and (or) hMbc. In the 
northern and western parts of its exposure 
it is overlain unconformably by Permian 
and Upper Pennsylvanian clastic rocks of 
the Siliciclastic overlap assemblage (Pacl 
or Phacl). Assignment of siliciclastic 
Pennsylvanian units to either unit hMcl 
or the unconformably overlying Phacl is 
challenging unless biostratigraphic data are 
available and outcrop observations reveal 
the presence of the unconformity such as in 
Carlin Canyon (Dott, 1955). Unit hMcl lies 
either conformably or disconformably above 
unit MDcl

MDcl Siltstone, limestone, shale, and sandstone (Lower 
Mississippian and Upper Devonian)— 
Unit crops out across all of eastern Nevada, 
generally east of 116° west longitude. It 
includes rocks mapped primarily as Pilot  
Shale, Joana Limestone, Chainman Shale, 
and their equivalents. This also includes 
the Tripon Pass Limestone in Elko County, 
the Cockalorum Wash Formation (now 
abandoned) in northern Nye County, the 
Mercury and Bristol Pass Limestones in 
Lincoln County, and some of the rocks 
mapped as Monte Cristo Limestone in 
Clark County. While it may be desirable to 
separate out the different lithologies, they 
are not well enough differentiated at this 
regional map scale. The Chainman, Joana 
and Pilot are grouped in White Pine County, 
and the Joana and Pilot are grouped in Elko 
County. The Pilot Shale lies depositionally 
(both conformably and disconformably) on 
Upper Devonian carbonate rocks (Dc) and 

  signals a major change in the depositional 
setting across most of the carbonate 
platform which has long been attributed to 
the onset of deformation attributed to the 
Antler orogeny. The Pilot Shale is generally 
recognized as carbonaceous shale, overlain 
by the cliff-forming Joana Limestone. 
Siliciclastic quartz-bearing grit, chert, 
quartz sand, and siltstone in a calcareous 
matrix become increasingly common as 
the section turns into the Chainman Shale 
and other equivalent siliciclastic rocks. The 
sequence is interrupted by disconformities in 
a number of places, but structural disruption 
and poor age control hinder determination 
of the nature of the contacts between the 
distinct lithologies. Unit MDcl is overlain 
by unit hMcl, but there are places where 
the age and distinction between the units 
is poorly constrained. In southernmost 
Nevada, in Clark and southeastern White 
Pine Counties, Devonian carbonate is 
overlain by Mississippian carbonate (Mc) 
with little or no intervening Pilot Shale 
equivalent and few overlying siliciclastic 
rocks with western-derived source material. 
North and west of the area of exposure 
of unit MDcl, fault-bounded slivers of 
Lower Mississippian and Upper Devonian 
platform margin and slope facies rocks with 
siliciclastic horizons have been grouped into 
unit MDst and separated from unit MDcl

Dutch Flat Terrane

DF Feldspathic sandstone, shale, and turbiditic 
limestone (Upper Devonian)—The Dutch 
Flat terrane is the Late Devonian Harmony 
Formation. It consists of coarse-graded 
feldspathic sandstone and siltstone with 
rare quartzose turbiditic limestone interbeds 
that have yielded sparse, reworked Late 
Devonian and post-Ordovician conodonts 
and conodont fragments (Jones, 1997a; 
Ketner, Crafford, and others, 2005). The 
age of the Harmony has never been well 
constrained. It was originally interpreted 
as Mississippian(?) because of its position 
unconformably beneath Pennsylvanian 
conglomerate at Battle Mountain (Ferguson, 
Roberts, and Muller, 1952; Roberts, 1951). 
Cambrian fossils were later found in 
close proximity to the unusual feldspathic 
sandstone and became the most commonly 
assumed age (Hotz and Willden, 1964), 
although the Cambrian fossils have since 
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been recognized to be part of a structurally 
disrupted upper Paleozoic section (Jones, 
1991b; Jones, Wrucke, and others, 
1978; McCollum and McCollum, 1991). 
Ordovician microfossils from the Harmony 
Formation in the Sonoma Range (Madden-
McGuire, Hutter, and Suczek, 1991) turned 
out to be unreliable as well. In 1994, a single 
Late Devonian Palmatolepis sp. conodont 
was recovered from a calcareous turbidite 
interbedded with the feldspathic sandstone 
in the Hot Springs Range (Jones, 1997a), 
and has remained the most convincing 
lower-age constraint thus far. Subsequent 
post-Ordovician conodont fragments also 
recovered from the Hot Springs Range have 
confirmed that the unit is clearly post-
Ordovician in age (Ketner, Crafford, and 
others, 2005). The Dutch Flat terrane crops 
out in Humboldt, Lander, and Pershing 
Counties. In the Hot Springs Range, it is 
structurally bounded to the northwest by the 
Golconda terrane and on the southeast by 
unit Des of the Basin assemblage. In the 
Osgood Mountains, it has been structurally 
dismembered into mélange blocks that are 
part of an upper Paleozoic matrix of argillite 
and shale associated with the Golconda 
terrane (Jones, 1991b). In the Sonoma and 
East Ranges, much of it is mélange-like in 
character and has additionally been folded 
and faulted with Triassic and Ordovician 
rocks (Silberling, 1975). At Battle Mountain 
(Doebrich, 1994; Theodore, Murchey, and 
others, 1994), it is interpreted as faulted 
over adjacent rocks of the Basin assemblage 
(Des), and is also unconformably 
overlain by the Pennsylvanian rocks of the 
Siliciclastic overlap assemblage, providing 
a critical constraint on the timing of its  
accretion to adjacent rocks. Because it 
is structurally bounded everywhere, its 
stratigraphic relation to other units in 
Nevada remains uncertain, although it has 
lithologic features in common with rocks 
of the Golconda terrane and the lower 
Paleozoic Basin assemblage (Ketner, 
Crafford, and others, 2005). In places 
it has west vergent folding throughout 
(Jones, 1993; Stahl, 1987), while in other 
places the formation is characterized by 
east vergent folding (Evans and Theodore, 
1978). Interpretations of the origin of the 
rocks of the Harmony Formation and its 
tectonic history (Gehrels, Dickinson, and 
others, 2000; Ketner, Crafford, and others, 

2005; Smith and Gehrels, 1994) have yet to 
fully explain its significant role in the mid-
Paleozoic tectonism that affected Nevada. 
Its varied structural characteristics and 
enigmatic lithology suggest that this terrane 
is far traveled and has had a complex history 
of interaction with other Paleozoic rocks in 
Nevada

Slope Assemblage

The Slope assemblage rocks consist of limestone, argil-
laceous limestone, carbonaceous shale, calcareous siltstone, 
shale, argillite, quartzite, and bedded chert, with siliciclas-
tic and conglomeratic horizons of chert clasts and quartz in 
places. The environment of deposition of this group of rocks 
is actually quite varied—in a number of cases the rocks are 
more typical of a “basin” environment. Slope facies rocks are 
difficult to identify because of their varied lithologic character-
istics. These varied characteristics result from complex ocean 
chemistry variations through time, composition of rocks of 
adjacent margin(s), and tectonic setting of the margin. These 
factors all affect composition of sediment deposition along 
the slope of a continental margin through time. Nonetheless, a 
distinct group of rocks that was not deposited strictly in either 
a carbonate shelf environment or an ocean basin environment 
can clearly be identified in Nevada (Cook and Corboy, 2004). 
These rocks tend to be present in regions of naturally steep 
gradients along a margin, and thus do not commonly have the 
lateral extent that is seen in Carbonate shelf sequence rocks or 
Basin assemblage facies rocks. Many of these rocks are found 
today in structurally bounded sequences, but in a few impor-
tant places, rocks of the Slope assemblage are tied deposition-
ally to rocks of the Carbonate shelf sequence.

The slope of the margin was an important locus of 
disruption during mid-Paleozoic and later tectonism; these 
rocks were intimately involved in folding and thrusting of the 
margin during the Paleozoic and again during the Mesozoic. 
Many of these rocks are also compositionally ideal hosts 
for sediment-hosted gold deposits (Cook and Corboy, 2004) 
and have a known gold endowment of over 100 million 
ounces (Christensen, 1993), giving them global economic 
significance. In a number of cases, Slope assemblage rocks 
are not currently adequately distinguished at a regional map 
scale from Basin assemblage rocks. Three Slope assemblage 
rock units are designated on this map, and two other units 
with “slope” affinity are treated separately under the Nolan 
belt. Units MDst and DOts always occur in structurally 
bounded settings and cannot be tied to a specific place on 
the continental margin, except to say that they formed in 
proximity to a continental margin, or possibly on the slope 
of an oceanic feature such as a seamount. They contain 
significant horizons of siliciclastic material derived from a 
cratonal setting, and common turbiditic horizons suggesting 
significant sediment transport down a slope. Although units 
MDst and DOts are structurally bounded and have complex 
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deformational histories involving imbricate thrusting, 
they usually contain definable stratigraphic sequences and 
important marker horizons (Cluer, Cellura, and others, 1997; 
Finney, Perry, and others, 1993; Noble, Cellura, and Cluer, 
1999), and tend to be only locally altered or metamorphosed 
from mineralizing systems or igneous rocks. Unit DSt of the 
Slope assemblage is mapped as depositional on Ordovician 
and Silurian rocks of the Carbonate shelf sequence in a 
number of places, and is also involved in imbricate thrusting 
with Basin assemblage and Carbonate shelf sequence rocks. 
While great progress has been made in biostratigraphic dating 
of these rocks, in many areas further work is required to 
separate similar looking, different age rocks that have long 
been assumed to be part of a stratigraphic sequence, but are in 
fact structural imbrications of varied ages.

MDst Shale, graywacke, siltstone, chert, conglomerate, 
and limestone (Lower Mississippian and 
Devonian)—Carbonaceous shale, black 
chert and argillite, graywacke, chert-pebble 
conglomerate, and detrital limestone are the 
primary lithologies described from all of 
the rocks assigned to this unit, representing 
a mixed slope and basinal facies. On other 
maps these rocks have been included in a 
variety of units including the foreland basin 
and Devonian siliceous and transitional 
rocks. Mapping and new biostratigraphic 
data gathered in the last 30 years have shown 
that many of these rocks mapped only as 
Devonian also contain Early Mississippian 
fossils, thus making it difficult to distinguish 
them from known lithologically similar 
Lower Mississippian rocks. Although this 
unit is everywhere structurally bounded 
by faults, a stratigraphic link to older 
Slope assemblage rocks is possible. These 
rocks are imbricated with units Des, 
hMcl, Oec, Ocq, DSt, Dc, and MDcl. 
Whether there is a definable continuous 
Early Mississippian through Devonian 
sequence within this unit is unknown, but 
is suggested in the Carlin-Piñon Range 
(Smith and Ketner, 1978). The Slaven 
Chert first described in the Shoshone Range 
(Gilluly and Gates, 1965) is black chert 
with carbonaceous shale beds 4–10 feet 
thick, limy brown-weathering sandstone as 
much as four ft thick with coarse fragments 
of chert, shale, greenstone, limestone, 
graywacke, feldspathic siltstone, and 
brown-weathering limestone 2–20 ft thick, 
and contains Late Devonian radiolarians 
(Boundy-Sanders, Sandberg, and others, 
1999). The Mississippian Waterpipe Canyon 
Formation is a similar formation with 
basal medium-grained graywacke with 

interlayered black, carbonaceous shale; 
chert-pebble conglomerate; and bedded 
chert grading upward into sandstone 
layers with black, well-rounded quartz 
and a black, pyritic, phosphate- and barite-
bearing, argillaceous matrix interlayered 
with black, platy, quartz siltstone and fine-
grained graywacke interbeds. It contains 
Early Mississippian radiolarians (Peters, 
Armstrong, and others, 2003). In the HD 
Range in northeastern Elko County, an 
undated, light-gray weathering, brittle, black 
shale, structurally underlies the other thrust 
sheets and was referred to as the Chainman 
Shale by Riva (1970), but is included 
here in unit MDst. In the Windermere 
Hills a fissile black argillite with sporadic 
interbeds of quartz-chert arenite is poorly 
exposed with variable dips suggesting a 
complex structure (Oversby, 1972). In 
the Cockalorum Wash quadrangle along 
the Eureka-Nye County boundary, a pale 
yellow-brown, organic-detrital limestone 
contains quartz and chert grains locally 
interbedded with and succeeded upward by 
light-colored siliceous mudstone, claystone, 
and siltstone. The basal limestone contains 
mixed Mississippian and Devonian faunas; 
a thin chert from a higher zone has Osagean 
radiolarians (Hose, 1983). In the northern 
Adobe Range, this unit is recognized as 
dark siliceous rocks consisting of shale, 
argillite, and bedded chert. They are faulted 
and folded with sparse collections of 
Kinderhookian and Famennian radiolarians 
and conodonts (Ketner and Ross, 1990). The 
Webb Formation in the Carlin-Piñon Range 
is a gray siliceous mudstone with black 
to gray, tan-weathering, dense limestone 
in lenses near the top (Smith and Ketner, 
1978). The argillite of Lee Canyon is a black 
siliceous argillite with a little black chert 
and very little conglomerate and sandstone 
near the top (Smith and Ketner, 1978). In 
the Sulphur Spring Range, the Bruffey 
sequence (Carlisle and Nelson, 1990) is a 
black chert pebble to boulder conglomerate 
and well-bedded gritty limestone, chert 
and limestone conglomerate, gray limy 
shale, and minor sandstone. Smith and 
Ketner (1978) describe the same rocks as 
gray limestone, sandy limestone, chert, and 
chert-pebble conglomerate. The Woodruff 
Formation from the same area is described 
by Carlisle and Nelson (1990) as a gray 
fissile shale, dolomitic siltstone, and black 
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and brown bedded chert. Smith and Ketner 
(1978) describe the Woodruff as dark gray 
to black siliceous mudstone and chert, 
with lesser amounts of shale, siltstone, 
dolomitic siltstone, dolomite, and limestone. 
In the Shoshone Range, pale-red to pale-
brown weathering, platy, silty dolomite 
interbedded with black chert in the basal 50 
ft of rocks referred to as the Pilot Shale by 
both Gilluly and Gates (1965) and Wrucke 
(1974) is included here. In the southern 
Independence Range, this unit consists of 
fine-grained limestone, bedded chert, shale, 
conglomerate, and prominent ledges of limy 
sandstone with Famennian and Frasnian 
(Late Devonian) conodonts (Ketner, 1998). 
In Welches Canyon northwest of Carlin, this 
unit is gray to black limestone, fine grained, 
and thin to thick bedded with common sand- 
and silt-size clasts of quartz and chert grains. 
It also contains pebbles and cobbles of chert, 
and interlayered chert and siliceous shale 
as much as 50 feet thick (Evans, 1974). 
In the Snake Mountains, the unit is dark 
carbonaceous limestone apparently overlain 
by a light-gray, siliceous platy siltstone. 
Other outcrops that belong with unit MDst, 
but are not mapped separately on a regional 
scale from Slope or Basin assemblage 
units Des and DOts include the Pinecone 
sequence in the Toquima Range (Coles 
and Snyder, 1985), and gold-bearing chert 
(Theodore, T., oral commun., 2006) mapped 
informally as the “Rodeo Creek Formation” 
(Peters, 1997b) in the Carlin area

DSt Platy limestone, dolomite, and chert (Lower 
Devonian to Silurian)—Platy limestone, 
dolomite and chert are characteristic of the 
auriferous Roberts Mountains Formation in 
Nye, Elko, Eureka, and Lander Counties and 
of the Masket Shale and Gatecliff Formation 
in northern Nye County. This unit lies with 
depositional contact over the Hanson Creek 
Formation of unit SOc of the Carbonate 
shelf sequence (unit Oec in southern 
Nevada), and is also structurally imbricated 
with Carbonate shelf sequence rocks (Oec) 
and other Slope and Basin assemblages 
rocks (units Des, DOts, MDst) across its 
area of exposure. In the Carlin area, rocks 
assigned to the Popovich Formation and 
the informal Bootstrap Limestone (Berger 
and Theodore, 2005; Jory, 2002) are also 
included. In the Monitor Range, the Roberts 
Mountains, and the Sulphur Spring Range, 
unit DSt is mapped as stratigraphically 

overlain by unit DSc. To what extent this 
“overlying” dolomite is truly a stratigraphic 
unit as opposed to an alteration product of 
this unit (Nichols and Silberling, 1977a) is 
unclear. A stratigraphic contact with unit 
MDst in the Carlin area is possible based 
on recent mapping (Berger and Theodore, 
2005; Theodore, Moring, and others, 2003)

DOts Calcareous shale, siltstone, chert, quartzite, and 
greenstone (Devonian to Ordovician)—
Calcareous shale, siltstone, sandstone, 
chert, quartzite, and greenstone in the 
Vinini Formation in Lander, Eureka, 
Elko, and northern Nye Counties, and the 
Clipper Canyon Group in the northern 
Toquima Range are the core rocks of unit 
DOts. Difficulties in identifying distinct 
paleogeographic settings within Ordovician 
slope facies rocks are discussed in Finney 
and Perry (1991) and Finney and others 
(1993). On a regional scale, the distinction 
between this unit and rocks traditionally 
mapped as the Valmy Formation (Des) is 
the preponderance of shale and siltstone 
of cratonal derivation that is present in the 
Vinini rocks but less common in the Valmy 
rocks. Both rock units contain bedded 
chert, massive quartzite, and greenstone 
(Finney and Perry, 1991) in many places. 
Many lower Paleozoic rocks grouped here 
likely formed in a basinal rather than slope 
setting, but the presence of more common 
siliciclastic horizons of shale, siltstone, and 
sandstone distinguish them as a regional 
grouping from the lower Paleozoic Basin 
assemblage rocks. Whether this is a function 
of distinct paleogeographic settings of 
coeval units as interpreted by early workers, 
or is actually an age distinction of older 
(Valmy) versus younger (Vinini) Ordovician 
rocks, as suggested more recently for at 
least the Roberts Mountains (Finney, Perry, 
and others, 1993), remains to be determined 
on a regional scale. Originally thought 
to be primarily Ordovician, studies and 
biostratigraphic data have demonstrated 
that this unit consists of tightly imbricated 
Devonian, Silurian, and Ordovician rocks 
(Coles and Snyder, 1985; Noble and Finney, 
1999). The distinction between units 
DOts and Des as currently mapped on a 
regional scale is ambiguous in many places. 
Identifying the numerous occurrences 
of Devonian and Silurian rocks that are 
embedded within this unit on a regional 
scale would significantly enhance our 
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understanding of the complex structural 
history of these rocks. These rocks are 
everywhere in structural contact with other 
Paleozoic rocks including units hMcl, 
Pacl, Dc, MDst, DSt, DSc, and Dcd. 
Stratigraphic correlation has been made 
between rocks of the Vinini Formation and 
the Carbonate shelf sequence in Nevada 
(Finney and Perry, 1991) on the basis of 
occurrence of quartzite that is coeval with 
the shelf unit Ocq. While this does suggest a 
connection between the Ordovician rocks of 
this composite unit and North America, the 
quartzite was deposited along a 1,000-mile 
length of the margin (Ketner, 1986) and thus 
does not constrain the rocks of unit DOts 
to deposition along a specific section of the 
margin. These rocks are unconformably 
overlain sporadically by units Pacl and 
Phacl, and post-Paleozoic cover rocks

Basin Assemblage

Basin assemblage rocks range from latest Cambrian 
through Devonian in age and represent rocks that formed pri-
marily in a basin or lower continental-slope setting. Common 
rock types include chert, argillite, feldspathic siltstone and 
shale, quartzite, greenstone, and minor carbonate. Because of 
complex deformation in all of these rocks, it has been difficult 
to subdivide them into Ordovician, Silurian, and Devonian 
units, and they have generally been grouped together into 
larger units that represent a wide range of age and lithologic 
characteristics on regional maps. Distinguishing the numerous 
occurrences of Ordovician, Silurian, and Devonian rocks that 
are embedded within this unit on a regional scale would sig-
nificantly enhance our understanding of the complex structural 
history of these rocks. These rocks are all displaced from their 
place of origin, and the amount of displacement relative to the 
continental margin is unknown, although in every place that 
structural studies have been done, these rocks show evidence 
of regional east-directed transport (Evans and Theodore, 1978; 
Oldow, 1984b; Peters, 1997a, b, c). Thick beds of massive 
quartzite are common and the timing of their deposition cor-
responds to at least some of the influx of quartz sand along the 
continental shelf suggesting a connection to the North Ameri-
can craton in places (Miller and Larue, 1983). Quartz sand was 
deposited along much of the western margin of North America 
more than once during the Ordovician (Finney and Perry, 
1991; Gehrels, Dickinson, and others, 2000; Ketner, 1986). 
The Basin assemblage may consist of several distinct terranes, 
but regional mapping can’t yet clearly distinguish them.

Des Shale, chert, quartzite, greenstone, and limestone 
(Devonian to Upper Cambrian)—Includes 
the Valmy Formation in Eureka, Humboldt, 
Lander, and Pershing Counties; Devonian 
to Upper Cambrian mudstone, shale, 

chert, siltstone, and gray quartzite in Elko 
County (Leslie, Isaacson, and others, 
1991); Devonian to Ordovician slate, chert, 
limestone, and sandstone in Mineral County; 
Devonian to Upper Cambrian rocks in 
Eureka County (Finney, Perry, and others, 
1993); some rocks originally mapped as the 
Palmetto Formation in Esmeralda County 
(Albers and Stewart, 1972; Ferguson and 
Cathcart, 1954); and the Sonoma Range 
Formation (Ferguson, Muller, and Roberts, 
1951) in the Sonoma Range in Humboldt 
County (later included with the Valmy 
Formation). The distinctions between these 
rocks and rocks of the Slope assemblage 
(DOts) are (1) a more complex and varied 
history of deformation; (2) less well-defined 
internal stratigraphic characteristics, which 
may be a function of structural complexity; 
(3) fewer shale, siltstone, and sandstone 
interbeds; (4) less carbonate; and (5) in the 
Roberts Mountains at least, the Ordovician 
rocks of this unit are older than the Slope 
assemblage Ordovician rocks. Like unit 
DOts, no basement is preserved with these 
rocks, making it difficult to determine where 
they were originally laid down, and how 
far they have been transported. This unit 
includes Devonian, Silurian, Ordovician, 
and uppermost Cambrian rocks imbricately 
faulted and folded together. In a few places, 
Silurian rocks are defined regionally and 
broken out separately (Ss), but for the most 
part they are included in this unit. Likewise, 
significant exposures of Devonian rocks 
have been included in unit MDst, but many 
more are not differentiated from this unit. 
A great variety of depositional settings are 
present in ocean basins, and this diversity 
is represented in these rocks (Watkins and 
Browne, 1989). While these rocks share 
a common deformation history indicative 
of east-directed transport from folding 
and thrusting along regional structures 
in different areas of Nevada, these rocks 
have been subject to additional distinct 
tectonic events during the Mesozoic and 
the Paleozoic resulting in significant spatial 
variability in the structure of these rocks 
(Evans and Theodore, 1978; Oldow, 1984b)

Ss Feldspathic sandstone, siltstone, shale, and 
chert (Silurian)—In the HD Range 
in northeastern Elko County, the Noh 
Formation was described by Riva (1970) 
and consists of a basal, dark-gray chert and 
light-gray shale, light-brown weathering, 

SE ROA 49191

JA_15377



siliceous and tuffaceous siltstone and shale, 
and tan- and light-brown-weathering, thin-
bedded siltstone, sandstone, and minor 
shale. It contains a large and diagnostic 
Wenlockian (Early Silurian) graptolite 
fauna, and is partly coeval with the base of 
the Roberts Mountains Formation (DSt) 
which also has a conspicuous basal chert 
ledge. The similar age Elder Sandstone in 
Lander and Eureka Counties was named for 
moderately cemented sandstones exposed 
in the Shoshone Range (Gilluly and Gates, 
1965). It is primarily a fine-grained, silty 
sandstone, sandy siliceous and tuffaceous 
shale, and thin, platy, light brown chert. 
Much of the sandstone and siltstone is 
notably feldspathic, including abundant 
angular fragments of potassium feldspar, 
and has reportedly interbedded rhyolite 
in places (Theodore, T., oral commun., 
2006). It is grouped with unit Des or 
DOts in many places. Its unusual lithologic 
characteristics warrant a separate grouping 
where it can be separated from these units 
(Noble, Finney, and Cluer, 2000). Zircon 
studies have suggested that the feldspathic 
source material for these rocks was not 
located adjacent to the Nevada part of the 
continental margin, but is derived from 
a source either farther to the north or in 
Mexico (Gehrels, Dickinson, and others, 
2000). Likewise, tuffaceous source material 
for the shale described in the Noh Formation 
is not known from the Nevada continental 
margin of this time. Like most other rocks of 
the Slope and Basin assemblages, unit Ss is 
everywhere in structural contact with other 
Paleozoic rocks. It is structurally imbricated 
with units Des, DOts, and MDst. Whether 
these rocks have traveled a significant 
distance either toward or along the margin 
as discrete tectonic blocks or as sediment 
transported in offshore turbidity systems is 
not known, but no basement is preserved 
with them, and they are unconformably 
overlain by the Pennsylvanian and younger 
Siliciclastic overlap assemblage

Nolan Belt

A belt of lower Paleozoic rocks with strong affinity to the 
North American continental margin but with unusual structural 
characteristics form a discrete belt west and northwest 
of displaced rocks of the Slope and Basin assemblages. 
Earlier maps included these rocks in either “Transitional” or 

“Siliceous” groupings (Roberts, Hotz, and others, 1958). They 
are different from the other Paleozoic rocks in a number of 
important ways that warrant distinction as a separate group. 
These rocks have structural characteristics of an accreted 
terrane, that is, they exhibit polyphase deformation, but have 
stratigraphic ties to North America that suggest they have 
not traveled great distances laterally from the continental 
margin. The origin of the name of this group is for T.B. Nolan, 
whose early paper defined many of these rocks as part of 
an important “geanticline” during the later Paleozoic long 
before such concepts had any grounding in modern tectonic 
understanding (Nolan, 1928), and prior to recognition of 
the magnitude of displacement that has affected adjacent 
Paleozoic rocks and terranes.

The distinguishing characteristics of the Nolan belt 
of rocks are (1) lithologically they define a region of outer 
shelf and slope Cambrian and Ordovician rocks, originally 
deposited in a more proximal position to the Carbonate shelf 
sequence than the rocks of units Des or DOts, which now 
lie east, or inboard of many exposures of units Oetd and 
etd, (2) unlike rocks of units DOts, Des or Ss, they are 
stratigraphically attached to their Cambrian to Precambrian 
quartzite basement (eZq), otherwise exposed only much 
farther to the east, (3) they have a varied and complex 
structural history that in at least some cases clearly involves 
multiple pre-Pennsylvanian deformation events with both east-
vergent and west-vergent deformation (Crafford and Grauch, 
2002; Ehman, 1985; Means, 1962; Oldow, 1984b), (4) like 
rocks of the Basin, Slope, and Foreland basin assemblages, 
they are unconformably overlain by Pennsylvanian and 
younger rocks of the Siliciclastic overlap assemblage, 
constraining the age of much of their deformation to pre-
Middle Pennsylvanian, and (5) rocks of the Nolan belt have 
been much more deeply buried than coeval and lithologically 
similar rocks that crop out farther east, as witnessed by the 
metamorphic character of the slates, phyllites, and schists, and 
by the Conodont Color Alteration Index of the rocks (Crafford 
and Harris, 2005). Two units are included in this group, units 
Oetd, and etd. The basement rocks are treated separately 
because they are common to the base of both the Nolan belt 
and the Carbonate shelf sequence.

Oetd Shale, chert, phyllite, quartzite, and limestone 
(Ordovician to Cambrian)—Rocks 
included in this unit have been mapped as 
the Broad Canyon Formation and Crane 
Canyon sequence in Lander County 
(Means, 1962), the Palmetto Formation in 
Esmeralda and Nye Counties (Ferguson and 
Cathcart, 1954), the Van Duzer Limestone in 
northern Elko County (Coats, 1971; Coats, 
Howard, and Greene, 1984; Decker, 1962; 
Ehman, 1985), and many other unnamed 
and locally named rocks. These rocks are 
strongly deformed, although the nature of 
the deformation is variable across the belt 
(Oldow, 1984b) and not well understood 
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regionally. This unit is usually shown both 
in fault contact with adjacent units etd 
and eZq and gradational with them. Unit 
Pacl of the Siliciclastic overlap assemblage 
is shown unconformably deposited on this 
unit in Wall Canyon of the Toiyabe Range 
in Nye County. In a few cases, this unit is 
a stratigraphic continuation from etd, but 
in most places it represents undifferentiated 
rocks of both Ordovician and Cambrian 
age that overlap with etd, or whose age is 
poorly constrained

etd Phyllite, schist, shale, thin-bedded limestone, 
chert, and siltstone (Cambrian)—Shale, 
thin-bedded limestone, phyllite, hornfels, 
quartzite, chert, and siltstone are typical of 
this Cambrian unit which exhibits regional 
metamorphism suggesting significant 
burial depths have heated and recrystallized 
many of these rocks. This unit includes 
rocks mapped informally as the Bull Run 
Dolomite and Edgemont Formation in 
northern Elko County by Ehman (1985); 
the Crane Canyon sequence in the Toiyabe 
Range; some regions mapped as Dunderberg 
Shale; and the Swarbrick Formation 
in northern Nye County, the Emigrant 
Formation in southern Nye and Esmeralda 
Counties, the Mule Spring Limestone in 
Esmeralda County, the Preble Formation in 
Humboldt and Pershing Counties (Madden-
McGuire, 1991), the Paradise Valley Chert 
in Humboldt County, and the Schwin 
Formation (Gilluly and Gates, 1965) in the  
Shoshone Range in Lander County. In most 
exposures this unit lies transitionally above 
the Cambrian-Precambrian quartzite unit 
eZq. In places this unit is transitional into 
Oetd. This unit is also in structural contact 
with Des, DOts, Oec, Oetd, eZq, the 
Golconda terrane (GC), and the Dutch Flat 
terrane (DF). In the Osgood Mountains 
(Boskie and Schweickert, 2001; Crafford 
and Grauch, 2002; Madden-McGuire and 
Marsh, 1991), the Bull Run Mountains 
(Ehman, 1985), the Toiyabe Range (Means, 
1962), and the Miller Mountain area 
(Oldow, 1984b) these rocks exhibit complex 
polyphase deformation with a strong west-
vergent component. At Edna Mountain 
near Golconda in Humboldt County, these 
rocks are unconformably overlain by both 
Pacl and Phacl of the Siliciclastic overlap 
assemblage

Precambrian And Other Rocks

Lower Cambrian to Latest Proterozoic Clastic 
Rocks

Precambrian to Lower Cambrian clastic rocks form the 
base of the Carbonate shelf sequence in eastern and southern 
Nevada. They also form the stratigraphic base of the rocks of 
the Nolan belt. They are part of a large sequence of Precam-
brian rocks that represent the original rifted margin of western 
North America (Stewart, 1972). They rest unconformably over 
older Proterozoic basement that is only exposed in southern-
most Nevada.

eZq Crossbedded quartzite, siltstone, and phyllite 
(Lower Cambrian and latest Protero-
zoic)—These lowermost Cambrian to 
Precambrian strata are scattered over much 
of central and eastern Nevada and form the 
base of the Phanerozoic part of the conti-
nental margin stratigraphic section. They 
include the Campito, Deep Spring, Hark-
less, and Poleta Formations, and the Reed 
Dolomite in Esmeralda County; the Gold 
Hill Formation in northern Nye County; 
unnamed quartzite and shale in White Pine 
County; the Osgood Mountain quartzite in 
Humboldt County; the Prospect Mountain 
Quartzite in northern Nye, Lincoln, Eureka, 
and Elko Counties; unnamed quartzite and 
shale in Lander and Clark counties; and the 
Stirling Quartzite, Wood Canyon Formation, 
and Zabriskie Quartzite in southern Nye 
County. In a number of places, these rocks 
are depositional on Late Proterozoic unit 
Zqs. In southernmost Clark County, eZq 
is lying unconformably directly on Early 
Proterozoic gneiss (Xm). In the east-central 
part of Nevada, eZq is overlain deposition-
ally by Cambrian carbonate (ec) of the 
Carbonate shelf sequence. In the Nolan belt, 
these rocks are depositionally overlain by 
unit etd. In the Osgood Mountains in Hum-
boldt County, Permian and Pennsylvanian 
rocks of the Siliciclastic overlap assemblage 
(Phacl, Pacl) rest unconformably directly 
on the Osgood Mountain Quartzite

eZqm Metaquartzite (Lower Cambrian and latest 
Proterozoic)—This highly metamorphosed 
equivalent of eZq crops out in the Ruby 
Mountains and East Humboldt Range in 
Elko County, in the Toquima and Monitor 
Ranges in northern Nye County, and at 
the northern tip of the White Mountains 
in Mineral and Esmeralda Counties. In 
the Ruby Mountains it is transitional into 
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Oecm, and in the White Mountains it is 
transitional into Oetd

Zqs Quartzite, siltstone, conglomerate, limestone, and 
dolomite (Late Proterozoic)—Limestone, 
quartzite, dolomite, siltstone, conglomer-
ate, and metamorphic rocks crop out in the 
southeastern, east-central, and northeastern 
regions of the State as part of Zqs. It forms 
the Proterozoic base of the continental mar-
gin stratigraphic section. This unit includes 
the Johnnie Formation in southern Nye and 
Lincoln Counties, schist in Elko County, the 
McCoy Creek Group metamorphic rocks 
in Elko and White Pine Counties, and the 
Wyman Formation in Esmeralda and south-
ern Nye Counties. This rock is overlain by 
eZq. Its base is not exposed

Proterozoic Basement Rocks

Yfi Felsic phaneritic intrusive rocks (Middle 
Proterozoic)—This porphyritic rapakivi 
granite is present only in Clark County 
where it intrudes Proterozoic gneiss and 
schist (Xm)

Xm Gneiss and schist (Early Proterozoic)—Exposed 
mostly in Clark and Lincoln Counties, with 
two small outliers in southern Nye County

Other Rocks

Other rocks include a breccia unit of mixed breccias that 
identifies locally disrupted rocks; a gneiss, schist, and migma-
tite in Elko County, the only high-grade metamorphic rock in 
Nevada; and ultramafic rocks with serpentine that are scattered 
in a few places around the State adjacent to major Paleozoic 
and Mesozoic terrane boundaries.

br Mixed breccias including volcanic, thrust, 
jasperoid, and landslide megabreccia 
(Tertiary to Jurassic)—Breccias of various 
origins are scattered across Clark, Nye, 
Lincoln, Elko, Eureka, Lander, and White 
Pine Counties. Most are interpreted to be 
Tertiary in age, but have tectonic, volcanic, 
and metamorphic origins, and include 
jasperoids, brecciated tuffs, exotic slide 
blocks, landslide deposits, megabreccia, 
thrust breccia, and debris beds

TAgn Metamorphic-igneous complex (Oligocene, 
Cretaceous, and Jurassic with 
Paleozoic, Proterozoic, and Archean 

protolith)—In the Ruby Mountains and 
East Humboldt Range in Elko County, this 
unit is an orthogneiss with amphibolite 
and paragneiss. It includes granodiorite 
and quartz monzonite gneiss, granitic 
to dioritic gneiss, biotite and muscovite 
schist, quartzitic schist, quartzite, calc-
silicate rocks, marble, migmatitic 
Oligocene granodiorite, and Cretaceous 
and Jurassic granite. The protoliths for the 
East Humboldt Range orthogneiss include 
Archean through Paleozoic rocks (Lush, 
McGrew, and others, 1988; McGrew, Peters, 
and Wright, 2000)

dgsp Ultramafic rocks and serpentine (Triassic or 
upper Paleozoic)—Ultramafic rocks are 
present in very small belts or lenses in a few 
places across the State. In the Candelaria 
Hills along the Mineral-Esmeralda County 
boundary, they crop out in a thrust complex 
that overlies the Candelaria Formation 
(dcl). At Willow Spring, at the southern 
end of the Toquima Range south of 
Manhattan, serpentine is exposed again 
adjacent to the Candelaria Formation and 
deformed lower Paleozoic rocks (Oetd). 
A few small outcrops also are present on 
the east side of the Toquima Range near 
Belmont adjacent to lower Paleozoic rocks. 
In the Toiyabe Range in Nye County, 
scattered outcrops of serpentine form a 
narrow north-south trending belt adjacent 
to the Golconda terrane (GC), deformed 
lower Paleozoic rocks (Oetd, etd), and 
the Siliciclastic overlap assemblage. An 
early Triassic conodont was recovered near 
the serpentine near Marysville Canyon 
(Poole and Wardlaw, 1978), although the 
Candelaria Formation does not show on 
the map in this area. All of these exposures 
of ultramafic rocks are in a similar relative 
tectonic position above deformed lower 
Paleozoic rocks and the Siliciclastic overlap 
assemblage, and below the structurally 
overlying Golconda terrane. A narrow belt 
of serpentine and gabbro is exposed at the 
northern edge of the Golconda terrane in the 
Hot Springs Range in Humboldt County. In 
this case, the ultramafic rock is structurally 
above the Golconda terrane, and beneath the 
overlying Mesozoic Jungo terrane (JO)

Detailed Explanation of Geologic Units  ��
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Map References

References used in editing the geologic map in addition to the 1978 State map and the individual county maps are shown in 
the “Refs” attribute column of the geology layer. The codes and references used are listed here and shown in complete form in 
the references section.
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             Nevada Bureau of Mines and Geology
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Cohen, 1980   Cohen, 1980
CONO    Harris, Anita, ConodontSamples.shp, this map
Ehman, 1985   Ehman, 1985
GSA SP 163   Silberling, 1975
Heidrick, 1965   Heidrick, 1965
Lovejoy, GSA Bull 70, p. 539  Lovejoy, 1959
Means, 1962   Means, 1962
Miller and others, 1984  Miller, Holdsworth, and others, 1984
NBMG FS Map 12  Henry, 1996
NBMG FS Map 14  Jones, 1997b
NBMG FS Map 21  Miller, Gans, and others, 1999
NBMG FS Map 4  Mueller, 1993
NBMG Map 104   Martin and Naumann, 1995
NBMG Map 143   Theodore, Moring, and others, 2003
NBMG Map 35   Fritz, 1968
NBMG Map 97   Carlisle and Nelson, 1990
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Neff, 1969   Neff, 1969
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ABSTRACT 

Kirk, S.T. and Campana, M.E., 1990. A deuterium-calibrated groundwater  flow model of a regional 
carbonate-a l luvia l  system. J. Hydrol., 119: 357-388. 

The White River Flow System (WRFS), a regional carbonate-alluvial groundwater system in 
southeastern Nevada, U.S.A., contains large amounts of water in storage, especially in the 
underlying carbonate reservoir. As the population of Nevada grows, it may become necessary to 
tap the resources of this and other regional carbonate systems. Because of the depth to the 
carbonate reservoir and, until now, lack of motivation to collect detailed hydrogeological data on 
it, the state of knowledge of flow in the carbonate system is poor. However, a simple mixing-cell 
flow model of the WRFS can be constructed and calibrated with the spatial distribution of the 
stable isotope deuterium. This type of model subdivides the system into carbonate and alluvial cells 
and routes water and deuterium through the entire cell network. It provides estimates of recharge 
rates, groundwater ages and volumes of water in storage. Transience in recharge rates and their 
deuterium signatures are unaccounted for by the model. 

The lack of constraints on the system mandates the calibration of three different flow scenarios, 
each of which differs slightly from the other. Despite these differences, some consistent quantita- 
tive results are obtained. Foremost among these are: (1) the carbonate aquifer may contain as much 
as 752 km 3 of water in storage; (2) recharge from the Sheep Range to Coyote Spring Valley is at least 
90% greater than previously believed; (3) Lower Meadow Valley is part of the WRFS and contri- 
butes underflow to Upper Moapa Valley; (4) underflow with an average value of 0.163 m s s-i flows 
westward out of the system along the Pahranagat Shear Zone; (5) recharge to the alluvial system 
is greater than that to the carbonate system; (6) groundwater mean ages range from 1600 to 34 000 
years, with the oldest waters exceeding 100000 years old. The results also demonstrate that 
deuterium can be used to calibrate simple flow models and provide groundwater ages. 

Despite the uncertainties and lack of constraints in mixing-ceU models, they provide first 
approximations to information which, until now, has been difficult, if not impossible, to obtain. 
These models are especially useful for analyzing sparse-data systems, testing different flow 
hypotheses with minimal effort, providing ranges in parameter estimates, guiding future data 
collection and serving as precursors for the development of more sophisticated models. 
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** Present  address: Depar tment  of Geology, Universi ty of New Mexico, Albuquerque, NM 87131, 
U.S.A. 
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INTRODUCTION 

Long-term water supply needs in southern and eastern Nevada, U.S.A., have 
rekindled interest in regional carbonate flow systems within the Paleozoic 
miogeosynclinal belt of eastern Nevada. This paper describes the quantifica- 
tion of various flow properties of one such system, the White River Flow System 
(WRFS), shown in Fig. 1. The WRFS was originally defined by Eakin (1966), 
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who used a water-budget approach to delineate the system boundaries. Because 
of the areal extent of this flow system (20 000 km2), sparse data, and uncertain- 
ties in the hydrogeological parameters (saturated thicknesses, porosities, and 
recharge volumes), it is difficult to use a conventional flow model to obtain 
quanti tat ive estimates of the system's properties. However, a simple mixing- 
cell model, which requires fewer data, can yield estimates of storage volumes, 
groundwater residence times, and recharge rates. The application and hydro- 
logical implications of such a model vis-h-vis the WRFS are the subject of this 
investigation. 

As originally defined by Eakin (1966), the WRFS includes thirteen topo- 
graphic basins and extends 400 km from north to south, encompassing an area 
of > 18 000 km ~. Eakin's original flow system excluded Lower Meadow Valley, 
which is included in our model. The land surface slopes to the south, with 
valley floor elevations decreasing from 1700 m above mean sea level (msl) in the 
north to 550 m above msl in the vicinity of Muddy River Springs, the distal end 
of the system. In the northern part of the study area, the crests of the mountain 
ranges commonly exceed 2400 m in elevation and locally exceed 3000 m. In the 
southern part, mountain crests exceed 2400 m only locally and generally are 
< 2100 m above msl. 

The objectives of this study were to: 
(1) simulate flow in a large regional aquifer system using a simple mixing- 

cell model calibrated with the environmental stable isotope deuterium; 
(2) use this model to estimate the aquifer system's storage volume, average 

annual recharge rates and flow distributions; 
(3) document the ability of the stable isotope-calibrated model to estimate 

groundwater  age distributions. 
These objectives will be accomplished by use of three different flow 

scenarios, each of which may be feasible, given the lack of detailed hydraulic 
and hydrologic information on the WRFS. 

GEOLOGY 

The regional geology of the WRFS is dominated by Basin and Range horst 
and graben structure, formed by high-angle normal faults, oriented nor th-  
south. The intermontane basins (grabens) have been filled with alluvium 
eroded from the mountain blocks (horsts). As this study deals with regional 
groundwater  flow, the geological description will be kept to a minimum. 

Exposed rocks in the WRFS generally fall into three groups: Precambrian to 
Triassic igneous, metamorphic, and sedimentary rocks; Cenozoic sedimentary 
rocks; and Cenozoic volcanic rocks. Paleozoic rocks belong to the carbonate or 
eastern assemblages which were formed in shallow marine, intertidal, and 
supertidal depositional environments (Stewart, 1980). 

Mesozoic sedimentary rocks were eroded during the period from the late 
Triassic uplift to late Jurassic or Cretaceous thrust  faulting. Throughout the 
Tertiary, a huge outpouring (perhaps 1000 km 3) of volcanic material occurred. 
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These Tertiary volcanic rocks, largely tufts, are predominantly exposed in the 
southern half of the WRFS. Volcanism was followed by late Cenozoic Basin and 
Range faulting and deposition of valley-fill sediments (Tschanz and Pampeyan, 
1970). 

The geological structure of the region was formed by compression during the 
Mesozoic-early Tertiary Sevier Orogeny, and extension during the Miocene- 
Holocene. Normal faults underlying valleys of the WRFS can serve as areas of 
spring discharge. The WRFS is divided by a regional lineament, the 
Pahranagat  Shear Zone, composed of a series of parallel northeast-southwest  
trending strike-slip faults. This zone, exposed in the Pahranagat  Range, which 
forms the western boundary of Pahranagat  Valley, is composed of distinct 
parallel faults: the Arrowhead Mine, Buckhorn, and the Maynard Lake Faults. 
Northeast-southwest  trending lineaments have also been mapped in the Arrow 
Canyon Range at the southern end of the WRFS and identified as deep-seated 
structural anomalies which serve as conduits for regional groundwater flow 
(McBeth, 1986). 

HYDROGEOLOGY 

Hydrostratigraph y 

Three distinct hydrostratigraphic units occur in the WRFS: (1) Paleozoic 
carbonates; (2) Tertiary volcanics; (3) Tertiary and Quaternary valley fill. A 
map of these rock types is shown in Fig. 2. 

Large quantities of groundwater are known to flow through the Paleozoic 
carbonate rocks in eastern Nevada (Eakin, 1966). Transmissive properties of 
the Paleozoic carbonates are facilitated by secondary porosity as a result of 
faults, joints, fractures and solution channels (Hess and Mifflin, 1978). Locally, 
the stratigraphic section of the Paleozoic carbonates exceeds 9000 m (Kellog, 
1963). Within these Paleozoic rocks are low-permeability clastic rocks, 
primarily quartzite and shale, which act as aquitards. Knowledge of the total 
thickness of the transmissive section of the Paleozoic carbonates and corre- 
sponding effective porosity is difficult to obtain because of the paucity of deep 
borehole data. 

Tertiary volcanics are extensive in the region. The primary porosity of these 
rocks is low but secondary porosity exists, as a result of joints and fractures. 
In many places, Tertiary volcanics lie between Paleozoic carbonates and valley 
fill. 

Valley-fill alluvium was deposited in the north-south trending grabens and 
is composed of fine-grained lacustrine or playa deposits or Quaternary gravels, 
sand, silts and clay laid down in stream channels, alluvial fans and playa 
environments. Unconsolidated sand and gravel deposits of the younger valley- 
fill and alluvial fans are capable of transmitting water freely (Eakin, 1966). 

Thicknesses of valley-fill deposits vary greatly. In Coyote Spring Valley the 
average thickness of the valley fill is 100 m, whereas in Dry Lake Valley the 
estimated maximum thickness, based on gravity surveys, is 3000 m. 
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50 km 

Upper Moap8 Valley 

Fig. 2. Hydrostratigraphic units in the White River Flow System. 

Groundwater 

The occurrence of groundwater  in the WRFS is generally confined to the 
three hydrostratigraphic units previously defined. Regional movement of 
groundwater in the WRFS was originally proposed by Eakin (1966), who based 
his conceptual model upon: (1) relative hydraulic properties of the major rock 
groups; (2) regional movement of groundwater as inferred from hydraulic 
gradients; (3) relative distribution and quantities of estimated recharge and 
discharge; (4) chemical quality of water  discharged from major springs. Flow 
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paths defined by Eakin are shown in Fig. 3; arrows indicate the general 
direction of groundwater flow. 

In defining the boundaries of the WRFS, Eakin assumed that: (1) the 
mountain bedrock is virtually impermeable and lateral movement of water 
conforms to the general slope of the surface topography; (2) topographic axes 
of mountain ranges are coincident with structural trends which act as barriers 
to groundwater flow; (3) groundwater divides are coincident with topographic 

I I 
25 50 km 

Upper Moapa Vefle¥ 

Fig. 3. F low p a t h s  in t he  Whi t e  River  Flow Sys t em a c c o r d i n g  to E a k i n  (1966). 
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divides. The first and last assumptions can be in error for certain instances 
where hydraulic gradients in a regional aquifer are not coincident with those 
in the overlying alluvial aquifer and with the gradient of the topography. 
However, given the paucity of hydrologic data available to Eakin, his 
assumptions were reasonable. Horizontal hydraulic gradients were obtained 
from water levels in alluvial wells and springs. Eakin assumed that hydraulic 
gradients in the regional aquifer were somewhat less than in the overlying 
alluvial aquifer. Estimates of recharge volumes were obtained with the Maxey- 
Eakin method of recharge estimation (Maxey and Eakin, 1949). 

Discharge from the WRFS occurs principally as spring discharge. Major 
spring discharge occurs in three areas: (1) White River Valley, where 
discharges of ~ 0.861 m 3 s- 1 of warm water  ( > 20°C) and ~ 0.548 m 3 s- 1 of cold 
water occur; (2) Pahranagat  Valley, where a discharge of ~ 0.978 m 3 s- 1 of warm 
water  occurs; (3) Muddy River Springs in Upper Moapa Valley, where a 
discharge of ~ 1.408m3s -1 of warm water occurs. Very little variation in 
discharge has been noted for these springs. Evaporation of discharge from 
Pahranagat  Valley springs occurs principally from Pahranagat  and Maynard 
Lakes. 

Discharge of groundwater by evapotranspiration (ET) in valleys not 
associated with regional springs is ~0.196mZs -1 and occurs principally in 
Long (0.086mas-1), Garden (0.078m3s-1), and Cave (0.008m3s -1) Valleys 
(Eakin, 1966). Evapotranspiration estimates are considered rough approxima- 
tions. This study has adopted the ET estimates of Eakin as the more rigorous 
approach of phreatophyte mapping was beyond the scope of this study. 

Winograd and Friedman (1972) postulated several changes to Eakin's 
conceptual model and questioned the validity of a water-budget-based model in 
light of environmental isotopic data in the region. They concluded that: (1) 
significant underflow from Pahranagat  Valley via the Pahranagat  Shear Zone 
exists; (2) discharge from Muddy River Springs may be derived from the Spring 
Mountains, west of Las Vegas, rather  than the WRFS, despite the groundwater 
barrier effects of the Las Vegas Shear Zone; (3) the 13%o difference between the 
observed deuterium value at Pahranagat  Springs in Pahranagat  Valley and 
Muddy River Springs is because of variation of deuterium recharge concentra- 
tion with time. 

Welch and Thomas (1984) proposed other modifications to Eakin's model of 
the system. Results of mass-balance calculations using deuterium isotope data 
and recharge and discharge estimates reveal greatly reduced flow past areas of 
major discharge in the White River and Pahranagat  Valleys. 

Other contributions to hydrologic data of the WRFS have been made by 
Eakin (1962, 1963a, b, 1964), Mifflin (1968), and MiffÊin and Hess (1979). Poten- 
tiometric mapping of the region by Thomas et al. (1985) has resulted in the 
elimination of Long Valley from the flow system, assuming that  hydraulic 
gradients in the alluvium are similar to those in the underlying carbonate 
aquifer. 
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DISCRETE-STATE COMPARTMENT MODEL 

A discrete-state compartment (DSC) model (Simpson and Duckstein, 1976) 
was used to simulate flow in the WRFS. The DSC code was developed by 
Campana (1975) and applied to the Tucson Basin by Campana and Simpson 
(1984), and the Edwards aquifer by Campana and Mahin (1985). 

Discrete-state compartment models are nothing more than sophisticated 
mixing-cell models, which represent the given hydrogeological system as a 
network of interconnected cells, through which water and dissolved materials 
are transported. A recursive form of the conservation of mass equation governs 
the transport of water and dissolved matter. For any given cell, the basic 
equation of the DSC model is (Simpson and Duckstein, 1976) 

S ( N )  = S ( N -  1) + [BRV(N) x BRC(N)] - [BDV(N) x BDC(N)] (1) 

where: S ( N )  is the cell state at iteration N, the mass or amount of tracer in the 
cell; BRV(N) is the boundary recharge volume at iteration N, the input volume 
of water to the cell; BRC(N) is the boundary recharge concentration at 
iteration N, the input concentration of tracer; BDV(N) is the boundary 
discharge volume at iteration N, the output volume of water from the cell; 
BDC(N) is the boundary discharge concentration at iteration N, the output 
concentration of tracer. 

The tracer concentration in the water, or in this case, the deuterium value 
of the recharge water, entering a boundary cell from outside the model's 
boundaries, is referred to as a system boundary recharge concentration 
(SBRC). The volume of recharge water entering a boundary cell is referred to 
as a system boundary recharge volume (SBRV). 

Equation (1) is applied successively to each cell in the network during a 
given iteration. As a result, boundary discharge volumes and concentrations 
from 'upstream' cells become boundary recharge volumes and concentrations 
to 'downstream' cells. The BDC(N) term is the only unknown on the right side 
ofeq. (1). Its value can be ascertained by specifying one of two mixing rules: the 
simple mixing cell (SMC) rule or the modified mixing cell (MMC) rule. The 
former rule simulates perfect mixing within a cell, and the latter imitates some 
middle ground between perfect mixing and pure piston flow. For the SMC 

BDC(N) = { 8 ( N -  1) + [BRV(N) x BRC(N)]}/[VOL + BRV(N)] (2) 

where VOL is the volume of water in the cell. 
For the MMC 

BDC(N) = S ( N -  1)/VOL (3) 

The MMC approaches pure piston flow as the BRV approaches VOL, and 
approaches perfect mixing as the BRV approaches zero. This study used both 
options. As the model approached calibration, the model-derived deuterium 
values were almost identical for both SMC and MMC options. 
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Each cell in the DSC model depicts a region of the hydrogeological system; 
regions are differentiated based upon their hydrogeological uniformity and the 
availability of the data. Variability within the system is distributed between 
cells. Cells can be of any desired size and can be arranged in a one-, two-, or 
three-dimensional configuration. 

Discrete-state compartment models permit the user to specify the flow paths 
between cells and the discharge from the system. To do so requires an initial 
estimate of the flow system, such that  an initial set of specifications can be 
established. During the calibration process, these parameters are adjusted by 
the modeler to obtain agreement between the simulated and observed tracer 
concentrations. 

DEUTERIUM AS A GROUNDWATER TRACER 

The stable isotope deuterium (2H or D) was chosen as the tracer in the DSC 
model. Deuterium is a useful groundwater tracer because it: (1) is part of the 
water molecule; (2) does not decay with time; (3) is not removed from water by 
exchange processes during movement through most aquifer materials; (4) ex- 
periences no hydrodynamic dispersion. The deuterium content of precipitation 
varies with latitude and elevation. Variations are caused principally by the 
history of isotopic fractionation that  occurred during changes of state of water 
between vapor, liquid, and solid. These variations serve to 'fingerprint' water 
masses, which is reflected by the spatial distribution of deuterium in concentra- 
tions in groundwater. 

The measurement of deuterium content is made with a mass spectrometer. 
As absolute quantities of stable isotopes are difficult to measure, the isotopes 
of hydrogen are measured as the ratio between the element's heavy and light 
isotopic species. The relative permil (%o, i.e. parts per thousand) deviation of 
the sample isotopic ratio from that  of the standard is defined as 

6 D  = l O 0 0 [ ( D / H ) s ~ m p l  e - ( D / H ) s t ~ n d ~ d ] / ( D / H ) s t a n d ~  = 1000(R D - 1) (4) 

where R D is the ratio between the heavy to light isotope ratio of the sample to 
that  of the standard. A depletion of heavy isotopes in the sample, measured 
with respect to the standard, corresponds to a negative 5D value. The abbrevia- 
tion is usually understood to represent permil units. In this study, the standard 
is Vienna Standard Mean Ocean Water (V-SMOW). 

In using deuterium as a groundwater tracer, the following assumptions are 
implicit: (1) recharge waters can be assigned a characteristic deuterium value; 
(2) the deuterium signature of recharge is a function of the geographic location 
(latitude, elevation, distance from the ocean, and temperature); (3) deuterium 
is a conservative tracer. With regard to the first two assumptions, deuterium 
samples from high-altitude springs were assumed to be representative of 
recharge waters from a given mountain range. The third assumption is critical 
to the successful use of deuterium as a groundwater tracer. This assumption 
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can be invalid if fractionation or isotopic exchange has occurred subsequent to 
recharge. Although exchange of deuterium may occur in some hydrogen-bear- 
ing clays, it is not considered a significant process in this system. 

The question of the time invariance of deuterium signatures of the recharge 
water and the recharge rate itself is a valid one. Paleoclimatically induced 
shifts in each quantity have no doubt occurred in the past. With the exception 
of preliminary work by Winograd et al. (1985), which dealt with waters older 
than the groundwaters in the WRFS, no quantitative investigations have been 
undertaken to determine these paleoclimatically induced shifts in eastern 
Nevada. Claassen (1983) interpreted the distribution of 5D plotted against 
14C-derived ages as an indication of a deviation from the mean annual tem- 
perature. Mifflin and Wheat (1979) estimated, based on Pleistocene lake levels 
in the Great Basin, a mean annual temperature decrease of 5°C and a mean 
annual precipitation increase of ~ 68% during the lacustrine episodes. These 
studies suggest possible paleoclimatically induced shifts in both deuterium 
signatures and recharge rates. As quantitative shift data are lacking, the model 
described herein assumed time-invariation recharge rates and deuterium 
signatures. 

Seventy-four deuterium values were used in this study, 34 of which were used 
for SBRC (recharge signature) determination and the remainder for calibra- 
tion. Of the total, 25 samples were collected and analyzed by the Desert 
Research Institute (DRI). Eighteen of the DRI samples were collected in June 
1986 as a part of this study. The remaining data were selected from the United 
States Geological Survey (USGS) data base in Reston, VA. The complete data 
suite can be found in Kirk and Campana (1988). 

DEVELOPMENT OF THE WHITE RIVER FLOW SYSTEM DSC MODEL 

Flow scenarios 

Because of the dearth of data on the WRFS, the uncertainties in the informa- 
tion available (saturated thicknesses, recharge volumes, effective porosities, 
etc.) and the large number of degrees of freedom in the DSC model, three 
different flow scenarios were simulated. This approach leads to estimates of the 
range in a certain parameter (e.g. volume of storage in the carbonate aquifer) 
as opposed to a single value. Although a large number of flow scenarios could 
be specified, the three selected were designed to address the following aspects 
of the WRFS: (1) the differences in deuterium concentration between the 
Pahranagat  Valley springs (average: -108%0) and the carbonate wells in 
Coyote Spring Valley (average: - 101%0); (2) the differences in deuterium con- 
centration between the carbonate wells of Coyote Spring Valley and Muddy 
River Springs ( - 98%0); (3) distribution of groundwater flow in the White River 
Valley; (4) existence of underflow from Long Valley into Jakes Valley. Each 
scenario consists of an overlying alluvial aquifer (tier 1) and an underlying 
carbonate aquifer (tier 2). 

SE ROA 49542

JA_15401



DEUTERIUM-CALIBRATED GROUNDWATER FLOW MODEL 367 

Scenario 1 divides the WRFS into 22 cells (Fig. 4), composed of two tiers. 
Alluvial (tier 1) and carbonate (tier 2) aquifers were specified for Jakes, White 
River, Cave, Coal/Garden, Dry Lake, and Delamar Valleys. Alluvial aquifers 
were not specified for Pahroc, Pahranagat,  Coyote Spring, Kane Springs, 
Lower Meadow and Upper Moapa Valleys, because of the relatively small 

~ 700 

~/ Tier 2. 

"~4 Carbonate Aquif al Aquifer 

5800 

12900 

3400 

10500 

~ 1 9 2 0 0  

I I 
0 25  50  km 

Fig. 4. Cell configuration for WRFS Scenario 1. Large numbers adjacent to cells are water mean 
ages  (years). 
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volume of the alluvial aquifers compared with the carbonate aquifers in these 
basins and the lack of isotope data. Long Valley has been excluded and Lower 
Meadow Valley included in the WRFS based on potentiometric mapping by 
Thomas et al. (1985) and a reconnaissance report by Rush (1964). The areal 
extent of each cell coincided with exposed alluvium in each of the hydrograph- 
ic basins, based upon available geological maps. 

Scenario 2 divides the WRFS into 20 cells (Fig. 5). Preston Springs in 

300 

Tier 2. Aquifer 
Carbonate 

5 8 0 0  

700 

0 

1 

10000 

)' o 

J 12400 

I A q u i f e r  

5100 

"116000 
t2 

000 

2 8  50  km 

Fig. 5. Cell configurat ion for WRFS Scenario 2. Large numbers  adjacent to cells are water  mean  

ages (years). 
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northwestern White River Valley is included in carbonate Cell 2 (Jakes Valley) 
with the remainder of White River Valley composed of four cells, as opposed to 
six cells in scenario 1. In addition, Scenario 2 adopts different intercellular flow 
paths and SBRV and SBRC values. 

Scenario 3 introduces underflow from the Long Valley carbonate aquifer 
into the carbonate aquifer of Jakes Valley (Fig. 6). The amount of underflow is 

il Aquifer 

5800 

13500 

10500 

U 
! I 

0 25  60  km 

Fig. 6. Cell configuration for WRFS Scenario 3. Large numbers adjacent to cells are water mean 
ages (years). 
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small (20%) relat ive to the total  volume of recharge  est imated for Long Valley. 
Eakin ' s  (1966) or iginal  model of the  WRFS included Long  Valley in the system. 
Al though  recent  potent iometr ic  mapping  in the al luvial  aquifer  by Thomas  et 
al. (1985) concluded tha t  Long Valley is not  par t  of the system, this does not  
preclude the possibil i ty tha t  the ca rbona te  aquifer  of  Long Valley contr ibutes  
to regional  flow in the WRFS. Other  than  inclusion of Long Valley, scenario 
3 is similar to scenar io  1. 

Cell volumes 

Thicknesses  of the Paleozoic carbonates  exceed 9000 m locally in the WRFS. 
Est imates  of  the thicknesses  of  the ca rbona te  and al luvial  aquifers are difficult 
because of lack of  deep borehole  data,  a l though  some geophysical  da ta  were 
available. We assumed ~thicknesses of 3050 m for the ca rbona te  cells and 610 m 
for the al luvial  cells. Effective porosit ies for the ca rbona te  and al luvial  
aquifers were assumed to be 3 and 15%, respectively.  These cell volumes 
(area × th ickness  × porosi ty)  for all scenarios  are listed in Table 1; ca rbona te  

TABLE 1 

Cell volumes for Scenarios 1, 2 and 3 

Cell no. Scenario 1 Scenario 2 Scenario 3 
(109m 3) (109m 3) (10sin 3) 

1 38.297 38.297 58.839* 
2 38.297* 38.297* 38.297 
3 63.931" 136.468 38.297* 
4 63.931" 136.468" 63.931 
5 19.198 19.198 63.931" 
6 72.550* 24,044 19.198 
7 72.550 107.912 72.550* 
8 24.044 107.912" 72.550 
9 107.912 49.937 24.044 

10 107.912" 49.937* 107.912 
11 49.937 52.452* 107.912" 
12 49.937* 97.160 49.937 
13 52.452* 18.865" 49.937* 
14 97.160 47.421 52.452* 
15 18.865" 18.865" 97.160 
16 47.421 54.807* 18.865" 
17 18.865" 66.261" 47.421 
18 54.807* 97.160" 18.865" 
19 66.261" 47.421" 54.807* 
20 97.160" 0.543* 66.261" 
21 47.421" 97.160" 
22 0.543* 47.421" 
23 0.543* 

Totals 1209.451 1209.302 1268.288 

* Carbonate cell. 
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cells are designated by an asterisk, a convention that  will be used throughout  
this paper. We feel that  these cell volumes are reasonable given the few data, 
and represent 'average' values. Should more detailed information become 
available, it can be easily incorporated into the model. It should be noted that  
the cell volume equals the volume of water  in a given cell. 

System boundary recharge volumes 

The SBRV estimate for each boundary cell was based initially on recharge 
estimates calculated by the Maxey-Eakin  method of recharge estimation. 
Table 2 shows the calibrated SBRV for each cell used in the three scenarios; 
Table 3 shows the recharge estimates on a hydrographic basin basis for each 
scenario and the corresponding estimate from Eakin (1966). The amount of 
recharge assigned to the carbonate cells is speculative, as virtually no quan- 
t i tative estimates of mountain block recharge have been reported in the 
literature. 

System boundary recharge concentrations 

Each SBRV in the model is assigned a characteristic isotopic signature or 
system boundary recharge concentration. Table 4 shows the estimated SBRC 

T A B L E  2 

Ca l ib ra ted  sy s t em b o u n d a r y  r e c h a r g e  v o l u m e s  for Scena r io s  1, 2 and  3 

Cell  no.  Scenar io  1 Scenar io  2 Scenar io  3 
(m3s -1) (m3s -1) (m3s -1) 

1 0,626 0.430 0.196" 
2 0,274" 0.391" 0.430 
3 0.196 0.235 0.274* 
4 0,196" 0.430* 0.196 
5 0.391 0.391 0.196" 
6 0.156" 0.313 0.391 
7 0.117 0,274 0.156" 
8 0.313 0.156" 0.117 
9 0.274 0.313 0.313 

10 0.156" 0,235" 0.274 
11 0.274 0.078* 0.156" 
12 0.156" 0.196 0.274 
13 0.078* 0.039* 0.156" 
14 0.293 0.059 0.078* 
15 0.039* 0.313" 0.293 
16 0.078 0.059* 0.039* 
17 0.176" 0.235* 0.078 
18 0.059" - -  0.176" 
19 0.196" - -  0.059* 
20 - -  - -  0.196" 

* C a r b o n a t e  cell. 
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TABLE 5 

Recharge to WRFS hydrographic  basins 

S.T. KIRK AND ME. CAMPANA 

Hydrographic  Eakin (1966) Scenario 1 Scenario 2 Scenario 3 
basin (m~s 1) (m:~s ,) (m~s ~) (m:~s 1) 

Long Valley 0.391 0.196 
Jakes  Valley 0.665 0.900 0.822 0.704 
White River Valley 1.448 1.369 1.369 1.369 
Coal/Garden Valleys 0.391 0.430 0.430 0.430 
Cave Valley 0.548 0.430 0.548 0.430 
Pahroc Valley 0.086 0.078 0.078 0.078 
Dry Lake Valley 0.196 0.293 0.196 0.293 
Kane Springs Valley 0.039 0.039 0.039 
])elamar Valley 0.039 0.078 0.059 0.078 
Pah ranaga t  Valley 0.078 0.059 0.059 0.059 
Coyote Spring Valley 0.102 0.196 0.235 0.196 
Lower Meadow Valley 0.313* 0.176 0.313 0.176 

Totals 4.257 4.049 4.147 4.0,49 

* From Rush (1964). 

TABLE 4 

System boundary recharge concent ra t ions  

Cell Scenario 1 Scenario 2 Scenario 3 
(%0 6D) (%o 5D) (% 5D) 

l -124.0 124.0 126.0" 
2 124.0" 124.0" 124.0 
3 113.0 112.0 124.0" 
4 113.0" t12.0" 113.0 
5 113.0 113.0 ll3.0* 
6 110.5" 104.0 113.0 
7 110.5 104.0 110.5" 
8 104.0 104.0" ]10.5 
9 103.0 102.0 104.0 

10 103.0" 102.0" 103.0 
l l  102.0 100.0" 103.0" 
12 102.0" 97.0 102.0 
13 100.0" 87.0* 97.0* 
14 -- 96.0 87.0 100.0" 
15 - 87.0* - 89.0* 97.0 
16 - 87.0 89.0* 87.0* 
17 89.0* 93.0* 87.0 
18 - 89.0* 89.0* 
19 - 93.0* 89.0* 
20 93.0* 

* Carbonate  cell. 
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inputs for all cells in the three scenarios. The SBRC for each cell receiving 
recharge was based on deuterium samples from high-altitude springs. We 
assumed that averaging deuterium values from high-altitude springs of a given 
mountain range yielded an average deuterium signature of recharge waters. In 
the case of Lower Meadow Valley, an average deuterium value based upon 
isotope data from wells in the valley was used for the SBRC. The average value 
(-89.0%o 6D) was assumed to represent the isotopic signature of underflow 
from Lower Meadow Valley into Upper Moapa Valley. 

Flow distributions 

During calibration, flow distributions among cells were adjusted to obtain 
agreement with observed 6D values. Intercellular flow paths are shown in Figs. 
7-9. 

We assumed that virtually all groundwater in the alluvial aquifer flows into 
the underlying carbonate aquifer in Jakes,  Cave, Coal/Garden, Dry Lake, and 
Delamar Valleys. Scenario 1 assumes downward flow in the southern portion 
of the White River Valley, whereas Scenario 2 assumes a net  upward flow from 
the carbonates to the alluvium. These assumptions depend on whether we 
divide the western half of White River Valley into four cells (Scenario 1) or two 
cells (Scenario 2). 

System boundary discharge volumes 

System boundary discharge volumes (SBDV) in the form of springflow, ET, 
or underflow out of the system for Scenarios 1, 2 and 3 are listed in Table 5. 
Underflow out  of the system, which is determined by calibration, is included in 
the SBDV. Underflow out of the system occurs only in Pahranagat  and Upper 
Moapa Valleys. Springflow from the carbonate aquifers is relatively constant. 
The system is in steady state, i.e. total recharge = total discharge. 

Eakin (1966) estimated 0.078 m a s- 1 of ET in Garden Valley (Cell 9, Scenario 
1) and assumed that  in valleys where regional springs discharge, nearly all 
discharged water is subsequently consumed by ET; Eakin considered ET to be 
minor in all other valleys. This assumption may be in error, but  is adopted for 
this regional analysis. In lieu of phreatophyte mapping in the study area, 
Eakin's (1966) estimates were used. Discharge from the system because of 
pumping was not considered, owing to the relatively short duration of pumping 
(40 years) compared with the age of the water  in the flow system. 

RESULTS AND DISCUSSION 

Calibration 

Calibration was accomplished by trial and error. The intercellular flow 
distributions and recharge rates were adjusted to achieve calibration, with the 
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i J I 
0 3 0  6 0  I 

Fig. 7. Flow distributions for WRFS Scenario I. 

fo rmer  subjec t  to more  ad ju s tmen t  t han  the  la t ter .  The  model  was run  unt i l  
ca lcu la ted  deu t e r ium va lues  did not  change  to the  first  dec imal  place.  Both  the  
real -world  sys tem and its model  r e p r e s e n t a t i o n  are  assumed  to be in s teady  
s ta te  wi th  respec t  to deu t e r ium values .  Ca l ib ra t ion  was ach ieved  when  the  
model-der ived deu te r ium va lue  agreed  to wi th in  2%0 wi th  the  observed  
deu t e r ium va lue  which  had  been ass igned  to a g iven cell. In  some ins tances  
the re  was  a t rade-off  and  ca l ib ra t ion  wi th in  2.5%0 was the  best  fit a t ta ined .  
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m ! | 

0 30 6~ 

Fig. 8. Flow distributions for WRFS Scenario 2. 

Calibration results were previously given in Tables 2 (SBRV or recharge 
rates to the model boundaries), 3 (recharge rates to hydrographic basins) and 
5 (SBDV or discharge rates across the model boundaries). Table 6 shows the 
observed and calculated deuterium values, and Tables 7 and 8 show parameter 
ranges for the carbonate and alluvial systems, respectively. 
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I ] I 
0 30 60 

Fig .  9. F l o w  d i s t r i b u t i o n s  f o r  W R F S  S c e n a r i o  3. 

Differences among Scenarios 1, 2 and 3 

Scenario 1 was calibrated by: (1) diverting 0.172 m 3 s-1 from the system (west 
from Cell 18") along the Pahranagat Shear Zone; (2) specifying 0.196 m 8 s-1 of 
recharge from the Sheep Range to Coyote Spring Valley (Cell 19"); (3) 
including 0.176 mZs-1 of underflow from Lower Meadow Valley (Cell 17") into 
Upper Moapa Valley (Cell 22*); (4) increasing recharge to Dry Lake Valley to 
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T A B L E  5 

C a l i b r a t e d  s y s t e m  b o u n d a r y  d i s c h a r g e  v o l u m e s  

C e l l  S c e n a r i o  1 S c e n a r i o  2 S c e n a r i o  3 

no .  ( m 3 s  1) ( m 3 s - , )  ( m 3 s - , )  

4 0 .446*  0 .863* - -  

5 0 .200  0 .198  0 .448* 

6 0 .436*  0 .335 0 .200 

7 - -  0 .052  0 .437* 

8 0 .340  - -  - -  

9 0 .077 - -  0 .340  

10 - -  - -  0 .077 

16 - -  1 .065"  - -  

18 1 .148"  - -  - -  

19 - -  - -  1 .131"  

20 - -  1 .634"  - -  

22 1 .401"  - -  - -  

23 - -  - -  1 .420"  

* C a r b o n a t e  c e l l .  

0.293m3s 1, 50% more than the Maxey-Eakin  estimate; (5) increasing the 
recharge to Delamar Valley from 0.039 to 0.078m3s-1; (6) allowing most 
(0.345m3s 1) of the combined groundwater flow from Dry Lake and Delamar 
Valleys to discharge at Coyote Spring (Cell 19"). 

The following were required to calibrate Scenario 2: (1) dividing the western 
half of White River Valley into two cells, 3 and 4*, with upward vertical 
hydraulic gradients from Cell 4* to Cell 3; (2) allowing discharge from alluvial 
Cell 3 to the carbonate cell of Pahroc Valley (13"); (3) specifying that  underflow 
from Cell 4* to Cell 8* of Coal/Garden Valleys is ~ 24% of the corresponding 
flow distribution in Scenario 1 (0.047 and 0.192m 3 s -1, respectively); (4) dis- 
charging 0.145m3s -1 from the system along the Pahranagat  Shear Zone; (5) 
permitting groundwater flow of 0.188m3s - '  from Delamar Valley to Coyote 
Spring Valley (as opposed to the 0.345m3s -1 adopted in Scenario 1); (6) 
specifying 0.235m3s -1 of recharge from the Sheep Range to Coyote Spring 
Valley (Cell 17"); (7) allowing 0.313 m 3 s- 1 of groundwater to flow from Lower 
Meadow Valley (Cell 15") into Upper Moapa Valley (Cell 20*); (8) diverting 

0.117 m 3 s -1 from the system as underflow from Upper Moapa Valley into 
Moapa Valley. Scenario 2 represents the maximum amounts of recharge from 
the Sheep Range and underflow from Lower Meadow Valley. 

Scenario 3 used the calibrated inputs of Scenario 1, together with the 
introduction of 0.196m3s -1 of underflow from Long Valley (Cell 1") and a 
corresponding decrease in recharge assigned to Jakes Valley (Cell 3*). Calibra- 
tion was achieved by decreasing the SBRC of Cell 15 (Dry Lake Valley) by 2%0 
and permitting flow from Cell 7* (White River Valley) to Cell 14" (Pahroc 
Valley). 

Despite the differences among the scenarios, certain similarities exist. 
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TABLE 7 

Parameter  ranges for the  carbonate  system 

379 

Parameter  Scenario 1 Scenario 2 Scenario 3 

Recharge rates 1.487 1.937 1.682 
(mZs -1) 

Storage volumes 690.5 690.5 752.1 
(10~m 3) 
Mean ages (years) 2700-25 000 4300-34 000 4800-24 800 

TABLE 8 

Parameter  ranges for the al luvial  system 

Parameter  Scenario 1 Scenario 2 Scenario 3 

Recharge rates 2.563 2.210 2.367 
(mns -1) 

Storage volumes 517.9 517.9 517.9 
(109 m 3) 
Mean ages (years) 1600-19 200 1600-26 000 1600-19 200 

Regardless of the scenario, calibration required: (1) the diversion of ground 
water outside the WRFS from Pahranagat Valley; (2) an increase in recharge 
from the Sheep Range; (3) the introduction of underflow from Lower Meadow 
Valley into Upper Moapa Valley. The greatly increased recharge from the 
Sheep Range, just west of Coyote Spring Valley, is supported by a water budget 
of Las Vegas Valley by Harrill (1979), who estimated that 0.078m3s -1 of 
recharge from the Sheep Range flows to Las Vegas Valley, leaving the 
remaining estimated 0.364 m 3 s-1 of recharge available to Coyote Spring Valley 
and Desert Valley, which is just west of the Sheep Range. The attribution of 
underflow from Lower Meadow Valley into Upper Moapa Valley is based upon 
reconnaissance work by Rush (1964), who estimated that 0.313mSs -1 is 
discharged from Lower Meadow Valley as underflow. Finally, it is feasible that 
a certain percentage of ground water entering Upper Moapa Valley is not 
discharged at Muddy River Springs but subsequently flows into Moapa Valley. 

Recharge rates 

System boundary recharge volumes (recharge rates) on a cell-by-cell basis 
were given in Table 2. Table 3 listed recharge rates on a valley-by-valley 
(hydrographic basin) basis and Tables 7 and 8 summarized recharge rates to the 
carbonate and alluvial aquifers, respectively. 

The data in Table 3 indicate that whereas the valley-by-valley recharge rates 
may differ greatly, the total recharge rates are virtually the same. This holds 
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regardless of whether comparisons are made among the various DSC model 
scenarios or between the DSC model estimates and the water-budget 
approaches of Eakin (1966) and Rush (1964). Among the scenarios, significant 
differences can be found in Dry Lake and Lower Meadow Valleys. Scenarios 1 
and 3, virtually identical except for the inclusion of Long Valley in Scenario 
3, yield identical recharge rates to the aforementioned valleys; the Scenario 2 
recharge rate is 33% lower in Dry Lake Valley and ~ 78% greater in Lower 
Meadow Valley. When compared with the water-budget figures, the DSC model 
estimates are > 90% greater in Coyote Spring Valley; this increase is the result 
of increased recharge from the Sheep Range. Scenario 1 and 3 recharge 
estimates for Lower Meadow Valley are also significantly lower than either the 
Rush (1964) or the Scenario 2 estimate, which were identical. 

Unlike the water-budget approach of Eakin and Rush, the DSC model is 
capable of distinguishing between recharge to the alluvial system and that  to 
the carbonate system. The disadvantage to this is that, given the current state 
of knowledge, it is virtually impossible to verify these numbers, especially 
carbonate system recharge. However, these estimates should be viewed as first 
approximations, which can serve as starting points for more sophisticated 
models or planning purposes. 

Pahranagat Shear Zone underflow 

Eakin's (1966) original conceptual model of the WRFS did not allow for 
subsurface flow outside the flow system boundaries. However, to achieve cali- 
bration, each scenario required the diversion of flow west from Pahranagat  
Valley along the Pahranagat  Shear Zone. Scenarios 1 and 3 diverted 
0.172 m 3 s-1 in this manner, whereas Scenario 2 diverted 0.145 m3s ~ along this 
zone. Winograd and Friedman (1972) hypothesized that  ~ 35% of the discharge 
at Ash Meadows, or ~0.235mas -1, originated in Pahranagat  Valley. Ash 
Meadows is a groundwater discharge area outside the WRFS located near the 
Nevada-California border ~ 160 km west of the WRFS terminus. I t  is the major 
discharge area for another regional carbonate flow system underlying and 
extending beyond the Nevada Test Site. Although the DSC underflow estimates 
are lower than that  of Winograd and Friedman, they nevertheless provide 
additional evidence that  the WRFS is not completely closed in the subsurface 
and is undoubtedly linked to at least one other regional carbonate flow system. 

Storage estimates 

The cell volume is the volume of water contained within the boundaries of 
that  cell. Individual cell volumes were shown in Table 1, and estimates of the 
total amount of water in storage can be obtained by simply summing cell 
volumes. Tables 1, 7 and 8 showed these totals. The water storage figures for the 
carbonate system are the only known estimates for the WRFS and cannot be 
verified at this juncture. However, they do represent starting points for water 
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resource planners who, before this, had little notion of the amount of water 
stored in the carbonate portion of the White River system. 

Mean ages and age distributions 

One of the advantages of using DSC models with tracer data is that  once 
calibrated, the models will yield the mean ages of the water in the various 
regions (cells) of the system. This feature allows us to obtain water ages using 
stable tracers. Mean ages for Scenarios 1, 2 and 3 were previously shown in 
Figs. 4, 5, and 6, respectively; mean age ranges were given in Tables 7 and 8. 

The groundwater mean ages shown in Figs. 4, 5 and 6 and Tables 7 and 8 are 
more useful than the decay ages that  we might obtain from an environmental 
radioisotope such as 1~C, but they provide incomplete information in that  
nothing is learned about the median ages or the age distributions from which 
the means are derived. Some knowledge of the median ages, which are not 
necessarily equal to the corresponding mean ages, and the entire distribution 
of ages would be preferable to information on the mean ages alone. The entire 
age distribution could provide information on mixing and some indication of 
the age of the 'oldest' waters in a particular cell or aquifer region. Fortunately,  
DSC models can be used to produce age distributions and cumulative age 
distributions (Campana, 1987), so that  we do not have to rely upon mean or 
median ages alone. If we had to rely on a single 'age', the median age is 
arguably more appropriate than the mean age, as, by definition, half  the water 
in a given region is older than the median and half  is younger. The mean age 
alone cannot provide such a breakdown. 

As an illustrative example, the DSC cumulative age distribution function 
F(N) was calculated for selected cells of Scenario 1. Three carbonate cells (2*, 
10", and 21", representing Jakes, Coal/Garden, and Delamar Valleys, respec- 
tively) and three alluvial cells (1, 7, and 16, representing Jakes, a portion of 
White River, and Delamar Valleys, respectively) were selected as they 
represent cells in the upper (1 and 2*), middle (7 and 10"), and lower portions 
(16 and 21") of the WRFS. Figures 10-15 show the cumulative age distribution 
function F(N) for each cell. The mean age and median age, the age of the water 
at F(N) = 0.5, are shown on each graph. The striking differences between the 
mean and median ages are readily apparent. Groundwaters in excess of 100 000 
years old are indicated in some of the regions, mainly the alluvial (Cell 16) and 
carbonate aquifers (Cell 21") beneath Delamar Valley. Even in Cell 10", the 
carbonate aquifer beneath Coal/Garden Valleys, the oldest ground water 
approaches 100 000 years old, al though a higher percentage of the Delamar 
Valley ground waters are older than 100 000 years old. Jakes Valley (Cells 1 and 
2*), at the very top of the flow system, natural ly possesses the youngest waters, 
al though a small percentage of the waters approach 15 000 years old in each 
cell. This detailed age information could not have been obtained from the mean 
or the median, either alone or together. 

The shape of the F(N) curve gives a qualitative indication of mixing in a 
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given cell. A curve with a greater 'spread' about the median age indicates a 
higher degree of mixing than does one without as much 'spread'. The ground 
waters of Jakes Valley, at the top of the flow system, are the least well-mixed 
of the examples given, as they have had no opportunity to mix with other 
waters. As we move down the system, the ground waters in a given cell become 
better mixed as waters from different sources and of diverse ages commingle. 

The ages alluded to above do not indicate the 'age' of the system; when we 
determine that a few per cent of the ground water beneath Delamar Valley are 
> 100000 years old, we simply mean that this percentage of the water was 
recharged ~ 100 000 years ago. The flow system may have been 'operating' for 
millions of years. These age calculations, determined under steady conditions, 
might lead one to assume that the system has been in a steady-state mode for 
100000 years or so, an assumption that  is very probably untrue. Climatic 
changes have occurred in the past 100 000 years in eastern Nevada, no doubt 
affecting recharge rates/areas and effecting storage changes in the ground- 
water  rese rvo i r - -changes  that  have not been considered thus far. Although 
the DSC model age distribution functions are not well defined for transient 
conditions, we can nevertheless attempt to construct  a model of the WRFS, 
using transient inputs in an attempt to see if we can discern what  recharge 
rates existed tens of thousands of years ago. Such attempts are now being 
considered. 

CONCLUSIONS 

Three DSC models, each addressing slightly different conceptual models of 
the WRFS, were constructed and calibrated. Although differences exist among 
the three scenarios, their gross characteristics are similar. The major incon- 
sistency is Long Valley and whether  or not it belongs in the flow system. The 
model can be calibrated with it (Scenario 3) or without it (Scenarios 1 and 2), 
so the Long Valley dilemma is unresolved. Certain consistencies exist, and an 
examination of these results in the following conclusions: 

(1) with the exception of the White River Valley itself, flow is generally 
downward from the alluvial aquifer to the underlying carbonate aquifer; 

(2) underfiow with an average value of 0.163mZs -1 flows west from the 
Pahranagat  Valley along the Pahranagat  Shear Zone; 

(3) Lower Meadow Valley is part  of the WRFS and contributes underflow to 
Upper Moapa Valley; 

(4) recharge from the Sheep Range to Coyote Spring Valley is at least 90% 
greater than that  specified by Eakin (1966); 

(5) recharge to the alluvial system is greater than that  to the carbonate 
system; 

(6) more water  is stored in the carbonate system (690.5 × 109m 3- 
752.1 x 109m 3) than in the alluvial system (517.9 x 109m3); 

(7) groundwater mean ages range from 1600 to 26 000 years in the alluvial 
system and from 2700 to 34 000 years in the carbonate system; 
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(8) the oldest ground waters in each system are older than 100 000 years; 
(9) the stable isotope deuterium can be used to calibrate simple groundwater 

flow models and provide groundwater ages; 
(10) DSC models are capable of providing more detailed groundwater age 

information (means, medians and the entire age distribution) than other 
models. 

Drawbacks do exist. For example, as none of the scenarios account for 
transience in either recharge rates or their deuterium signatures, these 
quantities represent long-term averages. Both long-term and short-term 
variations in each of these quantities have occurred. The effects of these 
variations on model calibration and results are now under investigation. 
Another questionable aspect involves the use of high-elevation springs to 
determine the deuterium signatures of recharge. Ideally, these signatures 
should be determined with time series data on deuterium but expense and site 
access difficulty precluded this. The problem of recharge deuterium signatures 
may be surmounted by sampling trees at suspected high-elevation recharge 
sites. 

Despite the uncertainties inherent in a model of this type, the DSC model 
does provide first approximations to information that  would be difficult or 
impossible to obtain otherwise. Some caution must be exercised in using this 
information, because as for other numerical models, the answers are non- 
unique. Discrete-state compartment models are perhaps more unconstrained 
than are other numerical models, so even greater caution must be exercised in 
using DSC model results. However, their greatest use perhaps lies in their 
application to sparse-data systems and their ability to test a number of different 
hypotheses, provide ranges in parameter estimates, guide the collection of 
additional data and serve as precursors for the development of more sophis- 
ticated models. 
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Geologic Cross Sections of Parts of the Colorado, 
White River, and Death Valley Regional Ground-
Water Flow Systems, Nevada, Utah, and Arizona 

By William R. Page1, Daniel S. Scheirer2, Victoria E. Langenheim2

Abstract 
This report contains 10 interpretive cross sections and an integrated text describing the 

geology of parts of the Colorado, White River, and Death Valley regional ground-water flow 
systems, Nevada, Utah, and Arizona.  The primary purpose of the report is to provide geologic 
framework data for input into a numerical ground-water model.  Therefore, the stratigraphic and 
structural summaries are written in a hydrogeologic context.   

The oldest rocks (basement) are Early Proterozoic metamorphic and intrusive crystalline 
rocks that are considered confining units because of their low permeability.  Late Proterozoic to 
Lower Cambrian clastic units overlie the crystalline rocks and are also considered confining units 
within the regional flow systems.  Above the clastic units are Middle Cambrian to Lower Permian 
carbonate rocks that are the primary aquifers in the flow systems.  The Middle Cambrian to Lower 
Permian carbonate rocks are overlain by a sequence of mainly clastic rocks of late Paleozoic to 
Mesozoic age that are mostly considered confining units, but they may be permeable where faulted. 

Tertiary volcanic and plutonic rocks are exposed in the northern and southern parts of the 
study area.  In the Clover and Delamar Mountains, these rocks are highly deformed by north- and 
northwest-striking normal and strike-slip faults that are probably important conduits in transmitting 
ground water from the basins in the northern Colorado and White River flow systems to basins in 
the southern part of the flow systems. 

The youngest rocks in the region are Tertiary to Quaternary basin-fill deposits.  These rocks 
consist of middle to late Tertiary sediments consisting of limestone, conglomerate, sandstone, tuff, 
and gypsum, and younger Quaternary surficial units consisting of alluvium, colluvium, playa 
deposits, and eolian deposits.  Basin-fill deposits are both aquifers and aquitards. 

The rocks in the study area were complexly deformed by episodes of Mesozoic 
compression and Cenozoic extensional tectonism.  Some Cretaceous thrust faults and folds of the 
Sevier orogenic belt form duplex zones and define areas of maximum thickness for the Paleozoic 
carbonate rocks.  Cenozoic faults are important because they are the primary structures that control 
ground-water flow in the regional flow systems. 

Introduction 
The 10 geologic cross sections (plate 1) were constructed to better understand the 

hydrogeologic framework for parts of the Colorado, White River, and Death Valley regional 

                                                           
1 U.S. Geological Survey, Denver, CO 
2 U.S. Geological Survey, Menlo Park CA 
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ground-water flow systems in southern Nevada, southwestern Utah, and northwestern Arizona.  
The main purpose of the cross sections is to provide the National Park Service with geologic 
framework data for input into a numerical ground-water model.  Rapid urbanization and 
commercial development in the region has increased demand for water from surface-water sources 
and from local and regional aquifers in these flow systems.  As a result, the geology in the area 
needs to be defined to assist in understanding the complex hydrologic processes that govern 
ground-water recharge, movement, storage, and discharge. 

The study area includes part of the Colorado ground-water flow system (Harrill and Prudic, 
1998), the southern part of the White River ground-water flow system (Eakin, 1964, 1966; Thomas 
and Welch, 1984; and Kirk, 1987), and the eastern part of the Death Valley ground-water flow 
system (Winograd and Thordarson, 1975; Laczniak and others, 1996; Harrill and Prudic, 1998; 
D’Agnese and others, 2002; Workman and others, 2002a, 2002b) (fig. 1).  The White River flow 
system is a subset of the Colorado flow system (fig. 1).  

The principal discharge for the White River flow system is Muddy River springs (Dettinger 
and others, 1995) (fig. 2), a series of springs that discharge 36,000 ac-ft/yr to form the Muddy 
River.  Movement of ground water in the study area is generally southward as indicated by 
potentiometric maps based on water levels in wells (Thomas and others, 1986; Wilson, 2001).  The 
flow is driven by the hydraulic head parallel to the southward topographic gradient. 

Aquifers in the flow systems consist of Paleozoic carbonate rocks, volcanic rocks, and 
basin-fill sediments (Plume and Carlton, 1988; Dettinger and others, 1995; Prudic and others, 1995; 
Burbey, 1997; Harrill and Prudic, 1998).  The importance of the Paleozoic carbonate-rock aquifer 
to the flow systems that cover much of southern Nevada and adjacent States is so significant that 
many regional hydrologic reports have focused on the distribution and features of this aquifer 
(Dettinger and others, 1995; Burbey, 1997; Wilson, 2001).   

Methods 

The 10 interpretive cross sections (plate 1, fig. 3) were hand drawn at 1:250,000-scale using 
Page and others (2005a) as a geologic base.  Many of the units shown in the cross sections are 
combined from two or more units from the map.  This generalization was necessary to portray 
stratigraphic relations appropriately for the cross section scale.  Table 1 shows the relationship 
between the cross section bedrock units in this report and those in Page and others (2005a).  The 
hand-drawn sections were scanned and converted to digital vector files.  The topographic profiles 
were made using a 90 meter Digital Elevation Model.  Most of the sections (A-A’, B-B’, C-C’, D-
D’, E-E’, and G-G’) are oriented east-west (fig. 3), perpendicular to major structures in the study 
area.  The east-west sections on plate 1 were hung on longitude 114o40’00” as a reference line (fig. 
3) to visually extrapolate the geology between the section lines in a north-south progression.   

A systematic unit color scheme was applied to the cross sections for a broad translation of 
geologic units into hydrostratigraphic units.  Proterozoic and Lower Cambrian confining units are 
shades of brown and orange; Middle Cambrian to Lower Permian carbonate aquifer rocks in shades 
of blue; upper Paleozoic and Mesozoic confining units are shades of green; Cenozoic volcanic and 
intrusive rocks are shades of pink and red, respectively; and Tertiary to Quaternary basin-fill rocks 
are yellow. 

The cross sections integrate data from existing maps and reports, geophysical 
investigations, and well data, and are progressively more interpretive with depth because of the lack 
of data at deeper levels.  Page and others (2005a) provided a comprehensive list of geologic map 
sources and reports used in their compilation and in this study, and they presented detailed 
lithologic description and thickness of individual units in the map and cross section region.  Data 
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from several deep petroleum exploration wells were used to constrain thickness of basin-fill 
sediments and bedrock geology along several cross sections.  These wells were tied into the cross 
section lines (fig. 3) and include the Texaco Federal #1 well (C-C’), Mobil Virgin River # 1-A well 
(D-D’), and the Grace Petroleum Arrow Canyon #1 well (G-G’).  Stratigraphic and structural data 
from these wells were from well logs and from Garside and others (1988). 

The geology of the Virgin Valley area (B-B’, C-C’, and D-D’) was based on seismic-
reflection and well data from Bohannon and others (1993), seismic-reflection data from Carpenter 
and Carpenter (1994), gravity data from Langenheim and others (2000), and magnetic data from 
Jachens and others (1998).  Much of the subsurface geology in the Meadow Valley Wash (A-A’, B-
B”, C-C’, and D-D’) and Tule Desert (A-A’) areas was based on seismic-reflection and gravity data 
acquired and analyzed by the USGS, and is summarized in Scheirer and others (in press).  The 
subsurface geology in the central part of California Wash (E-E’ and F-F’) was based on 
Langenheim and others (2001b, 2002).  The subsurface geology of Coyote Spring Valley (B-B’, C-
C’, D-D’, E-E’, and F-F’) was partly based on Phelps and others (2000).  Cenozoic basin-fill 
thickness and geometry shown for basins in the western part of the study area (west of Coyote 
Spring Valley) is based on Blakely and Ponce (2001).  Regional and detailed gravity data (fig. 4) 
were used to constrain Cenozoic basin geometry and depth to crystalline basement in much of the 
cross section area.  

Stratigraphy 

Proterozoic and Paleozoic Rocks 

Early Proterozoic metamorphic and intrusive rocks consist of gneiss, granite, and schist that 
are about 1.7 Ga (Quigley and others, 2002).  These crystalline rocks form both geologic and 
hydrologic basement and are considered barriers to ground-water flow because of their low 
permeability.  The crystalline rocks may be locally permeable where highly fractured, but fractures 
in these rocks are generally poorly connected (D’Agnese and others, 1997).  Early Proterozoic 
rocks exposed in the Beaver Dam and Virgin Mountains form the eastern boundary of the flow 
systems (A-A’, B-B’, C-C’, D-D’ and E-E’).  Early Proterozoic rocks also form the core of the 
Mormon Mountains where they act as a local barrier to ground-water flow (Burbey, 1997) (B-B’, 
and C-C’), although through-going, north-striking faults along the western and eastern Mormon 
Mountains may provide conduits for some southward ground-water flow through the mountain 
range. 

A north-trending positive gravity anomaly extends from the Meadow Valley Mountains to 
the central Arrow Canyon Range (fig. 4).  We interpret this gravity high to represent a zone of 
shallow Proterozoic crystalline rocks beneath parts of the Meadow Valley Mountains and Arrow 
Canyon Range (C-C’, D-D’ and E-E’).  Termination of the gravity anomaly south of the central 
Arrow Canyon Range may be due to the development of duplex zones and thicker Paleozoic rocks 
in the southern Arrow Canyon and Las Vegas Ranges shown along cross sections F-F’ and G-G’ 
(see Mesozoic Thrust Faults section below).   

Late Proterozoic sedimentary rocks in the study area consist of quartzite, conglomerate, 
sandstone, siltstone, and shale, and they contain subordinate amounts of limestone and dolostone.  
The Late Proterozoic sedimentary rocks are well cemented, contain minimal pore space, and have 
low permeability.  They were deposited in shallow marine waters along a passive continental 
margin of what is now western North America (Stewart, 1976; Stewart and Poole, 1972) and 
represent initial deposits of the Cordilleran miogeocline (Stewart and Poole, 1972; Stewart, 1972, 
1976). 
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Lower Cambrian rocks are predominantly well-cemented, clastic units of quartzite, 
conglomerate, siltstone, and shale with low permeability.  Together, the Lower Cambrian and Late 
Proterozoic sedimentary rocks form a confining unit in the study area.  In the Death Valley ground-
water flow system, these rocks are referred to as the lower clastic aquitard (Winograd and 
Thordarson, 1975) or the lower clastic confining unit (Belcher and others, 2002).  These rocks are 
reported to be nearly impermeable and have low transmissivities based on pumping tests and other 
hydrologic data in the region (Winograd and Thordarson, 1975).  Late Proterozoic clastic units are 
present mostly in the western part of the study area and they pinch out to the east and are absent in 
the Mormon, Virgin, and Beaver Dam Mountains, and in the Lake Mead area.  In these areas the 
lower clastic confining rocks include the Lower Cambrian Tapeats Sandstone and the Lower and 
Middle Cambrian Bright Angel Shale. 

Middle Cambrian through Lower Permian rocks record a significant shift in deposition to 
predominantly carbonate sedimentation, from mostly clastic sedimentation in pre-Bonanza King 
(and equivalent units) Late Proterozoic and Cambrian units.  The carbonate rocks are 
predominantly limestone and dolostone and form the regional aquifer (Dettinger and others, 1995).  
The Middle and Upper Cambrian Bonanza King Formation (and partly equivalent Highland Peak 
Formation and Muav Limestone) forms the basal part of the carbonate aquifer in the White River, 
Colorado, and Death Valley ground-water flow systems (Winograd and Thordarson, 1975; 
Laczniak and others, 1996; Belcher and others, 2002; D’Agnese and others, 2002).  Ground-water 
flow through the carbonate rocks is mostly through fractures and faults.  Because the rocks are 
soluble in ground water, dissolution features are also important in the development of secondary 
porosity and permeability.  Zones of high transmissivity in the carbonate rock aquifer are indicated 
by large spring discharge (36,000 ac-ft/yr at Muddy River Springs) in areas of low potentiometric 
gradient, and by water wells exhibiting extremely high hydraulic conductivity (Dettinger and 
others, 1995).   

Middle Cambrian through Lower Permian rocks are predominantly carbonate with the 
exception of the Upper Cambrian Dunderberg Shale Member of the Nopah Formation (70 to 100 m 
thick), Middle Ordovician Eureka Quartzite (0 to 120 m), Upper Mississippian Chainman Shale 
(200 to 285 m), Upper Mississippian Indian Springs Formation (20 to 60 m), and the Lower 
Permian redbeds (600 m).  The Dunderberg Shale Member, Eureka Quartzite, and Indian Springs 
Formation are probably not thick enough to form regional confining units, but they may act as 
confining units locally.  The Chainman Shale and Lower Permian redbeds are substantially thicker 
and may be regional confining units in parts of the study area.  

The upper part of the carbonate aquifer in the study area consists of Upper Mississippian 
and Lower Permian units, including the Bird Spring Formation and partly equivalent Callville 
Limestone and Pakoon Dolomite.  Lower Permian redbeds overlie these formations and represent a 
shift from predominantly carbonate marine to mostly continental sedimentation, although a few 
carbonate units lie above the Lower Permian redbeds including the Lower Permian Kaibab and 
Toroweap Formations and the Lower Triassic Virgin Limestone Member of the Moenkopi 
Formation.  Continental sedimentation predominated through the Mesozoic and into the lower 
Tertiary. 

Late Proterozoic-Paleozoic Facies Belts 
Late Proterozoic-Paleozoic rock units are separated geographically into facies belts even 

though they may be partly or entirely correlative.  This is because facies changes prevent exact 
correlations between areas, and different names have been applied to rocks of the same age.  In the 
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study area, Late Proterozoic-Paleozoic rocks can be broadly subdivided into western, central, and 
eastern facies belts (Page and others, 2005a). 

Rocks in the western belt include Late Proterozoic through Devonian units deposited as part 
of the Cordilleran miogeocline in offshore carbonate shelf and intertidal depositional settings, and 
an overlying Mississippian to Permian sequence deposited mostly in a carbonate platform 
depositional setting.  These rocks are exposed as far east as the Las Vegas Range, Arrow Canyon 
Range, Meadow Valley Mountains, and Delamar Mountains (fig. 2).  From oldest to youngest, 
these rocks include the following formations: Johnnie Formation (Late Proterozoic); Stirling 
Quartzite (Late Proterozoic) and Wood Canyon Formation (Late Proterozoic and Lower Cambrian) 
and their equivalent, the Prospect Mountain Quartzite; Carrara Formation (Lower and Middle 
Cambrian) and northern equivalents, Chisholm Shale (Middle Cambrian), Lyndon Limestone 
(Middle Cambrian), and Pioche Shale (Lower and Middle Cambrian); Bonanza King (Middle and 
Upper Cambrian) and partly equivalent Highland Peak Formation (Middle Cambrian); Nopah 
Formation (Upper Cambrian); Pogonip Group (Upper Cambrian to Middle Ordovician); Eureka 
Quartzite (Middle Ordovician); Ely Springs Dolomite (Upper Ordovician); Laketown Dolomite 
(Lower Silurian); Sevy Dolomite (Lower Devonian); Simonson Dolomite (Middle Devonian); 
Guilmette Formation (Middle and Upper Devonian) and the partly equivalent Sultan Limestone 
(Middle Devonian to Lower Mississippian); Monte Cristo Group (Lower and Upper Mississippian) 
and the partly equivalent Joana Limestone (Lower Mississippian); Chainman Shale (Lower and 
Upper Mississippian) and Scotty Wash Quartzite (Upper Mississippian); and Bird Spring 
Formation (Upper Mississippian to Lower Permian). 

The eastern facies belt includes cratonic platform rocks of the Colorado Plateau region 
exposed in the Beaver Dam and Virgin Mountains, and in the Lake Mead area including 
Frenchman Mountain (Table 1).  The rocks are mostly shallow marine sediments deposited in near-
shore, intertidal, shoreline, and continental settings.  The facies belt is characterized by a large 
magnitude unconformity separating Middle Devonian from Upper Cambrian rocks.  The cratonic 
sequence, or eastern facies belt, includes (from oldest to youngest): Tapeats Sandstone (Lower 
Cambrian); Bright Angel Shale (Lower and Middle Cambrian); Muav Limestone (Middle 
Cambrian); Nopah Formation (Upper Cambrian); Temple Butte Formation (Middle? and Upper 
Devonian); Redwall Limestone (Lower and Upper Mississippian); and Callville Limestone 
(Pennsylvanian) and Pakoon Dolomite (Lower Permian).  The central facies belt includes rocks that 
are transitional between the eastern and western belts; these rocks are exposed in the Muddy 
Mountains, Mormon Mountains, and Tule Springs Hills (fig. 2). 

The thickness of Middle Cambrian to Lower Permian carbonate rocks that form the regional 
aquifer decreases dramatically across the belts from west to east over a distance of about 100 km; 
from a maximum of about 7 km thick in the western belt to less than 2 km thick in the eastern belt.  
Whereas thinning resulted from erosion of individual units along major unconformities and 
stratigraphic thinning of individual units toward the craton, the greatest thickness variation across 
the belts is because the Paleozoic rocks were telescoped into a narrower zone during Mesozoic 
thrusting.    

Mesozoic Rocks 

Mesozoic rocks are predominantly continental clastic units consisting of conglomerate, 
sandstone, siltstone, mudstone, shale, and gypsum, but they also include minor limestone and 
dolostone.  These rocks are exposed mostly in the eastern parts of the study area and were 
deposited in fluvial, lacustrine, eolian, and marginal marine environments, and they include 
Triassic, Jurassic, and Cretaceous units.  The Mesozoic rocks have low permeability compared with 
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the Paleozoic carbonate rocks because of their high proportion of clastic material.  They are 
generally considered confining units, but they may be permeable where highly fractured.  Units 
containing large amounts of shale and mudstone, such as in the Triassic formations, generally have 
low permeability.  The Jurassic Navajo Sandstone in the Utah part of the study area is an aquifer 
(Heilweil and others, 2002), but in other parts of southern Nevada, such as in Las Vegas Valley, the 
Jurassic Aztec Sandstone generally has low permeability.  This example illustrates the variability in 
hydrologic properties of the Mesozoic rocks. 

Tertiary-Quaternary Rocks 

Tertiary and Quaternary rocks in the cross sections were grouped into three map units, QTu, 
Tv, and Ti.  Unit QTu represents basin-fill deposits, which consist of alluvium and colluvium, 
playa deposits, eolian deposits, spring discharge deposits, and landslide breccias of Miocene to 
Holocene age.  Unit QTu also consists of older sedimentary rocks including the Miocene and 
Pliocene Muddy Creek Formation and equivalent units in the Lake Mead area, and the Oligocene 
and Miocene Horse Spring Formation and equivalent units.  The Muddy Creek Formation is mostly 
lacustrine and fluvial mudstone, tuffaceous sandstone, gypsum, halite, and conglomerate.  The 
Horse Spring Formation consists of fluvial and lacustrine rocks, comprised of tuffaceous sandstone, 
tuff, conglomerate, siltstone, mudstone, limestone, and gypsum.   

Basin-fill rocks in the study area are both aquifers and aquitards.  Basin-fill deposits in the 
Mesquite basin of the Virgin Valley reach maximum thicknesses of about 8 to 10 km (Langenheim 
and others, 2001a, 2000).  In the Mesquite, Nev., area, the Muddy Creek Formation is the main 
aquifer (Johnson and others, 2002; Dixon and Katzer, 2002), where it consists of gravel, sand, silt, 
and clay, and is moderately deformed by high-angle normal faults.   

Dettinger and others (1995) hypothesized that Muddy River Springs partly exist due to thick 
basin deposits of lower Meadow Valley Wash basin which may form a ground-water barrier to 
eastward flow from the springs (see cross section D-D’).  The Muddy Creek Formation is widely 
exposed in this basin, and unlike the Muddy Creek in the Virgin Valley area, the formation is 
mildly deformed and is mostly low-permeability lacustrine clay and silt.   

Unit Tv includes volcanic rocks of Oligocene to Pliocene age.  Most of the volcanic rocks 
are ash-flow tuffs erupted from calderas, but stratovolcanoes were locally present.  These rocks also 
include basalt and lava flows.  In the Delamar and Clover Mountains, the volcanic rocks range from 
several hundred to several thousand meters thick.  Intracaldera tuffs are generally thicker than 
outflow tuffs.  Unit Ti consists of granitic intrustive rocks that generally are the source plutons for 
the volcanic units in unit Tv.   

Structural Geology 
The physiography of the study area reflects late Mesozoic and Cenozoic structural events 

that produced a Cretaceous fold-and-thrust belt that was subsequently disrupted by Cenozoic 
extensional and transform tectonics and accompanying intrusive and volcanic activity. 

Mesozoic Thrust Faults 

Major thrust faults in the study area include the Muddy Mountain and Gass Peak thrusts.  
The Muddy Mountain thrust is exposed in the Muddy Mountains; several equivalent thrusts extend 
northward (Hintze and Axen, 2001) including: the Glendale thrust in the Glendale, Nev., area; 
Mormon thrust in the Mormon Mountains; Tule Spring thrust in the Tule Springs Hills, Nevada; and 
the Square Top Mountain thrust in the northern Beaver Dam Mountains in southwest Utah (fig. 5).  
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The Gass Peak thrust (Guth, 1980, 1981, 1990) in the Sheep Range is west of and at a structurally 
higher level than the Muddy Mountain and equivalent thrusts (fig. 5).  The thrust faults strike north 
to northeast and are east to southeast vergent structures of Sevier orogenic belt (Armstrong, 1968; 
Fleck, 1970).  The Muddy Mountain and equivalent thrusts are the frontal thrusts of the Sevier 
orogenic belt in southern Nevada and southwestern Utah.  The Muddy Mountain thrust is reported to 
be late Albian to Cenomanian(?) in age (Bohannon, 1983; Carpenter and Carpenter, 1994; Fleck and 
Carr, 1990).  Several intermediate thrusts are between the Muddy Mountain (and equivalent thrusts) 
and Gass Peak thrusts.  These include the Delamar thrust in the southern Delamar Mountains (B-B’) 
(Page, 1990), the Meadow Valley and Vigo thrusts in the Meadow Valley Mountains (B-B’) 
(Pampeyan, 1993), and the Dry Lake thrust and other unnamed thrusts in the Arrow Canyon and Dry 
Lake Ranges (D-D’, F-F’, and G-G’) (Page, 1992; Page and Dixon, 1992).  The Summit Willow 
Tank thrust is a secondary thrust fault below the Muddy Mountain thrust in the Muddy Mountains 
(E-E’ and F-F’) (Bohannon, 1983). 

A commonly accepted model for thrusts in the Sevier belt, which we have conceptually 
applied to the cross sections, is that of a ramp-flat, decollemont geometry, where thrusts are flat at 
depth along a basal decollement and detach to ramp at certain stratigraphic levels.  We follow Guth 
(1980) in the interpretation of a flat-ramp-flat geometry for the Gass Peak thrust with decollement 
zones near the base of the Late Proterozoic-Lower Cambrian sequence (Guth, 1980; fig. 1, case 1, 
p. 151).  East of the Gass Peak thrust, the regional decollement forms an extensive hanging-wall 
flat near the base of the Middle and Upper Cambrian Bonanza King Formation as indicated by 
exposure of these rocks at the base of hanging-wall ramps and flats in the Muddy Mountain (E-E’, 
F-F’, and G-G’), Mormon (B-B’ and C-C’), Tule Spring (A-A’), and Delamar (B-B’) thrust faults.  
The eastward transition to a decollement at the base of the Bonanza King Formation is probably 
controlled by the west to east pinch out of the Late Proterozoic clastic units against the craton 
(Sweetkind and others, 2001); the pinch out is in a zone between the Sheep Range and the Arrow 
Canyon Range/Meadow Valley Mountains because Late Proterozoic rocks at the base of the 
sedimentary sequence are absent in the Mormon Mountains and Tule Springs Hills, and rocks of 
the Middle and Lower Cambrian Bright Angel Shale and Lower Cambrian Tapeats Sandstone rest 
directly on Early Proterozoic crystalline basement.  

Duplex zones in the Paleozoic carbonate rocks are interpreted along the Dry Lake and 
Muddy Mountain thrusts (F-F’ and G-G’).  These duplex zones define areas of maximum thickness 
for the Paleozoic carbonate rocks in the region because the Paleozoic section is essentially repeated 
along the thrusts.  In cross section G-G’, these rocks are interpreted to be greater than 7 km thick 
based on logs from the Grace Petroleum Arrow Canyon # 1 well.  In this well an upper thrust fault 
is interpreted at about 2,288 m where rocks of the Cambrian Carrara Formation are in the upper 
plate above rocks of the Cambrian Bonanza King Formation in the lower plate.  A lower thrust fault 
occurs at about 2,800 m depth where rocks of the Bonanza King Formation in the upper plate are 
above rocks of the Mississippian-Permian Bird Spring Formation in the lower plate, thus repeating 
the Paleozoic section from the Bird Spring Formation downward.  We interpret the upper fault as 
the Dry Lake thrust and the lower fault as the Muddy Mountain thrust (G-G’).  The zone between 
the two faults is characterized by complexly repeated Cambrian units indicating horse blocks and 
(or) imbrication structures, features commonly associated with thrust fault zones.  

Burbey (1997) suggested that Late Proterozoic-Lower Cambrian clastic confining units in 
the upper plate of the Gass Peak thrust may restrict eastward ground-water flow from the Sheep 
Range and areas to the west.  The upper plate confining units are thrust over Mississippian to 
Permian rocks of the Bird Spring Formation in the lower plate as shown in cross sections F-F’ and 
G-G’.  North of F-F’, however, the Gass Peak thrust loses throw and juxtaposes mainly Paleozoic 
carbonate rocks in upper and lower plates (B-B’).   
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The Muddy Mountain thrust in the Muddy Mountains juxtaposes Paleozoic carbonate rocks 
in the upper plate against Mesozoic and Paleozoic rocks in the lower plate (G-G’); such a 
relationship suggests that the less permeable Mesozoic rocks below the thrust may act as a ground-
water flow barrier, and the thrust has been characterized as a barrier in local ground-water models.  
Although the lower plate rocks may act as a barrier in localized zones along strike, we think that 
overprinting of the thrust by Cenozoic faults (Langenheim and others, 2002) provides linkage 
between rocks in the upper and lower plates allowing for some ground-water flow across the thrust.  
This example may apply to other Mesozoic thrust faults in the map area, especially where the 
thrusts are highly modified by younger Cenozoic extensional faults. 

Mesozoic thrusts have been reactivated by normal faults during Cenozoic extension in parts 
of the study area.  The Delamar thrust has been reactivated by high-angle normal faults in the 
southern Delamar Mountains (Page, 1990).  Guth (1990) reported that parts of the Gass Peak thrust 
may have been reactivated by Cenozoic normal faults, and structural relations illustrated in cross 
section B-B’ suggest extensional Cenozoic reactivation on the thrust based on Tertiary volcanic 
rocks downfaulted on the thrust in the northern Sheep Range.  Axen and others (1990) discussed 
extensional Cenozoic reactivation of the Tule Spring thrust in the Tule Springs Hills. 

Cenozoic Magmatism, Strike-slip Faults, Normal Faults, and Basin Development 

Cenozoic tectonics affected the rocks in the study area and include volcanism and 
plutonism, normal and strike-slip faulting, and basin development.  Cenozoic faults are important 
because they represent the last major phase of deformation that affected the rocks in the region, and 
they provide the fractures and faults that control ground-water flow through the Paleozoic 
carbonate aquifer.  Quaternary faults are present in parts of the study area, and faulting is currently 
active in some areas such as in the Pahranagat shear zone.  These younger faults may be especially 
important in ground-water flow because younger faults and fractures tend to be more open than in 
older fault systems (Dettinger and others, 1995), and in many cases, they have reactivated older 
fault zones.  

Magmatism 
The northern part of the study area is characterized by numerous Oligocene and Miocene 

volcanic rocks, mainly ash-flow tuffs erupted from calderas but also some lava flows and granitic 
plutons.  The southern limit of these rocks occurs at about latitude 37o, just north of the Mormon 
Mountains and Tule Springs Hills, and the negative isostatic gravity anomalies in the northern part 
of figure 4 reflect low-density volcanic rocks in the Clover Mountains (Scheirer and others, in 
press).  Volcanic rocks are also exposed in the southeast part of the study area in the southern 
Virgin Mountains, Black Mountains, and Lake Mead area.  These rocks include Miocene andesitic 
volcanic rocks and calc-alkaline plutons. 

The volcanic rocks in the northern part of the study area were erupted mainly from the 
Caliente caldera complex (Rowley and others, 1995) in the Delamar and Clover Mountains, and the 
Kane Wash caldera complex (Scott and others, 1995) in the Delamar and Meadow Valley 
Mountains (fig. 5).  The Caliente caldera complex in the Clover Mountains is highly deformed by 
north- and northwest-striking normal and strike-slip faults (Page and others, 2005a) that may be 
important conduits in transmitting ground water from basins in the northern part of the Colorado 
flow system to basins in the southern part of the flow system.   
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Strike-slip Faults, Normal Faults, and Basin Development 
Major strike-slip fault zones include the northeast-striking, left-lateral Pahranagat shear 

zone, Kane Springs Wash fault zone, and Lake Mead fault zone, and the northwest-striking, right-
lateral Las Vegas Valley shear zone (fig. 5).  These fault zones represent transfer or 
accommodation zones that separate structural blocks within the study area that have undergone 
different rates and amounts of extension (Guth, 1981; Wernicke and others, 1982; Duebendorfer 
and Black, 1992; Rowley, 1998).  Strike-slip faults are denoted on the cross sections with the letters 
“T” and “A”, indicating relative fault block movement toward or away from the viewer, 
respectively (see plate symbol explanation). 

The Pahranagat shear system is a zone of steeply northwest-dipping faults that show 
evidence of dip-slip and strike-slip offset (fig. 5).  Tschanz and Pampeyan (1970) estimated about 6 
to 9 km of left-lateral displacement on the shear system.  Modern fault scarps and fissures in 
alluvial deposits in southern Delamar Valley (Swadley, 1995) and current seismicity on faults in 
the shear system (Rogers and others, 1987) indicate that it is active.  Strands of the Pahranagat 
shear system join together and merge with north-striking range front faults bounding the northern 
Delamar Mountains to the north, and the southern Delamar Mountains and the Sheep Range to the 
south (Page and others, 2005a).  Cross section B-B’ transects the southern part of the shear zone, 
and displays a series of closely-spaced northwest-dipping faults offsetting primarily Late 
Proterozoic and Paleozoic rocks.  The volcanic rocks in B-B’ are thin near the southern limit of 
their exposure, but they thicken to the north within the shear zone (Page and others, 2005a).   

The Kane Springs Wash fault zone (fig. 5) is a left-lateral fault system that has about 7 to 11 
km of displacement based on offset of the Kane Springs Wash caldera (Harding and others, 1995).  
Northeast-striking faults of the Kane Springs Wash fault zone merge into the north-striking range 
front fault system on the west side of the Meadow Valley Mountains.  In cross section A-A’, the 
Kane Springs Wash fault zone is 3 km wide and cuts mainly volcanic and plutonic rocks of the 
Kane Wash caldera complex.  Southward (B-B’), the fault zone is about 5 km wide and cuts mainly 
Paleozoic carbonate rocks.  Early Proterozoic crystalline rocks are interpreted to be present at 
shallow depths (less than 4 km) near where the fault zone intersects B-B’ based on surface 
exposure of older Paleozoic rocks (Cambrian) and on regional gravity data (fig. 4).  Quaternary 
faulting has been reported along some strands of the Kane Springs Wash fault zone in Kane Springs 
Wash (Swadley and others, 1994). 

The northwest-striking Las Vegas Valley shear zone (LVVSZ) (fig. 5) is a large-magnitude, 
right-lateral, strike-slip fault zone that formed during Cenozoic extension (Page and others, 2005b).  
The shear zone truncates the southern Las Vegas, Sheep, Desert, and Pintwater Ranges and extends 
for nearly 150 km from the Lake Mead area to Mercury, Nevada.  The LVVSZ played a significant 
role in the tectonic development of Las Vegas Valley (Page and others, 2005b). The effects of the 
LVVSZ include oroflexural bending and offset of major Mesozoic thrust faults and folds.  Offset of 
Mesozoic thrust faults across Las Vegas Valley indicate 48+7 km of right-lateral separation 
(Wernicke and others, 1988); this estimate includes bending of the Las Vegas Range.  
Paleomagnetic data (Sonder and others, 1994; Nelson and Jones, 1987) indicated a 20-km-wide 
zone of clockwise rotation as great as 100o in rocks as young as 13.5 Ma adjacent to the LVVSZ.  
The paleomagnetic data, along with other structural data, bracket the principal period of movement 
along the LVVSZ between 14 and 8.5 Ma (Duebendorfer and Black, 1992; Duebendorfer and 
Simpson, 1994).   

Two strands of the LVVSZ are shown in H-H’ in the Frenchman Mountain area.  The 
northern strand is concealed by basin-fill sediments between the Dry Lake Range and Frenchman 
Mountain, and it is shown as a north-dipping fault that juxtaposes a thick section of Paleozoic rocks 
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in the hanging wall against Proterozoic crystalline rocks beneath Frenchman Mountain in the 
footwall.  The southern strand of the LVVSZ juxtaposes cratonic Paleozoic rocks of Frenchman 
Mountain in the footwall of the fault against presumably thicker, cratonic margin Paleozoic rocks 
and Tertiary volcanic rocks concealed beneath basin-fill deposits in the hanging wall. 

The Lake Mead fault zone (LMFZ) (fig. 5) is a major northeast-striking, left-lateral fault 
system consisting of about four major fault strands that form a crustal boundary separating the Great 
Basin to the north from the lower Colorado extensional corridor to the south (Anderson, 1973; 
Anderson and others, 1994; Bohannon, 1983).  The major strands of the fault zone bound structural 
blocks which have undergone large lateral translations.  For example, the Frenchman Mountain 
block is interpreted to have been displaced 65 km southwestward during Miocene extension 
(Anderson and others, 1994).  Rocks in the lower Colorado extensional corridor (Faulds and others, 
2001) consist largely of Proterozoic crystalline rocks, and Tertiary volcanic and plutonic rocks.  
Paleozoic and Mesozoic rocks are present in isolated blocks on the flanks of crystalline basement 
uplifts (see east end of F-F’).  Faults of the LMFZ are shown in the eastern parts of cross sections F-
F’ and G-G’.  F-F’ shows the LMFZ juxtaposing Mesozoic and Paleozoic rocks of the Muddy 
Mountains in the hanging wall against shallow Proterozoic crystalline rocks in the footwall in the 
South Virgin Mountains.  G-G’ shows near-vertical strands of the LMFZ juxtaposing Paleozoic and 
Mesozoic rocks in the Muddy Mountains against Proterozoic crystalline rocks and Tertiary volcanic 
and plutonic rocks in the Lower Colorado extensional corridor.   

Strike-slip faults are reported in the Tule Springs Hills and East Mormon Mountains 
(Anderson and Barnhard, 1993; Hintze and Axen, 2001; Axen and others, 1990).  The East Tule 
Desert fault (fig. 5) is a left-lateral, strike-slip fault that bounds the west flank of the Tule Springs 
Hills.  In cross section A-A’ Paleozoic and Mesozoic rocks of the Tule Spring autochthon are offset 
along the fault, and the downthrown side forms Tule Desert, a shallow basin with less than 500 m of 
Cenozoic basin-fill deposits (Scheirer and others, in press).  The Sams Camp and Carp Road faults 
(fig. 5) are probably equivalent to the East Tule Desert fault, and extend farther south along the East 
Mormon Mountains. These faults juxtapose Paleozoic rocks in the hanging wall against a footwall 
horst cored by Proterozoic crystalline rocks (B-B’).  At the south end of the East Mormon 
Mountains, the Carp Road fault bends southwestward where it merges with the Davidson Peak fault, 
an east-striking transverse zone composed of highly folded Paleozoic and Mesozoic rocks (fig. 5), 
and then bends south to bound the west flank of the southern Mormon Mountains (along Candy 
Peak; D-D’; fig. 2).  Anderson and Barnhard (1993) interpreted that the large sinistral displacements 
along these strike-slip faults are kinematically linked to major uplifts and depressions in the 
Mormon Mountain area that formed during Miocene extension.  Alternatively, Axen and others 
(1990) interpreted that these faults are kinematically linked to the large-magnitude Cenozoic 
extension on the Tule Spring and Mormon Peak detachment faults (see below). 

Locally before 10 Ma, normal block-faulting created north-trending ranges and basins to 
form the present-day physiography that characterizes the Basin and Range province.  These faults, 
which define the Pintwater, Desert, Sheep, and Arrow Canyon Ranges and Delamar and Meadow 
Valley Mountains (fig. 5) are especially prominent in the western part of the study area.  These 
range-bounding faults are predominantly normal faults, but some of them have an oblique-slip 
component, especially along their margins with transverse structures such as the Las Vegas Valley 
shear zone and the Pahranagat shear zone.  The range-front fault on the west side of the Desert 
Range juxtaposes Late Proterozoic-Lower Cambrian confining units and overlying Lower Cambrian 
to Devonian carbonate units in the hanging wall against shallow Proterozoic crystalline and 
overlying Late Proterozoic confining units in the footwall (C-C’ and D-D’).   
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The range front fault zone along the west flank of the Sheep Range is characterized by 
westward tilted blocks of Late Proterozoic and Paleozoic units along a series of west-dipping 
normal faults extending to the Desert Range (C-C’, D-D’, and G-G’).  Guth (1981) estimated 44 
percent extension across this area based on restoration of rotated beds in the fault blocks.  Faults in 
this region are interpreted to have a listric geometry to account for tilting, and Wernicke and others 
(1988) suggested that these faults may sole into a deep regional detachment fault of uncertain 
depth.  Guth (1981) discussed the possibility that a regional detachment may merge with the 
Mesozoic thrust systems, but we interpret that the normal faults offset the thrusts at depth (rather 
than merging with them) to produce an irregular basement-sedimentary rock interface.   

Range front faults on the west flanks of the southern Delamar Mountains, Meadow Valley 
Mountains, and Arrow Canyon Range were important in the development of Coyote Spring Valley 
(B-B’, C-C’, D-D’, and F-F’).  In general, these fault systems consist of a series of steep, west-
dipping normal faults that down-drop Paleozoic strata westward in a step-like pattern (Page, 1998; 
Page and others, 1990; Page and Pampeyan, 1996).  Displacement on individual faults is generally 
less than 1 km, and cumulative displacements may be as much as 2 km (Page, 1998; Page and 
others, 1990).  Phelps and others (2000) interpreted the subsurface location of some of these faults 
based on gravity data.  Their study also indicates that Cenozoic basin-fill deposits probably reach a 
maximum thickness of about 1 to 1.5 km in Coyote Spring Valley. 

A prominent high-angle normal fault on the west side of the Mormon Mountains is referred 
to here as the Meadow Valley Wash (MVW) fault (fig. 5).  The fault structurally controls Meadow 
Valley Wash and probably was important in accommodating Miocene uplift of the Mormon 
Mountains (also see B-B’ and C-C’).  Along A-A’ the fault juxtaposes Paleozoic and Mesozoic 
rocks of the Tule Spring autochthon in the footwall against Cenozoic basin-fill deposits and 
underlying Paleozoic rocks of the Tule Spring allochthon in the hanging wall.  B-B’ and C-C’ show 
the MVW fault juxtaposing a thick sequence of Paleozoic rocks of the Mormon thrust allochthon in 
the hanging wall against Proterozoic crystalline rocks in the footwall.  South of C-C’, the nature of 
the MVW fault is unknown, although we interpret it to merge with the system of strike-slip faults 
on the west flank of the southern Mormon Mountains to form the east boundary of lower Meadow 
Valley Wash basin.  Seismic-reflection data (Scheirer and others, in press) in the northern part of 
Meadow Valley Wash (in the area of A-A’) suggest the MVW fault is a high-angle normal fault. 

The MVW fault may be a conduit for north-south ground-water flow beneath Meadow 
Valley Wash, but the upthrown block of Proterozoic crystalline confining units in the Mormon 
Mountains probably forms a barrier to eastward ground-water flow across the mountain range.  
Abundant paleo-spring carbonate deposits fill faults and fractures in bedrock units on the east and 
south flanks of the Meadow Valley Mountains and in Tertiary basin-fill sediments in Meadow 
Valley Wash (Page and Pampeyan, 1996; Schmidt, 1994; Schmidt and Dixon, 1995).  These spring 
carbonate features are indicative of ground-water discharge and the existence of a past ground-
water flow path through the thick sequence of Paleozoic carbonate rocks concealed beneath the 
eastern Meadow Valley Mountains and Meadow Valley Wash. 

Seismic-reflection and gravity data (Scheirer and others, in press) indicate that Meadow 
Valley Wash is partitioned into a series of fault-controlled basins.  The deepest basin is between 
Moapa and Rox, Nev., (figs. 2 and 4).  Cenozoic basin-fill deposits in the basin may be 2 to 3 km 
thick in the central part of the basin, and they are complexly deformed by folds and faults.  Basin-
fill surface exposures in this area are also complexly deformed.  The Permian Kaibab Limestone 
crops out near Rox (C-C’), indicating a bedrock ridge constricts Meadow Valley Wash and bounds 
a shallower basin to the north.  A drill hole in the northern basin (just north of Rox) bottomed out in 
basin-fill deposits at 730 m, and seismic-reflection data suggest Cenozoic basin-fill deposits may be 
up to 1 km thick (Scheirer and others, in press).  The northernmost basin of Meadow Valley Wash 
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is between Carp and Leith (fig. 2).  Cenozoic basin-fill deposits are interpreted to be 1 to 2 km 
thick in this basin (Scheirer and others, in press), and the main basin structure is controlled by the 
MVW fault.   

Wernicke and others (1985) and Axen and others (1990) interpreted that three stacked, 
west-dipping, low-angle normal (detachment) faults (Mormon Peak, Tule Springs, and Castle Cliff 
detachments) between the Meadow Valley Mountains and the Beaver Dam Mountains are the first 
order Cenozoic extensional structures in the region.  Axen and others (1990) interpreted the Castle 
detachment as the lowest-level fault that projects westward in the subsurface beneath Tule Springs 
Hills as a continuation of the Castle Cliff fault exposed on the west flank of the Beaver Dam 
Mountains.  The Tule Springs detachment is the intermediate fault interpreted by Axen and others 
(1990) as a breakaway zone on the west flank of the East Mormon Mountains to project westward 
below the main part of the Mormon Mountains.  Wernicke and others (1985) interpreted the 
Mormon Peak detachment as the highest-level fault exposed in the Mormon Mountains to project 
westward beneath the Meadow Valley Mountains.  Wernicke and others (1985) and Axen and 
others (1990) interpreted these as large-magnitude extensional faults that root into crystalline 
basement and were activated from west to east by processes of simple uniform shear. 

Anderson and Barnhard (1993) noted low-angle normal faults in the area but on the basis of 
fault kinemetics and careful geologic mapping, they challenged the idea that these detachments had 
large lateral extent, and, alternatively, they viewed detachments as localized structures that 
accommodated strain associated with extreme vertical uplift.  Carpenter and Carpenter (1994) also 
downplayed the role of detachments as first order Cenozoic extensional structures on the basis of 
seismic-reflection data and geologic mapping, and they reinterpreted many of the detachments in 
the Mormon Mountains as localized gravity-slide slip-surfaces.  The cross sections in this report are 
conceptually in agreement with Anderson and Barnhard (1993) and Carpenter and Carpenter (1994) 
and portray detachments as more localized structures and high-angle normal and strike-slip faults 
as the first order extensional structures in this region. 

The Piedmont fault (fig. 5) is the major fault bounding the west flanks of the Beaver Dam 
and Virgin Mountains (Bohannon and others, 1993), and it forms the boundary between the 
Colorado Plateau and Basin and Range provinces (A-A’, B-B’, C-C’).  In most areas, the fault 
juxtaposes an east-tilted section of Paleozoic and Mesozoic rocks overlain by thick Tertiary-
Quaternary basin-fill deposits in the hanging wall against Proterozoic crystalline rocks in the 
footwall (B-B’, and C-C’).  The fault is estimated to have about 12 km of normal separation 
(Bohannon and others, 1993) and was most active from 13 to 10 Ma (Quigley and others, 2002).  
Quigley and others (2002) suggested that Cenozoic uplift in the Virgin-Beaver Dam Mountains 
along the Piedmont fault may have been controlled by older Proterozoic shear zones along a former 
accretionary crustal boundary.  Carpenter and Carpenter (1994) reported the southern end of the 
fault, south of Mesquite (fig. 1), to have a left-lateral component as illustrated in sections D-D’, E-
E’, and J-J’.   

Virgin Valley is segmented into two deep northeast-trending basins (fig. 4), the Mormon 
basin to the southwest and the Mesquite basin to the northeast (Bohannon and others, 1993; 
Langenheim and others, 2000, 2001a).  The basins formed by subsidence caused by Miocene 
extension mainly along the Piedmont fault.  Cenozoic basin-fill deposits in the Mesquite basin are 
estimated to have maximum thicknesses of about 8 to 10 km, with the deepest part of the basin 
beneath the Littlefield, Ariz., area (Langenheim and others, 2000, 2001a) (fig. 2).  Cross sections 
B-B’ and C-C’ extend across the Mesquite basin and show an east-dipping sequence of deformed 
Paleozoic and Mesozoic rocks overlain by moderately deformed Cenozoic basin-fill rocks.  The 
subsurface stratigraphy and structure portrayed in the cross sections are derived mostly from 
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seismic-reflection data from Bohannon and others (1993) and Carpenter and Carpenter (1994), and 
gravity data from Langenheim and others (2000, 2001a).  Cross sections D-D’ and E-E’ extend 
across the Mormon basin where Cenozoic basin-fill deposits reach maximum thicknesses of 5 to 6 
km.  The subsurface stratigraphy and structure portrayed in the cross sections in the Mormon basin 
is mostly from seismic-reflection data from Bohannon and others (1993), gravity data from 
Langenheim and others (2000, 2001a), and the Mobil Virgin River # 1-A deep petroleum test well 
on Mormon Mesa.  The Mobil well encountered the base of Cenozoic basin fill at about 2 km and 
the well bottomed out in Proterozoic crystalline rocks at about 5.9 km depth (Bohannon and others, 
1993).  

Muddy River Springs (fig. 2 and D-D’) are structurally controlled by a broad north-striking 
fault zone that forms the east range front of the southern Meadow Valley Mountains and Arrow 
Canyon Range (Schmidt and Dixon, 1995; Schmidt and others, 1996; Page and others, 2005a).  The 
fault zone is informally referred to here as the east Arrow Canyon Range fault zone (fig. 5).  Faults 
in the fault zone are exposed in the Paleozoic carbonate rocks on the east flanks of the Meadow 
Valley Mountains (Schmidt, 1994) and Arrow Canyon Range (Page, 1992; Schmidt and others, 
1996), and in the Cenozoic basin-fill deposits in lower Meadow Valley and California Wash.  East-
striking faults intersect the north-striking faults (Schmidt and others, 1996; Schmidt, 1994; Page 
and others, 2005) and potentially enhance permeability.  Seismic-reflection data (Scheirer and 
others, in press) indicate an east-trending buried bedrock ridge separates lower Meadow Valley 
Wash basin from California Wash basin (fig. 4).  The ridge is structurally controlled by east-
striking faults (Scheirer and others, in press), and it connects the Paleozoic carbonate rocks in the 
subsurface between the Arrow Canyon Range and Muddy Mountains. Near Ute (fig. 2), along the 
east flank of the Arrow Canyon Range, spring carbonate mounds represent past spring discharge 
from the fault zone (Schmidt and Dixon, 1995).  Quaternary faults are exposed in this area, which 
may have increased permeability in the fault zone. 

Cenozoic basin-fill deposits in California Wash basin are estimated to be 2 to 3 km deep 
based on gravity and seismic-reflection data (Langenheim and others, 2001b, 2002).  The basin is 
bounded by the California Wash fault zone, a zone of west-dipping normal faults on the west flank 
of the Muddy Mountains (E-E’, F-F’, and G-G’).  Bidgoli and others (2003) reported Quaternary 
faulting in the fault zone. 

The Rogers Spring fault is located on the southeast side of the Muddy Mountains where it 
bounds a moderately deep basin in the Lake Mead Overton Arm area (fig. 5, F-F’); Cenozoic basin-
fill deposits are 2 to 3 km thick in the Overton Arm basin.  The fault dips from 60o to 70o southeast 
and juxtaposes Paleozoic carbonate rocks of the Muddy Mountain thrust allochthon against 
deformed Tertiary basin-fill deposits that overlie autochthonous Mesozoic rocks (F-F’).  Bohannon 
(1983) interpreted the fault as a normal fault, but he reported local evidence of strike-slip 
displacement suggesting multiple stages of movement.  We agree with Bohannon’s interpretation 
of strike-slip and normal movement on the fault, but a reverse component of displacement is also 
indicated because the Paleozoic allochthon of the Muddy Mountain thrust on the northwest side of 
the fault is presumably downdropped against autochthonous Mesozoic rocks on the southeast side 
(F-F’) based on exposure of the Jurassic Aztec Sandstone farther to the southwest along the fault.  
Rogers and Blue Point Springs are probably both structurally controlled by the Rogers Spring fault, 
and warm water discharging from the springs (85o-86o F) suggests a relatively deep source.  The 
springs may exist partly due to juxtaposition of the Paleozoic-Mesozoic sequence in the fault 
footwall against Early Proterozoic crystalline rocks in the hanging wall, and the presence of thick 
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basin-fill sediments containing impermeable evaporate deposits in the fault hanging wall (Laney 
and Bales, 1996).  

Summary 
The oldest rocks in the study area are Early Proterozoic crystalline rocks.  These rocks form 

basement and are confining units in the regional ground-water flow systems.  Late Proterozoic to 
Lower Cambrian rocks are predominantly clastic rocks and are also considered confining units in 
the region.  

Above the Late Proterozoic to Lower Cambrian clastic rocks are Middle Cambrian to 
Lower Permian units that are predominantly carbonate rocks, and they form the main aquifer in the 
regional ground-water flow systems.  The Paleozoic carbonate rocks thin from west to east in the 
study area, from as much as 7 km in the western part to less than 2 km in the eastern part.  Much of 
the thinning resulted from erosion of individual units along major unconformities and stratigraphic 
thinning of individual units toward the craton.   

Above the Paleozoic carbonate rocks are mainly clastic units of late Paleozoic to Mesozoic 
age that are generally considered confining units in the flow systems, but they may be permeable 
where fractured.  Tertiary volcanic and plutonic rocks are exposed in the extreme northern and 
southern parts of the study area and may be aquifers where they are highly faulted, such as in the 
Delamar and Clover Mountains.  Basin-fill deposits consist of middle to late Tertiary sediments of 
variable lithologies, and younger Quaternary surficial units consisting mainly of alluvium.  Basin-
fill sediments are both aquifers and aquitards in the region.   

Movement of ground water through the aquifers is through fractures formed by faulting and 
through solution channels formed in the carbonate rocks.  The rocks in the area were complexly 
deformed by episodes of Mesozoic compression and Cenozoic extension.  Cretaceous thrust faults 
and folds in the area formed during the Sevier orogeny.  Duplex zones along some of the thrust 
faults resulted in structural thickening and define areas of maximum thickness of the Paleozoic 
carbonate rocks.   

Cenozoic extensional tectonics affected the rocks in the region and included normal and 
strike-slip faulting, volcanism, and plutonism.  Cenozoic faults are significant because they are the 
primary structures that control ground-water flow in the regional ground-water flow systems. 
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REPORTS AND PAPERS, HYDROLOGY--1935 519 

The discrepancy (0.5-0.32) may probably be accounted for by the liberal coating of white 
paint that was put on the insulating material to protect it from the weather and to reflect as 
much direct radiation as possible. The paint doubtless permeated into the material so as to 
Increase its conductivity. Moreover, in spite of the white paint, the outer surfaces of the 
slabs receiving direct solar radiation must have been Kept at a temperature somewhat higher than 
the dry bulb. Since the prevailing direction of heat-leakage was into the water, this increase 
of temperature of the surface of the insulating material must have had the effect of an apparent 
increase in conductivity. 

Figure 4 shows the relation between h as computed from the phototube-pyrheliometer readings 
and H as obtained from the pan. 

It is not surprising that equation (2) yields fairly consistent results when we remember 
that in the morning and evening the light entering the window of the phototube comes chiefly 
from the sky and is therefore richer in short waves than it is during the middle part of the 
day. Toward the ends of the day there are, accordingly, pulses which are not accompanied by 
much heat. The kt-term subtracts these out. 

The errors shown by Figure 4 are due to several causes, but perhaps one of the most serious 
is the warping of the walls of the pan due to temperature-changes. If some means can be found 
for measuring nocturnal back-radiation, the seriousness of this difficulty can be eliminated by 
making a continuous run of several days1 duration. The total algebraic result of warping would 
then be negligible. Arrangements are being undertaken for carrying out this plan. 

The writer desires to express appreciation to Dr. White of the Physics Department of the 
University of California for his suggestion of covering the thyratron with a hood in order to 
help minimize erratic behavior due to temperature-changes. Thanks are also extended to Dr. 
Nicholas Ricclardi, President of the San Bernardino Valley Junior College and to Dean Frank B. 
Lindsay for assigning Federal Emergency Relief Administration students to this work, as well as 
to the students themselves. Most of the observations were made by Newell Call and William Hand, 
but Guy Harris and Robert Whaling also helped. Hayden Gordon, technician of the College, assisted, 
in various ways. Mr. Moore and Mr. Watson of the Smithsonian Institution at Table Mountain ren
dered valuable aid in some preliminary investigations. 

San Bernardino Valley Junior College, 
San Bernardino, California 

THE RELATION BETWEEN THE LOWERING OF THE PIEZOMETRIC SURFACE AND THE RATE 
AND DURATION OF DISCHARGE OF A WELL USING GROUND-WATER STORAGE 

Charles V. Theis 

When a well Is pumped or otherwise discharged, water-levels in its neighborhood are lowered. 
Unless this lowering occurs instantaneously it represents a loss of storage, either by the un-
watering of a portion of the previously saturated sediments if the aquifer is nonartesian or by 
release of stored water by the compaction of the aquifer due to the lowered pressure if the 
aquifer is artesian. The mathematical theory of ground-water hydraulics has been based, appar
ently entirely, on a postulate that equilibrium has been attained and therefore that water-levels 
are no longer falling. In a great number of hydrologic problems, involving a well or pumping 
district near or in which water-levels are falling, the current theory Is therefore not strictly 
applicable. This paper investigates in part the nature and consequences of a mathematical theory 
that considers the motion of ground-water before equilibrium is reached and, as a consequence, 
Involves time as a variable. 

To the extent that Darcy's law governs the motion of ground-water under natural conditions 
and under the artificial conditions set up by pumping, an analogy exists between the hydrologic 
conditions in an aquifer and the thermal conditions in a similar thermal system. Darcy's law is 
analogous to the law of the flow of heat by conduction, hydraulic pressure being analogous to 
temperature, pressure-gradient to thermal gradient, permeability to thermal conductivity, and 
specific yield to specific heat. Therefore, the mathematical theory of heat-conduction devel
oped by Fourier and subsequent writers is largely applicable to hydraulic theory. This analogy 
has been recognized, at least since the work of Slichter, but apparently no attempt has been 
made to introduce the function of time into the mathematics of ground-water hydrology. Among 
the many problems in heat-conduction analogous to those in ground-water hydraulics are those 
concerning sources and sinks, sources being analogous to recharging wells and sinks to ordinary 
discharging wells. 
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C. I. Lubin, of the University of Cincinnati, has with great kindness prepared for me the 
following derivation of the equation expressing changes In temperature due to the type of source 
or sink that is analogous to a recharging or discharging well under certain ideal conditions, to 
be discussed below. 

The equation given by H. S. Carslaw (Introduction to the mathematical theory of the con
duction of heat In solids, 2nd ed., p. 152, 1921) for the temperature at any point in an Infinite 
plane with initial temperature zero at any time due to an "Instantaneous line-source coinciding 
with the axis of z of strength Q" (involving two-dimensional flow of heat) is 

(Q /47i7ct) e ~ ( x 2 + * 8 > A * t (1) 

where v - change in temperature at the point x,y at the time t; Q « the strength of the source 
or sink--in other words, the amount of heat added or taken out Instantaneously divided by the 
specific heat per unit-volume.; K - Kelvin's coefficient of diffusivity, which is equal to the 
coefficient of conductivity divided by the specific heat per unit-volume; and t * time. 

The effect of a continuous source or sink of constant strength Is derived from equation (1) 

as follows: Let Q - <p(t')dt'; then v ( x > y f t ) -jf t[*p(tl)/4tr*(t-t»)] e " ( x ^ + y 2 ) / ' 4 * { t ~ V } dt'. 

Let f(t«) - \, a constant; then v ( t ) ~ (V^ir ic) j ^ t [ e " C x ^ + y 2 ) / 4 / t ^ t " t l V ( t - t , ) l dt*. Let 

u » (x 2+y 2)/4/c(t-t l); then 

v ( t ) » (X/47T/C) f™Uy2)/AKt [e-
U/(t-tMl U x V W ] [du/u2l 

r 0 0 

- ( X / 4 7 T / c ) 7 ( x 2 + y 2 ) / 4 A c t (e-Vu)du (2) 

/
• 0 3 

( x2 + y2)/4 / c t (e~u/u)du, is a form of the exponential integral, 
tables of which are available (Smithsonian Physical Tables, 8th rev. ed., table 32, 1933; the 
values to be used are those given for Ei (-x), with the sign changed). The value of the Integral 
Is given by the series 

oo 
(e"u/u)du «-0.577216 - logex + x - x 2/2 • 2! + x 3/3 • 3! - x 4/4 - 4 ! + . (3) 

Equation (2) can be immediately adapted to ground-water hydraulics to express the draw-down 
at any point at any time due to pumping a well. The coefficient of diffusivity, , is analogous 
to the coefficient of transmissibllity of the aquifer divided by the specific yield. (The term 
"coefficient of transmissibllity* is here used to denote the product of Meinzer's coefficient of 
permeability and the thickness of the saturated portion of the aquifer; It quantitatively de
scribes the ability of the aquifer to transmit water. Melnzer's coefficient of permeability de
notes a characteristic of the material; the coefficient of transmissibllity denotes the analogous 
characteristic of the aquifer as a whole.) The continuous strength of the sink is analogous to 
the pumping rate divided by the specific yield. Making these substitutions, we have 

v - (F/47TT) fJzs/4eT% (e"u/u)du (4) 

In which the symbols have the meanings given with equation (5). In equation (4) the same units 
•ust of course be used throughout. Equation (4) may be adapted to units commonly used 

v - (114.6F/T) J™Q7TZs/rt (e"u/u)du (5) 

where v * the draw-down, in feet, at any point in the vicinity of a well pumped at a uniform 
rate; F - the discharge of the well, in gallons a minute; r * the coefficient of transmissibll
ity of aquifer, in gallons a day, through each 1-foot strip extending the height of the aquifer, 
under a unit-gradient—this is the average coefficient of permeability (Meinzer) multiplied by 
the thickness of the aquifer; r « the distance from pumped well to point of observation, in feet; 
8 - the specific yield, as a decimal fraction; and t « the time the well has been pumped, in days. 

Equation (5) gives the draw-down at any point around a well being pumped uniformly (and 
continuously) fro* a homogeneous aquifer of constant thickness and infinite areal extent at any 
tiwft. The introduction of the function, tine, is the unique and valuable feature of the equa
tion. Equation (5) reduces to Thiea's or Slichter's equation for artesian conditions when the 
illM of pumping Is large. 
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Bapirlcal tests of the equation are 
best made with the data obtained by L. K. 
Wenzel (Recent investigations of Thlea's 
method for determining permeability of water
bearing sediments, Trans. Amer. Geophys. 
Union, 13th annual meeting, pp. 313-317, 1932; 
also Specific yield determined from a Thiem's 
pumping test, Trans. Amer. Geophys. Union, 
14th annual meeting, pp. 475-477, 1933) from 
pumping tests in the Platte Valley in Ne
braska. Figure 1 presents the comparison of 
the computed and observed draw-downs after 
two days of pumping. The observed values 
are those of the generalized depression of 
the water-table as previously determined by 
Mr. Wenzel. The computed values are ob
tained by equation (5), using values of per
meability and specific yield that are within 
one per cent of those determined by Mr. Wen
zel by other methods. The agreement repre
sented may be regarded as showing either that 
the draw-downs have been computed from known 
values of transmissibility and specific 
yield or that these factors have been com
puted from the known draw-downs. 

Theoretically, the equation applies 
rigidly only to water-bodies (1) which are 
contained in entirely homogeneous sediments» 
(2) which have infinite area! extent, (3) in 
which the well penetrates the entire thick
ness of the water-body, (4) In which the co
efficient of transmissibility is constant at 
all times and in all places, (5) in which the 
pumped well has an infinitesimal diameter, 

and (6) - applicable only to unconfined water-bodies - in which the water In the volume of sedi
ments through which the water-table has fallen is discharged instantaneously with the fall of 
the water-table. 

These theoretical restrictions have varying degrees of importance in practice. The effect 
of heterogeneity in the aquifer can hardly be foretold. The effect of boundaries can be con
sidered by more elaborate analyses, once they are located. The effect of the well failing to 
penetrate the entire aquifer is apparently negligible In many cases. The pumped well used In 
the set-up that yielded the data for Figure 1 penetrated only 30 feet into a 90-foot aquifer. 
The coefficient of transmissibility must decrease during the process of pumping under water-table 
conditions, because of the diminution in the cross-section of the area of flow due to the fall 
of the water-table; however, It appears from Figure 1 that if the water-table falls through a 
distance equal only to a small percentage of the total thickness of the aquifer the errors are 
not large enough to be observed. In artesian aquifers the coefficient of transmissibility 
probably decreases because of the compaction of the aquifer, but data on this point are lacking. 
The error due to the finite diameter of the well Is apparently always insignificant. 

In heat-conduction a specific amount of heat is lost concomitantly and instantaneously with 
fall in temperature. It appears probable, analogously, that in elastic artesian aquifers a 
specific amount of water is discharged instantaneously from storage as the pressure falls. In 
nonartesian aquifers, however, the water from the sediments through which the water-table has 
fallen drains comparatively slowly. This time-lag In the discharge of the water made available 
from storage is neglected in the mathematical treatment here given. Hence an error is always 
present in the equation when it is applied to water-table conditions. However, inasmuch as the 
rate of fall of the water-table decreases progressively after a short initial period, It seems 
probable that as pumping continues the rate of drainage of the sediments tends to catch up with 
the rate of fall of the water-table, and hence that the error in the equation becomes progres
sively smaller. 

For Instance, although the draw-downs computed for a 24-hour period of pumping In. Mr. Wen
zel »s test showed a definite lack of agreement with the observations, similar computations for a 
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48-hour period gave the excellent agreement shown in Figure 1. Unfortunately data for peri 
of pumping longer than 48 hours have not been available. 

The equation Implies that any two observations of draw-down, whether at different plac 
at the same place at different times, are sufficient to allow the computation of specific y .d 
and transmissibility. However, more observations are always necessary in order to guard against 
the possibility that the computations will be vitiated by the heterogeneity of the aquifer. 
Moreover, it appears that the time-lag in the drainage of the unwatered sediments makes it impos
sible at present to compute transmissibility and specific yield from observations on water-
levels in only one observation-well during short periods of pumping. Good data from artesian 
wells have not been available, but such data as we have hold out the hope that transmissibility 
and specific yield may be determined from data from only one observation-well. 

A useful corollary to equation (5) may be derived from an analysis of the recovery of a 
pumped well. If a well is pumped for a known period and then left to recover, the residual 
draw-down at any instant will be the same as if pumping of the well had been continued but a re
charge well with the same flow had been introduced at the same point at the Instant pumping 
stopped. The residual draw-down at any instant will then be 

where t is the time since pumping started and t f Is the time since pumping stopped. 

In and very close to the well the quantity ( l . B 7 T Z s / T t r ) will be very small as soon as t 1 

ceases to be-small, because r is very small. In many problems ordinarily met in ground-water 
hydraulics, all but the first two terms of the series of equation (3) may be neglected, so that, 
if 2 * (l.STr^s/rt) and 2 ! - {l.QlT2s/rtx) equation (6) may be approximately rewritten 

v' - C114.6F/T) [-0.577 - logeZ + 0.577 + logeZ(t/t')] = (114.6F/r) loge(t/t') 

Transposing and converting to common logarithms, we have 

This equation permits the computation of the coefficient of transmissibility of an aquifer from 
an observation of the rate of recovery of a pumped well. 

Figure 2 shows a plot of observed recovery-curves. The ordinates are log Ct/t*); the ab
scissas are the distances the water-table lies below Its equilibrium-position. According to 
equation (7) the points should fall on a straight line passing through the origin. Curve A is a 
plot of the recovery of a well within 3 feet of the well pumped for Mr. Wenzel's test, previously 
mentioned. Most of the points lie on a straight line, but the line passes below the origin. 
This discrepancy is probably due to the fact that the water-table rises faster than the sur
rounding pores are filled. The coefficient of permeability computed from the equation Is about 
1200, against a probably correct figure of 1000. Curve B is plotted from data obtained from an 
artesian well near Salt Lake City. The points all fall according to theory. 

Curve C shows the recovery of a well penetrating only the upper part of a nonartesian aqui
fer of comparatively low transmissibility. It departs markedly from a straight line. This 
curve probably follows equation (6), but it does not follow equation (7), for in this case 
(1.87rss/rtf) is not small. Equation ( 6 ) , involving r and s, neither of which may be known in 
practice, is not of practical value for the present purpose. Further empirical tests may show 
that it is feasible to project the curve to the origin, in the neighborhood of which 
Cl.aTr^s/rt1) becomes small, owing to the increase in t and t', and apply equation (7) to the 
extrapolated values so obtained in order to determine at least an approximate value of the 
transmissibility. 

The paramount value of equation C5) apparently lies In the fact that it gives part of the 
theoretical background for predicting the future effects of a given pumping regimen upon the 
water-levels In a district that is primarily dependent on ground-water storage. Such districts 
may include many of those tapping extensive nonartesian bodies of ground-water. Figure 3 shows 
the vertical rate of fall of the water-level in an Infinite aquifer, the water being all taken 
from storage. The curves are plotted for certain definite values of pumping rate, transmissi
bility, and specific yield, but by changing the scales either curve could be made applicable to 
any values set up. 

C6) 

T * (264F/V1) 10g 1 Q Ct/t') (7) 
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These theoretical curves agree qualitatively with the facts generally observed when a well 
is pumped. The water-level close to the well at first falls very rapidly, but the rate of fall 
soon slackens. In the particular case considered in Figure 3 the water-level at a point 100 
feet from the pumped well would fall during the first year of pumping more than half the dis
tance it would fall in 1000 years. A delayed effect of the pumping is shown at distant points. 
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The water-level at a point about 6 miles from the pumped well of Figure 3 would fall only minute
ly for about five years but would then begin to fall perceptibly, although at a much less rate 
than the water-level close to the well. Incidentally the rate of fall after considerable pump
ing is so small that it might easily lead to a false assumption of equilibrium. The danger in a 
pumping district using ground-water storage lies in the delayed interference of the wells. For 
instance, although in 50 years one well would cause a draw-down of only 6 inches in another well 
6 miles away, yet the 100 wells that might lie within 6 miles of a given well would cause in it 
a total draw-down of more than 50 feet. 

In the preparation of this paper I have had the indispensable help not only of Dr. Lubin, 
who furnished the mathematical keystone of the paper, but also of Dr. C. E. Van Orstrand, of the 
United States Geological Survey, and of my colleagues of the Ground Water Division of the Survey, 
who cordially furnished data and criticism. 

U. S. Geological Survey, 
Washington, D. C. 

THE PIEZOMETRIC SURFACE OF ARTESIAN WATER IN THE FLORIDA PENINSULA 

V. T. Stringfield 

Introduction 

The ground-water of the Florida Peninsula constitutes one of Its most valuable natural re
sources and is of Importance as a source of water-supplies throughout the area. The problems 
relating to the development of ground-water supplies are both quantitative and qualitative. 
They include such problems as the decline in yield of wells in areas of large withdrawals of 
water and salt-water contamination of ground-water supplies. In order to facilitate a better 
understanding and interpretation of hydrologic conditions relating to these local ground-water 
problems, a general survey of the artesian water in the Florida Peninsula was made by the United 
States Geological Survey in 1934. 

As part of the results of the investigation a contour-map representing the piezometric sur
face of the artesian water was prepared, and the general areal extent of highly mineralized 
ground-water was outlined. The piezometric map shows the height to which water would rise above 
sea-level in tightly cased wells in 1934. It indicates the hydraulic gradient and the direction 
of movement of the ground-water, and therefore the areas of recharge and the areas of large dis
charge. 

General artesian conditions 

The geologic formations exposed at the surface in different parts of the Peninsula probably 
represent a thickness of about 1000 to 1500 feet of the geologic section and include the Ocala 
limestone, of Eocene age, and the younger formations of the Miocene, Pliocene, Pleistocene, and 
Recent. These formations constitute the rocks that yield the ground-water supplies. The forma
tions of the Peninsula form an arch or broad anticline that trends southeast and plunges toward 
the southern part of the State. The anticline constitutes the structural feature favorable for 
artesian conditions in the Peninsula. A general outline of the structure is represented in Fig
ure 1. 

The principal formations that yield artesian water are the Ocala Limestone, the Tampa Lime
stone, and the Hawthorn Formation. 

The Ocala Limestone underlies all of Florida. In the northwestern part of the Peninsula it 
lies at or near the surface on the eroded crest of the large anticline, and elsewhere it extends 
under the younger formations that are exposed on the flanks of the anticline. It consists es
sentially of limestone and has an estimated thickness of about 500 feet. 

The Tampa Limestone, of Miocene age, overlies the Ocala Limestone. It is at or near the 
surface in the west-central and northwestern parts and occurs as erosion remnants in a few areas 
where the Ocala Limestone is near the surface. Well-records indicate that the formation is ab
sent in the eastern and northeastern part of the Peninsula. The Formation consists essentially 
of limestone and has an estimated thickness of about 200 feet. 

The Hawthorn Formation, of Miocene age, overlies the Tampa Limestone or In some places rests 
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Preface
This report documents a spreadsheet add-in for viewing time series and modeling water 

levels that was developed in Microsoft® Excel 2010. Use of trade names does not constitute 
endorsement by the U.S. Geological Survey (USGS). The spreadsheet add-in has been tested 
for accuracy by using multiple datasets. If users find or suspect errors, please contact the USGS. 

Every effort has been made by the USGS or the United States Government to ensure the 
spreadsheet add-in is error free. Even so, errors possibly exist in the spreadsheet add-in. The 
distribution of the spreadsheet add-in does not constitute any warranty by the USGS, and no 
responsibility is assumed by the USGS in connection therewith. 
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Conversion Factors and Datums
Multiply By To obtain

Length
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)

Volume
gallon (gal) 3.785 liter (L) 

Flow rate
gallon per minute (gal/min) 0.06309 liter per second (L/s)

Transmissivity*
foot squared per day (ft2/d) 0.09290 meter squared per day (m2/d) 

Vertical coordinate information is referenced to the North American Vertical Datum of 1988 
(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.

*Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times 
foot of aquifer thickness [(ft3/d)/ft2]ft. In this report, the mathematically reduced form, foot 
squared per day (ft2/d), is used for convenience.
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Advanced Methods for Modeling Water-Levels and 
Estimating Drawdowns with SeriesSEE, an Excel Add-In

By Keith Halford, C. Amanda Garcia, Joe Fenelon, and Benjamin Mirus

increasing distance at which drawdown, or the pumping 
signal, can be detected (Risser and Bird, 2003; Halford and 
Yobbi, 2006). Drawdown analyses at distances of more than 
1 mile (mi) often fail because environmental water-level fluc-
tuations typically overwhelm the pumping signal. Barometric 
change, tidal forces, surface-water stage changes, or other 
external stresses induce these natural water-level changes in 
wells, which collectively are referred to here as “environmen-
tal fluctuations.” 

Barometric change and tidal forces can induce water-level 
fluctuations in a well greater than 1 foot (ft) during periods 
of less than a few days (Fenelon, 2000). Daily barometric 
changes alone typically exceed 0.3 ft where aquifers are 
confined or the unsaturated zone is thicker than 500 ft (Weeks, 
1979; Merritt, 2004). Episodic recharge events can cause 
water-level rises that exceed 1 ft (O’Reilly, 1998). Climatic 
variations in recharge can induce long-term rising trends 
of more than 3 feet per year that affect detection of small 
pumping signals (Elliott and Fenelon, 2010; Fenelon, 2000). 
Drawdowns can be a fraction of the environmental fluctuations 
in distant observation wells that are more than a mile from a 
pumping well. 

Environmental fluctuations have been modeled previously 
to differentiate natural water-level changes from pumping 
responses. Barometric and tidal effects typically are modeled 
independently and removed from water-level records (Erskine, 
1991; Rasmussen and Crawford, 1997; Toll and Rasmussen, 
2007). These approaches do not remove regional trends, such 
as long-term recharge, and are difficult to automate because all 
significant stresses that affect water levels other than pumping 
are not simulated simultaneously. 

Water levels from background wells can be used to 
explicitly model water-level changes from recharge responses, 
surface-water stage changes, or any other external stress 
(Halford, 2006; Criss and Criss, 2011). A background well 
monitors water levels that are affected by tidal potential-rock 
interaction, imperfect barometric coupling, and all other 
stresses, excluding analyzed pumping, that affect water 
levels in observation wells. The need for antecedent data and 
background water levels has long been recognized (Stallman, 
1971), but these trends and corrections typically have been 
estimated qualitatively. 

Abstract
Water-level modeling is used for multiple-well aquifer 

tests to reliably differentiate pumping responses from natural 
water-level changes in wells, or “environmental fluctuations.” 
Synthetic water levels are created during water-level mod-
eling and represent the summation of multiple component 
fluctuations, including those caused by environmental forcing 
and pumping. Pumping signals are modeled by transforming 
step-wise pumping records into water-level changes by using 
superimposed Theis functions. Water-levels can be modeled 
robustly with this Theis-transform approach because envi-
ronmental fluctuations and pumping signals are simulated 
simultaneously. Water-level modeling with Theis transforms 
has been implemented in the program SeriesSEE, which is a 
Microsoft® Excel add-in. Moving average, Theis, pneumatic-
lag, and gamma functions transform time series of measured 
values into water-level model components in SeriesSEE. Earth 
tides and step transforms are additional computed water-level 
model components. Water-level models are calibrated by mini-
mizing a sum-of-squares objective function where singular 
value decomposition and Tikhonov regularization stabilize 
results. Drawdown estimates from a water-level model are the 
summation of all Theis transforms minus residual differences 
between synthetic and measured water levels. The accuracy 
of drawdown estimates is limited primarily by noise in the 
data sets, not the Theis-transform approach. Drawdowns much 
smaller than environmental fluctuations have been detected 
across major fault structures, at distances of more than 1 mile 
from the pumping well, and with limited pre-pumping and 
recovery data at sites across the United States. In addition to 
water-level modeling, utilities exist in SeriesSEE for viewing, 
cleaning, manipulating, and analyzing time-series data. 

Introduction
Multiple-well, aquifer testing provides the most direct, 

integrated assessment of bulk hydraulic properties within com-
plex geologic systems (Bohling and others, 2003; Sepúlveda, 
2006; Yeh and Lee, 2007; Walton, 2008). The aquifer vol-
ume investigated with multi-well aquifer tests increases with 

SE ROA 50161

JA_15562



2  Advanced Methods for Modeling Water-Levels and Estimating Drawdowns with SeriesSEE, an Excel Add-In

Environmental fluctuations can be simulated as synthetic 
water levels, which represent the summation of multiple time 
series of barometric-pressure change, tidal potential, and back-
ground water levels, if available (Halford, 2006). Synthetic 
water levels are fitted to measured water levels for a period 
just prior to pumping, which should be more than three times 
greater than the period affected by pumping (Halford, 2006). 
Amplitude and phase of each time series are adjusted to mini-
mize differences between synthetic and measured water levels. 
These synthetic water levels are projected into the pumping 
period, and drawdown is the difference between synthetic and 
measured water levels. This approach is referred to here as the 
“projection approach” to water-level modeling. The projec-
tion approach becomes unreliable where most of the analyzed 
period is affected by pumping. 

Simultaneous modeling of environmental fluctuations 
and pumping signals overcomes the limitations of long-term 
extrapolation by using the projection approach. Environmental 
fluctuations can be defined during the entire period of record, 
which includes pumping and prolonged recovery periods. 
Variable pumping rates, as defined by a schedule of step 
changes, can be transformed to pumping signals by superim-
posing multiple Theis functions (Theis, 1935). Simultaneous 
simulation of all significant stresses affecting water-level 
changes is discussed as the “Theis-transform approach” to 
water-level modeling. 

These water-level modeling approaches have been imple-
mented in the program SeriesSEE, which is a Microsoft® 
Excel add-in. Water levels to be modeled, component fluc-
tuations, and period of analysis are defined interactively and 
viewed in workbooks that are created by SeriesSEE. Water 
levels are modeled with a FORTRAN program that is called 
from Excel. Differences between synthetic and measured 
water levels are minimized with PEST (Doherty, 2010a and 
2010b). Water-level models are calibrated rapidly because 
PEST files are created and executed seamlessly. 

Water-level modeling with SeriesSEE differs from existing 
applications that filter environmental fluctuations or simulate 
pumping (Toll and Rasmussen, 2007; Harp and Vesselinov, 
2011). This is because models of environmental fluctuations, 
Theis transforms, and parameter estimation are integrated in 
SeriesSEE. BETCO (barometric and earth tide correction) and 
similar programs simulate barometric and tidal water-level 
fluctuations but not regional trends and pumping effects (Toll 
and Rasmussen, 2007). Theis transforms have been applied 
previously in other water-level models, but environmental 
fluctuations were simulated with linear trends (Harp and Ves-
selinov, 2011). 

Purpose and Scope
The purpose of this report is to document the approach 

used in SeriesSEE. This is the supporting software for model-
ing water levels that respond to environmental fluctuations and 
pumping. Water levels are modeled so pumping signals can be 

differentiated from environmental fluctuations. A method for 
fitting these water-level models to measured series by adjust-
ing the selected parameters of each component is reported. 
The spreadsheet add-in is compatible with Microsoft® Excel 
2010 (version 14.0) or higher. Use of the spreadsheet add-in 
requires basic knowledge of Excel. Use and applicability of 
this software is documented in this report. The hydrologic 
concepts and methods used in the data processing also are 
described briefly.

Environmental Fluctuations
Environmental fluctuations in measured water levels, or 

natural water-level changes, can be modeled by using perti-
nent time series, such as barometric pressure, tidal potential, 
background water levels, and stream stage. These time series 
represent potential components used to create synthetic water 
levels in a water-level model. Relevant components can be 
selected where a relation is expected with the water-level 
record. For example, water-level fluctuations in well b4mwh 
appear to be related to earth tide, barometric pressure fluc-
tuations, recharge, and pumping (fig. 1). Simulating these 
environmental fluctuations in well b4mwh requires that earth 
tide, barometric pressure, and background water level (wells 
rw204 and sct4) components are included so that synthetic 
water levels can replicate measured water levels. 

Barometric Effects

Barometric pressure induced water-level fluctuations are 
greatest in deep, confined aquifers where the rock matrix 
absorbs most of the atmospheric load (Merritt, 2004). Fluc-
tuations increase because pressure instantly affects water 
levels in wells, whereas a stiff rock matrix transfers little of 
the increased atmospheric load to the confined water column. 
Atmospherically induced water-level fluctuations typically 
are less than 0.2 ft during a day. Large barometric-pressure 
changes from regional storms can cause water-level fluctua-
tions of more than 1 ft during a week.

Barometric changes also measurably affect water levels 
in unconfined aquifers (Weeks, 1979). Pressure changes do 
not propagate instantaneously through the unsaturated zone 
because air is highly compressible. The relatively low pneu-
matic diffusivity of the unsaturated zone creates substantial 
phase lags between atmospheric and water-level changes. 
Unconfined water-level fluctuations can approach the mag-
nitude of confined water-level fluctuations where the depth 
to water exceeds 500 ft. This is because atmospheric loading 
through the wellbore is not balanced by diffusion through the 
unsaturated zone. 
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Environmental Fluctuations  3

Tidal Effects

Tidal forces distort the crust of the earth, which creates 
water-level fluctuations in mid-continent wells (Bredehoeft, 
1967; Marine, 1975; Hanson and Owen, 1982; Narasimhan 
and others, 1984). Earth tides periodically deform (dilate and 
compress) the skeleton of the aquifer system, changing the 
porosity and causing measurable water-level fluctuations of as 
much as 0.1 ft or more in wells penetrating aquifers with small 
storage coefficients (fig. 1). Coupling between the mechanical 
deformation and the fluid filling the secondary porosity ampli-
fies water-level response in wells hydraulically connected to 
the secondary-porosity features, such as fractures or faults. 
The presence of secondary porosity typically renders the 
formation more compliant to imposed stresses, depending on 
orientation of the fractures or faults with respect to the prin-
cipal component directions of the imposed stress. The theo-
retical crustal strain tensors that result from the two principal 
lunar daily and semidiurnal tides are largely horizontal and 

orthogonal to one another. Subvertical fractures with azimuths 
oriented perpendicular to the strain tensor for a particular 
tide tend to amplify the strain and, thereby, the water-level 
response (Bower, 1983). 

The diurnal rise and fall of ocean levels are the most com-
mon manifestation of varying gravitational forces and are 
referred to as ocean tides. Ocean tides affect coastal ground-
water levels through direct head changes in an aquifer or as 
loads applied through a confining unit (Merritt, 2004). Ocean-
tide effects are better approximated with a nearby tidal gage 
than calculated tides because wind and coastal geometry also 
affect ocean tides in addition to direct gravitational forcing.

Background Water Levels

Recharge events, regional pumping, and change in surface-
water stage are identifiable stresses that typically affect large 
areas but are not predicted easily with independent time series 
such as barometric change and tidal potential. Recharge events 
and regional pumping stresses can create similar water-level 

Figure 1. Daily precipitation, groundwater levels, barometric change, and earth tide at Air 
Force Plant 6, Marietta, Georgia, April 22 to May 28, 2004. 
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4  Advanced Methods for Modeling Water-Levels and Estimating Drawdowns with SeriesSEE, an Excel Add-In

changes in multiple wells over areas of many square miles. 
Change in surface-water stages locally affects groundwater 
levels and can be measured directly. Water levels in wells 
sufficiently removed from an aquifer test can simulate these 
regional stresses, local changes in surface-water stages, and 
any other unidentified pervasive stresses. Water levels in 
these remote wells are referred to as background water levels 
(Halford, 2006).

Background water levels can be more effective correctors 
than independent barometric and tidal time series even where 
only barometric and tidal stresses are significant (Halford, 
2006). Barometric forcing through the unsaturated zone lags 
behind water-level changes because of the small permeability 
of unsaturated rock relative to an open well (Weeks, 1979). 
The complex relation between barometric pressure and water 
level in a well is explained poorly with barometric efficiency 
where the unsaturated zone is thick. Background water levels 
from another well of similar construction better approximate 
this relation. Likewise, rock properties and fracture orientation 
in an aquifer control tidal water-level fluctuations as much as 
tidal forcing. Water levels from background wells can better 
approximate the rock-tide interaction than theoretical tidal 
components alone. Independent barometric and tidal time 
series frequently remain necessary because of differences in 
rock properties, fracture orientation, and well completions 
around measured and background wells. 

Water-Level Modeling
Water-level modeling assumes that measured water-level 

fluctuations can be approximated by summing multiple-com-
ponent fluctuations (Halford, 2006). Input series of barometric 
pressure, input series of background water levels, and com-
puted earth tides explain most environmental fluctuations 
(fig. 2). Pumping signals are simulated with multiple Theis 
solutions that transform pumping schedules to water-level 
fluctuations. 

Water-level model components are summed to create a 
synthetic water level. A synthetic water level at time, t, is 
determined:

 SWL(t) 0
1

n

i
i=

= +∑C WLMC  (1)

where 
 C0 is an offset (L) that allows mean values of 

synthetic water levels to match mean 
values of measured water levels, 

 n is the number of water-level model (WLM) 
components, and 

 WLMCi is the ith WLM component in units of the 
modeled water level.

Water-level model results are denoted with the word 
synthetic rather than simulated to differentiate between water-
level and groundwater-flow model results. 

Figure 2. Input series of barometric pressure, input series of background water level, and computed gravity tide. 
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Water-Level Modeling  5

Water-Level Model Components

Input series are measured water levels, barometric pres-
sures, or pumping schedules that are transformed to represent 
water-level change. All input series are assumed to be continu-
ous between each discrete measurement where continuity can 
be piecewise linear or stepwise. Water levels and barometric 
pressures typically are used as piecewise linear functions. 
Pumping schedules typically are used as stepwise functions. 
All input series are transformed into WLM components that 
are smooth, differentiable functions. 

WLM components are created from input series with one 
of six transforms. The parameters that define each transform 
generically are referred to as coefficients because character-
istics and terminology are not consistent among transforms 
(table 1). Moving averages are most frequently used to trans-
form interpolated time series of barometric pressure and back-
ground water levels into WLM components. Pumping sched-
ules are transformed into water-level fluctuations with Theis 
transforms. Earth tides are computed for a given observation 
well location (Harrison, 1971). Transducer displacement, as a 
result of resetting a transducer in a well, is simulated with the 
step transform following a user-specified time. Lag and attenu-
ation of barometric-pressure changes between land surface and 
water table are simulated with the pneumatic-lag transform. 
Water-level rises from infiltration events are simulated with 
the gamma transform. 

WLM components are smooth functions because values 
are interpolated linearly between consecutive data pairs or 
transformed from stepwise data to a smooth function. Interpo-
lation or transformation allows data to be collected at variable 
intervals within a time series. Collection frequencies can differ 
among time series and do not need to be synchronized because 
interpolation or transformation synchronizes comparisons 
(fig. 3).

Moving Average 
Fluctuations of different frequencies exist in input series 

such as barometric changes and background water levels. 
Barometric changes exhibit diurnal, weekly, and seasonal 
fluctuations that differ in amplitude and frequency. Frequency-
dependent differences in water-level fluctuations also exist 
between wells because of differences in well construction and 
aquifer properties. Diurnal water-level fluctuations will be less 
where communication between well and aquifer is impeded 
and wellbore storage is increased. Poorly developed wells with 
large casing diameters and short screens damp high-frequency 
water-level fluctuations. Aquifers with large storage coeffi-
cients and small transmissivity values also will damp water-
level fluctuations. 

Table 1. Water-level model (WLM) components. 
[— is not applicable]

WLM
component

Time
series

Coefficient

1 2 3 4 5

Moving average Any series Multiplier Phase Averaging period — —

Theis transform Pumping sched-
ule

Transmissivity Storage coef-
ficient

Radial distance Flow-rate
conversion

—

Tide Computed Multiplier Phase Latitude Longitude Altitude
Step — Time Offset — — —

Pneumatic lag ª Barometric pres-
sure

KAIR SAIR Thickness of un-
saturated zone

— —

Gamma¹ Infiltration Multiplier k n Time conversion Multiplication 
series

ª Hydraulic properties of the Pneumatic-lag transform, KAIR & SAIR, are with respect to air. KAIR is hydraulic conductivity of air and is about 60 times 
greater than KWATER.SAIR is average air-filled porosity divided by mean air pressure.

¹ The k and n terms represent scale and shape parameters, respectively in the Gamma Probability Distribution Function.
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6  Advanced Methods for Modeling Water-Levels and Estimating Drawdowns with SeriesSEE, an Excel Add-In

Input series frequently are composed of multiple signals 
of different frequencies. These different frequencies can be 
separated into multiple WLM components with multiple 
moving averages of the input series (fig. 4). Water levels can 
be averaged over periods of hours to days where duration of 
averaging periods and the number of WLM components are 
arbitrary quantities. More than a half dozen WLM components 
frequently are created from a single input series because a 
broad range of averaging periods are more likely to simulate 
the environmental fluctuations. An excess of WLM compo-
nents generally does not degrade results. High-frequency sig-
nals are approximated indirectly by summing multiple WLM 
components with ranges of averaging periods. The original 
input series and WLM component are one and the same where 
an averaging period of 0 is specified (table 1).

The moving-average transform is applied to ith WLM com-
ponent at time, t:

 ( )i i i iWLMC aV t φ= +  (2)

where
 ai is the amplitude multiplier of the ith 

component in units of the modeled water 
level divided by units of the ith component,

 Φi is the phase-shift of the ith component (t), and 
 Vi(t+Φi) is the value of the moving average of ith 

input series at time t+ Φi in units of ith 
component.

Amplitude (a) and phase (Φ) are estimated in equation 
2 to minimize differences between synthetic and measured 
water-levels.

Moving averages are centered about the evaluation time, t, 
where averaging periods are defined by time, not the number 
of measurements. For example, a 12-hr, moving average at 
the time when sampling increased from hourly to 15-minute 
measurements would average 31 values. Six values were mea-
sured prior to the evaluation time, another value was measured 
at the evaluation time, and 24 values were measured after the 
evaluation time.

Figure 4. Input series and four additional water-level model components that were created 
by averaging in periods of 0.5, 1, 2, and 4 days (d). 
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Water-Level Modeling  7

Theis Transform
Pumping schedules are converted into water-level 

responses with a simple model: the Theis (1935) solution. 
Water-level changes or drawdown, s, from pumping-rate 
changes are simulated:

  
 

= = =
2

( )
4 4 4i T T T tπ π ∆ 

WLMC s W u W
Q Q r S

 (3)

where 
 Q  is the flow rate (L³/t), 
 T  is the transmissivity (L²/t), 
 W(u)  is the exponential integral solution, 
 u  is dimensionless time, 
 r is the radius (L), 
 S is the storage coefficient (dimensionless), and 
	 Δt  is the elapsed time since the flow rate  

changed (t).

Multiple Theis solutions are superimposed in time to 
simulate water-level responses to variable pumping schedules 
(fig. 5). The effects of multiple pumping wells also can be 
simulated by superposition in space (Harp and Vesselinov, 
2011). Each pumping well with its unique pumping schedule 
and radial distance is simulated with a WLM component in 
SeriesSEE. Pumping signals are discussed here as drawdowns, 
regardless of pumping rate, because discrete drawdown and 
recovery periods do not exist when variable pumping sched-
ules are simulated.

Superimposed Theis solutions serve as transform func-
tions, where step-wise pumping records are translated into 
approximate water-level responses at observation wells. Log-
transforms of transmissivity (T) and storage coefficient (S) 
are estimated in equation 3 to minimize differences between 
synthetic and measured water-levels. Estimates of T and S can 
characterize correctly the hydraulic properties of an aquifer 
if assumptions of the Theis solution are honored. These same 

Figure 5. Theis transform of a pumping schedule to water-level changes at radial distances between 1,250 
and 10,000 feet from a pumping well for a fixed transmissivity and storage coefficient.
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8  Advanced Methods for Modeling Water-Levels and Estimating Drawdowns with SeriesSEE, an Excel Add-In

parameters primarily are fitting terms with little physical 
significance in hydrogeologically complex aquifer systems 
because assumptions of the Theis solution are violated. This 
component of the water-level model is referred to as a “Theis 
transform,” here, and applies to the pumping schedule of a 
single well.

Hydrogeologic complexity and uncertainty are addressed 
by applying multiple Theis transforms to a single pump-
ing schedule. Relatively fast and slow elements of pumping 
signals propagate through complex aquifer systems. These fast 
and slow elements are approximated by Theis transforms with 
relatively high and low hydraulic diffusivities, respectively.

Computed Tides
The tides are displacements of the particles in a celestial 

body caused by the forces of attraction in a neighboring body. 
The terrestrial tides on Earth consist of the atmospheric tides, 
the earth tides, and the ocean tides and are related to the lunar 
and solar cycles (Defant, 1958). Simulated tidal forcing and 
body tides of a solid Earth (oceanless) produced by the moon 
and sun are computed from gravitational and astronomical 
theory for a specified point on the Earth for a specified time by 
using the Harrison (1971) model. Changes in the solid Earth 
caused by the ocean tides are not considered here. Many of the 
model parameters, and thus the computed tidal components, 
are functions of time based on the ephemerides, which are 
computed in the model but are not included here explicitly.

The earth tides result as the crust undergoes volumetric 
strains, Vε , due to variations in tide-generating forces:

 ( )1
3V rrθθ λλε ε ε ε= + +  (4)

where, ƐƟƟ, Ɛλλ, and Ɛrr (positive downwards) represent the 
principal components of the strain-tide tensor with respect to 
polar north, east, and radial, respectively. Most of the stress 
close to the Earth’s surface is plane stress, and the resultant 
strain tide is predominately an areal strain, ƐA (Melchior, 1966:

 ( )1
2A θθ λλε ε ε= +  (5)

The areal strain produced by earth tides is computed from 
theoretical considerations (Harrison, 1971, 1985; Beaumont 
and Berger, 1975; Berger and Beaumont, 1976) by using the 
tidal potential, V (L²/t²), as formulated by Bartels (1957, 1985) 
and computed by Harrison (1971):

The areal strain tide component is formulated as a scaled 
function of the tidal potential (Munk and McDonald, 1960; 
Melchior, 1966, Bredehoeft, 1967):

 ( )2 6A
Vh l
rg

ε = −  (7)

where 
 h̄ and l̄  are Love numbers at the Earth’s surface, and
 g is the gravitational acceleration (L/t²).

Areal strain tide is computed by using h̄ = 0.638 and 
l̄  = 0.088 and is expressed in parts per billion strain (dimen-
sionless). The resulting areal ‘dry’ (in the absence of saturating 
fluid) tidal dilatation at the Earth’s surface, Δt can be expressed 
(Bredehoeft, 1967):

 1 2
1t A

v
v

ε− ∆ =  − 
 (8)

where v is Poisson’s ratio.

The gravity tide oriented downwards normal to the Earth’s 
ellipsoid, gN, is computed (Harrison, 1971):

 = −
V VgN r r θ
∂ ∂
∂ ∂

δ  (9)

where 
 Ɵ is the geocentric polar angle of the observa-

tion point (radians), and 
 δ is the difference between the geodetic and 

geocentric latitudes. 

For example, δ attains a value of about 3.37 × 10-3 radians 
at 45° latitude. Gravity tide is expressed in terms of microgals 
(L/t²). 

The tilt tide in a plane tangent to the Earth’s ellipsoid along 
a specified azimuth oriented with respect to 0° N, γT is com-
puted (Harrison, 1971):

 
 

11 cos sin
sinT

V V V
g r r r

ααγ
θ θ λ

 ∂ ∂ ∂  
 ∂ ∂ ∂  

= δ ++  (10)

where 
 λ is the terrestrial east longitude of the 

observation point (radians) and 
  α is the specified azimuth of tilt (radians). 
Tilt tide is expressed in nanoradians. 

 
2 2 2 22 2

3 3

3cos 1 5cos 3cos 3cos 1
2 2 2

m m m s

s m s

z z z zGMr r GSrV
R R R

   − − −
= + +   

  
 (6)

where 
 G  is the Newtonian constant of gravitation (L³ / M¹-t²), 
 M and S  are the masses of the moon and sun, respectively (M), 
 r  is the distance between the center of the Earth and the observation point on the Earth’s surface (L), 
 Rm and Rs  are the distances of the moon and sun, respectively, from the Earth’s center (L), and 
 zm and zs  are the zenith angles of the moon and sun, respectively (radians).
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Water-Level Modeling  9

Dry, gravity, and tilt tides (Table 2) result from changes in 
gravitational forces as the relative positions of the sun, moon, 
and earth change (Harrison, 1971). These theoretical earth 
tides are computed functions that only require the location of 
an observation well. 

Adjustable WLM components are created by multiplying 
computed dry, gravity, or tilt tide (table 2) by an amplitude. 
Zenith angles primarily are specified by longitude and time 
as referenced to Greenwich Mean Time. A phase shift can be 
applied to the zenith angles through the specified time. Ampli-
tude (a) and phase (Φ) are estimated to minimize differences 
between synthetic and measured water-levels. 

Step Change
Step changes in water-level records are introduced when a 

transducer is disturbed or replaced. Transducer submergence 
can change if the hanger position is moved. Replacing a trans-
ducer is likely to change submergence because the devices 
can differ and cable stretch can occur. A step-change WLM 
component is necessary because shifts of less than 0.03 ft are 
detectable in WLM results. 

A step change in the water-level measurement is simulated 
as follows: 

 
for 

0 for 
i i STEP

i STEP

WLMC h t t
WLMC t t

= ∆ ≥
= <   (11)

where
 Δhi is the step change of the ith component and t 

is the time. The step change is estimated 
in equation 11 to minimize differences 
between synthetic and measured 
water-levels.

Pneumatic Lag 
The pneumatic lag between barometric-pressure changes at 

land surface and the water table can be simulated with a one-
dimensional diffusion equation instead of being approximated 
with multiple moving averages. This alternative approach is 
advantageous for estimating the hydraulic properties of the 
unsaturated zone and precludes using multiple moving aver-
ages of barometric pressure. The propagation of barometric 
changes through the unsaturated zone is solved analytically 
by using equivalent solutions for surface-water/groundwater 
interaction (Rorabaugh, 1964; Barlow and Moench, 1998). 

Stage changes of a fully penetrating river that perturb 
groundwater levels behave similarly to barometric pressure 
changes that perturb air pressures in the unsaturated zone 
(fig. 6). This assumes that pressure changes are small relative 
to the mean air-pressure so air density and specific storage 
are affected minimally. Barometric changes typically are less 
than 2 ft while mean air-pressure ranges between 26 and 34 
ft (Merritt, 2004; Fenelon, 2005). Boundary conditions for a 
one-dimensional, confined aquifer are equivalent to bound-
ary conditions of an areally extensive, thick unsaturated zone. 
The water table is an impermeable boundary because air-filled 
pores cease to exist. 

Table 2. Abbreviations and descriptions of tides that are computed in SeriesSEE.

Tide DESCRIPTION Units Equation

DRY Areal strain tide parts per billion 8

GRAVITY Normal to the Earth ellipsoid microgals 9

TILT Plane tangent to the Earth ellipsoid nanoradians 10

Figure 6. Schematics of one-dimensional, confined aquifer and an areally extensive, 
thick unsaturated zone that experience similar step-changes to a time-varying specified-
head boundary such as a river or barometric-pressure difference.
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Equivalent hydraulic conductivity and specific storage of 
the unsaturated zone differ from the confined aquifer solution 
because the pores are filled with air rather than water. Equiva-
lent hydraulic conductivity is air permeability divided by the 
viscosity of air and is about 60 times greater than saturated 
hydraulic conductivity because the ratio of water-to-air viscos-
ity ranges from 70 to 40 for temperatures between 10 and 
30°C. Air permeability is affected negligibly by changes in 
barometric pressure (Baehr and Hult, 1991). Specific storage 
of the unsaturated zone is the air-filled porosity divided by the 
mean air pressure. 

Pressure change at a given depth in the unsaturated zone 
from a step-change in pressure at land surface is simulated as 
follows:

Water-table changes are assumed equal and opposite of 
air-pressure changes at the water table. Log-transforms of KAIR 
and SAIR are estimated in equation 12 to minimize differences 
between synthetic and measured water-levels. If the objective 
of a water-level model is to estimate hydraulic properties of 
the unsaturated zone by using equation 11, then multiple mov-
ing averages of barometric pressure cannot be used as WLM 
components. 

Figure 7. Average daily barometric pressure and simulated air pressure at the water table.
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∑  (12)

where 
	 Δp  is the step change in air pressure at land surface (L),
 m  is an index, 
	 Δt  is elapsed time since the step change (t),
  KAIR  is the air permeability divided by viscosity of air (L/t),
  SAIR  is air-filled porosity divided by the mean air-pressure (1/L), and 
 a  is the thickness of the unsaturated zone (L).

Multiple step changes are superimposed in time to simulate air-pressure changes at the 
water table by using barometric-pressure changes at land surface (fig. 7). 
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Gamma Transform
The gamma transform was adapted from a Water-Balance/

Transfer Function (WBTF) model that simulates recharge 
to the water table from precipitation (O’Reilly, 2004). The 
gamma transform retains the transfer function from the 
WBTF model that translates a discrete pulse of infiltration 
below the root zone to recharge at the water table. The delay 
between infiltration and recharge at the water table increases 
as unsaturated-zone thickness increases. Recharge pulses also 
are attenuated and prolonged as unsaturated-zone thickness 
increases. The WBTF model was selected because the transfer 
function simulates these characteristics (O’Reilly, 2004). 

Water-level rise, rather than recharge, is simulated with the 
gamma transform. Water-level rise equals recharge divided by 
specific yield, where the aquifer is unconfined, and conse-
quently has a greater magnitude than recharge (fig. 8). 

Water-table rise from each infiltration event is simulated as 
follows: 

 
1

( )

t
nk

i i
e tWLMC a I

k n k

∆
− −∆ =  Γ  

 (13)

where 
 ai  is the amplitude multiplier of the ith component, 
 I  is amount of infiltration during an event (L), 
	 Δt  is elapsed time since the infiltration event(t), 
 k  is a scale parameter (t), 
 n  is a shape parameter (dimensionless) , and
  Γ(n) is the gamma function, (dimensionless), which 

is equivalent to (n – 1) for integer values of n 
(Potter and Goldberg, 1987, p. 111). 

Multiple step changes are superimposed in time to simulate 
water-table fluctuations from infiltration events below land 
surface (O’Reilly, 2004).

Figure 8. An infiltration schedule and water-level rises simulated with gamma transforms that 
were defined by six pairs of shape (n) and scale (k) parameters. 
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Physical significances have been attributed to the fitting 
parameters ai, k, and n (O’Reilly, 2004). The amplitude mul-
tiplier (ai) converts recharge to water-level rise and should be 
proportional to the inverse of the storage coefficient. The scale 
parameter (k) controls the average delay time imposed by the 
unsaturated zone (Dooge, 1959). The shape parameter (n) has 
been characterized as “the number of linear reservoirs neces-
sary to represent the unsaturated zone” by O’Reilly (2004). 
These explanations are interesting, but estimated values of ai, 
k, and n should be interpreted with great skepticism, if at all. 

Superimposed gamma transforms translate step-wise pre-
cipitation or infiltration records into approximate water-level 
responses at observation wells. Amplitude (a) and the log-
transform of the scale parameter (k) are estimated in equation 
13 to minimize differences between synthetic and measured 
water-levels. The shape parameter (n) is assigned and is not 
estimated. Multiple gamma transforms should be used with 
different values of n if the effect of n is investigated. 

Calibration

Water-level models must be calibrated to reliably differ-
entiate small pumping responses from environmental fluctua-
tions. Efficient and effective calibration requires a quantitative 
measure of model misfit so model parameters can be esti-
mated automatically as is done with the parameter estimation 
software PEST (Doherty, 2010a, 2010b). Differences between 
synthetic and measured water levels, or residuals, define the 
goodness-of-fit and are summed in the measurement objective 
function: 

 ( )
2

1
( ) ( )

nobs

MEAS j j
j

x SWL x MWL
=

Φ = −∑  (14)

where 
 x  is the vector of parameters being estimated, 
 nobs  is the number of observations compared, 
 SWL(x)j  is the jth synthetic water level, and 
 MWLj  is the jth measured water level.

Although the sum-of-squares error serves as the measure-
ment objective function, root-mean-square (RMS) error,

 ( )MEASxRMS
nobs

Φ
=  (15)

is reported because RMS is easily compared to measurements.

Residuals are not weighted in the measurement objective 
function because suspect measured water levels should be 
discarded rather than assigned a low weight. Each measured 
water level is assumed equally important so all water levels 
are weighted equally. Uniform weighting causes differences 
between synthetic and measured water levels to equally affect 
the measurement objective function (eq. 14). 

Stable parameter-estimation results are ensured with 
selective parameter transformation and regularization. Log-
transforms of hydraulic properties are estimated in the Theis, 
pneumatic lag, and gamma transforms to scale parameters and 
precluded negative hydraulic properties (table 3). Regular-
ization avoids estimating insensitive parameters and guides 
estimates toward preferred values. Parameter estimates have 
little to no significance because the parameter values generally 
are not interpreted. Drawdown estimates are interpreted and 
are the ultimate water-level model result. 

Parameter estimation for water-level modeling is uncondi-
tionally stable because singular-value decomposition (SVD) 
regularization is used (Doherty and Hunt, 2010). Insensitive or 
highly correlated parameters are not estimated and remain at 
their assigned values if eliminated by SVD regularization. 

Tikhonov regularization guides estimates to preferred con-
ditions (Doherty, 2010a, 2010b). Regularization observations 
are added to define preferred relations between parameters 
(Doherty and Johnston, 2003). Homogeneity within each of 
the three parameter groups of amplitude, phase, and hydraulic 
property was the preferred relation that was enforced with 
Tikhonov regularization (table 3). 

The balance between fitting measurement and regulariza-
tion observations is controlled by the sum-of-squares measure-
ment error, PHIMLIM, in PEST (Doherty, 2010a, 2010b). 
An expected RMS error defines PHIMLIM, which equals the 
square of the expected RMS error times the number of mea-
sured water levels (nobs). The expected RMS error defaults to 
0.003 (L) in SeriesSEE, but can be changed by the user. 

Table 3. Summary of estimable parameters and parameter groups for water-level modeling (WLM) components. 
[— is not applicable]

WLM
component

Coefficient
1

Parameter
group

Coefficient
2

Parameter
group

Moving Average a Amplitude ɸ Phase

Theis Transform T Hydraulic Property S Hydraulic Property

Tide a Amplitude ɸ Phase

Step — — a Amplitude

Pneumatic Lag KAIR Hydraulic Property SAIR Hydraulic Property

Gamma a Amplitude k Hydraulic Property
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Drawdown Estimation

Drawdown estimates from a water-level model are the 
difference between measured water levels and synthetic water 
levels without the Theis transforms. Alternatively, drawdowns 
can be computed directly by summing all Theis transforms 
and subtracting residuals (fig. 9). The summation of all Theis 
transforms is the direct estimate of the pumping signal. 
Residuals represent all unexplained water-level fluctuations. 
These fluctuations should be random residuals during non-
pumping periods, but can contain unexplained components 
of the pumping signal during pumping and recovery periods. 
This method of estimating drawdowns is called the Theis-
transform approach. 

A limited, application of water-level modeling, the projec-
tion approach, was developed prior to the Theis-transform 
approach (Halford, 2006). Synthetic water levels were devel-
oped and calibrated during a period prior to pumping with the 
projection approach. Calibrated, synthetic water levels were 
then projected forward during pumping and recovery. Draw-
down was the difference between projected synthetic values 
and measured values. This approach ensures that environ-
mental fluctuations and the pumping signal are uncorrelated 
because pumping is not simulated during model calibration to 
antecedent water levels. 

The projection approach is limited primarily because 
regional water-level trends are simulated poorly. Excluding 
pumping and recovery periods from WLM calibration elimi-
nated much of the regional trends from the calibration period. 
This drawback weakened the projection approach and limited 
the usefulness of background well information, particularly 
where pumping and recovery periods were greater than the 
antecedent data period. 

The Theis-transform approach is a more robust applica-
tion of water-level modeling because environmental fluctua-
tions and pumping signal are simulated during pumping and 
recovery in addition to antecedent water levels. This allows for 
calibration of synthetic water-levels to all measured data. The 
effects of pumping on measured water levels are approximated 
by using a simple approach, Theis transforms, so that simula-
tions are quick. Efficiency and speed are mandatory because 
water levels are modeled independently in every observation 
well. These requirements preclude numerical groundwater-
flow models or any other laborious approach for translating 
pumping schedules to water-level responses. 

Drawdown detection with the Theis-transform approach 
becomes ambiguous when the signal-to-noise ratio is low or 
where environmental fluctuations and pumping signals can be 
correlated. Signal and noise are defined herein as the maxi-
mum drawdown in a well during an aquifer test and the RMS 

Figure 9. Estimated drawdown from summing Theis transforms and subtracting residuals. Fast and slow Theis transforms represent the 
relatively fast and slow elements of pumping signals that propagate through a complex aquifer system.
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error, respectively. Drawdown has been detected definitively 
where the signal-to-noise ratio was greater than 10 and cor-
relation was unlikely. Correlation is unlikely where sharply 
defined pumping signals (saw-tooth shape) exist or consid-
erable recovery has been observed (fig. 10, ER-EC-6 deep, 
r = 6,800 ft). Correlation between environmental fluctuations 

and the pumping signal is possible where observed drawdown 
can be approximated by a linear trend during all or part of the 
period of analysis (fig. 10, ER-EC-12 shallow, r = 8,900 ft). 
The potential for correlation increases as hydraulic diffusivity 
decreases, distance between observation and pumping well 
increases, or recovery diminishes. 

Figure 10. Discharge from pumping wells ER-20-8 upper and ER-20-8 lower, estimated drawdowns, residuals, RMS errors, and signal-
to-noise ratios in observation wells ER-EC-12 shallow and ER-EC-6 deep.
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SeriesSEE
SeriesSEE is a Microsoft® Excel add-in for viewing, clean-

ing, manipulating, and analyzing time-series data where water-
level modeling is a primary analysis tool. SeriesSEE creates a 
viewer file from a data workbook that can contain more than 
16,000 series. The maximum number of series that can be 
viewed simultaneously is limited to twelve. Time series are 
displayed on two charts where all data are shown in one chart, 
and a magnified subset is shown in the other chart (fig. 11). 
Borehole geophysical logs also can be viewed, cleaned, 
manipulated, and analyzed with SeriesSEE, where the two 
charts are displayed top-to-bottom, rather than left-to-right. 
SeriesSEE software, installation instructions, and help for all 

tools can be downloaded in the zipped file, which is described 
in appendix A. 

All source code that was developed for SeriesSEE can be 
downloaded freely (appendix B). All utilities, except WLM, 
are processed exclusively with VBA code in the SeriesSEE 
add-in or supporting add-in files named SSmodule_*.SerSee. 
Source codes for these files are in the VBA folder of appen-
dix B and are named SSmodule_*.xlsm. Water levels to be 
modeled, input series, and period of analysis are defined with 
VBA routines. WLM components are transformed (table 1) 
and water levels are simulated with the FORTRAN program 
WLmodel, which reads ASCII files written by VBA programs. 
Differences between synthetic and measured water levels are 
minimized with PEST (Doherty, 2010a, 2010b). A copy of 

Figure 11. SeriesSEE toolbar and example workbook that was created with SeriesSEE. 
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PEST exists in the SeriesSEE installation files, but also can be 
downloaded independently from http://www.pesthomepage.
org/. The VBA utility WLM writes the PEST control file, 
*.pst, as multiple, commented input files, which are concat-
enated and stripped of comments with the FORTRAN program 
NoComment. Source codes and documentation of WLmodel 
and NoComment are in the FORTRAN folder of appendix B. 

Data Requirements

Data must be arranged as a continuous series of head-
ers and values where all headers are in a single row (fig. 12). 
Multiple time columns can be specified, which allows for 
specification of series with different or irregular sampling 
intervals. All series are independent, so time columns need not 
be synchronous. Multiple data series can share a common time 
column (fig. 12, See columns C, D, and E), but the shared time 
column must be the first time column to the left of the data 
series. 

A Viewer file is created by selecting a cell            in the 
block of data to be analyzed and pressing the    button 
(fig. 11). The entire data block is copied from the user’s origi-
nal file into the viewer file by default. All equations within the 
block of data are converted to values in the viewer file, which 
breaks all linkages to the user’s original workbook. Original 
data and formulas are not altered in the user’s original file 
because all SeriesSEE operations act on a copy of the data in 
the viewer file. 

Supporting Utilities

SeriesSEE features more than 20 supporting utilities in 
addition to the viewer creation and water-level modeling utili-
ties already discussed (table 4). Many utilities exist to provide 
data-handling capabilities that can be used prior to water-level 
modeling. Related utilities are grouped and labeled as Clean 
Data, Analysis, Tools, Import, Export, Adjust, and Chart Tools 
(table 4). 

Time-series data generally must be cleaned before analyz-
ing. Cleaning removes erroneous measurements, converts 
units, reconciles continuous and periodic measurements, 
and removes step changes from transducer disturbances. 
All changes between the original and cleaned series can be 
recorded with explanations for each data change if the track 
utility is active. Changes and explanations are recorded to an 
auxiliary workbook that also contains the original and revised 
series. Utilities in the clean data and analysis groups perform 
these tasks (table 4). 

Simple analysis and inspection of series are supported by 
utilities in the analysis group (table 4). New series can be cre-
ated by adding, subtracting, multiplying, or dividing one series 
by another with the    utility. Measurement fre-
quencies of the two series can differ because of interpolation. 
Smoother series can be created from noisy series with moving 
averages or LOWESS (LOcally Weighted Scatterplot Smooth-
ing), which is a nonparametric method of fitting a curved 
line to data (Helsel and Hirsch, 1992, p. 288–291). Potential 
correlations among multiple series of disparate scales can be 
inspected by normalizing these series to a common scale with 
the  utility. 

Water-level modeling and other analyses can be expedited 
and improved by data reduction where there has been overs-
ampling. Data can be reduced by averaging within periods 
such that 1-minute data are reduced to 1-hour averages with 
the  utility. Continuous records of flow rates with 
many thousands of measurements can be reduced accurately to 
a few dozen step changes with the  utility. Simpli-
fied pumping schedules increase the efficiency and speed at 
which drawdowns can be simulated in WLMs. Geophysical 
logs are approximated with a simple polyline using the PolyFit 
utility, , which can eliminate extraneous fluctua-
tions and constrain the polyline to monotonic increases. Utili-
ties in the tools group perform these tasks (table 4). 

Time series can be imported from ASCII files and database 
tables to a SeriesSEE data table with utilities in the import 
group (table 4). Multiple data-logger files are read interac-
tively with the  utility to create a single Series-
SEE data table. Database tables with site identifiers, times, and 
water levels grouped into three columns can be reformatted to 
a SeriesSEE data table with the  utility. 

Figure 12. Format of headers and values for creating a viewer file with SeriesSEE.
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Table 4. Summary of available tools in SeriesSEE.
Group Utility Description Name

Create Create Viewer file by selecting a cell in a block of data in an original source file, which is 
copied to the viewer file.  All equations are converted to values in the Viewer file. View

Clean Data Bad data conditionally can be commented and/or eliminated. Conditional

Bad data in a single series can be commented and/or eliminated graphically. Points

Data gaps from the cleaning process can be filled by linear interpolation, loaded with a 
dummy value, eliminated altogether, or gaps can be created for alignment. GapFill

Shift data segments.  Estimate shift with simple water-level models that use a few guide 
series. Alternatively, shifts can be assigned from other estimates.   Align

Data reduction by averaging where oversampled. Average

Float series to tape downs without changing slope of transducer data. Float

Force an explanation to be appended to each data change in an auxillary workbook that also 
contains the original and revised series. Track

Analysis
Create new series by addition, subtraction, multiplication, and division of existing series.  

Second series interpolated to times in the first series. Series can also be smoothed with a 
moving average or LOWESS curve.

Compare

Series can be normalized to common scales. Rescale

Removes derived series that are created by Compare or Rescale. Remove

Tools Data reduction tool where selected series are binned by time periods or depth intervals to 
compute statistics. Subtotal

Reduces pumping rates to a simple schedule. SimpleQ

Geophysical logs are approximated with a simple polyline. PolyFit

Model water levels interactively in a new workbook, where water levels are simulated with 
a FORTRAN program and differences are minimized with PEST. WLM

Import Series from data-logger files are read interactively and concatenated in a SeriesSEE format. GetLogger

Split 3 columns of site identifiers, time, and water levels into SeriesSEE input where a new 
series is identified at each change in site identifier.  Split

Export Output from tracking workbooks to selected ASCII formats. ASCII

Export individual series with options to create drawdown observations. Drawdown observa-
tions require shifting, binning, and truncating to a time window. Series

Data are copied to a new workbook and reduced to a user-specified period. Window

Adjust Individual, selected, or all series can be shifted such that the average, minimum, maximum, 
or first value will equal zero. Offset

Chart 
Tools Refresh the list of available series after manually adding or deleting series on the data page. Refresh

Create temporary hyperlinks between visible series and charted data in the Viewer file. HyperData

Magnify subareas of plot.  First click adds a rectangle. Second click re-scales both axes to 
rectangle area. Third click restores plot. BoxFocus

Inform Controls and usage of SeriesSEE are explained. Help

Display ad copy about SeriesSEE. About
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Series can be viewed and inspected at scales as fine as 
discrete measurements with utilities in the “adjust” and 
“chart tools” groups (table 4). Series can be shifted so that 
all measurements fluctuate about a common reference with 
the utility, which eases comparisons among series 
(fig. 13). Subareas of charts in SeriesSEE viewer and auxiliary 
files can be magnified interactively with the  
utility. Discrete measurements can be selected graphically and 
connected to the cell with the numerical value in the Viewer 
file with the  utility, which creates temporary 
hyperlinks between charted points and the cell with the plotted 
value.

Each SeriesSEE utility is fully documented in the help 
system, which can be called with the  utility or from 
context sensitive help calls in each utility (appendix A). Each 
group, utility, form, and auxiliary workbook is explained 
briefly, and step-by-step instructions (fig. 14). Complex 
utilities such as water-level modeling are documented with 
multiple pages that explain each form and action. 

Water-Level Modeling

Water levels are modeled interactively with the  
utility in SeriesSEE. Water levels to be modeled, input series, 
period of analysis, and WLM components are defined through 
the use of data-entry forms. A new workbook for modeling 
water levels is created with user-specified information from 
these forms. Fitting periods and WLM components can be 
modified in the WLM workbook. 

Analytical models that transform WLM components in the 
FORTRAN program WLmodel have been verified (table 5). 
The analytical models for moving average and step transforms 
were verified against intrinsic functions in Excel. The analyti-
cal models for Theis, tide, pneumatic lag, and gamma trans-
forms were verified against solutions that were computed with 
published programs. Source problems, programs, and com-
parisons between WLmodel output and published programs 
are documented fully in appendix C. 

Differences between synthetic and measured water levels 
are minimized with PEST. Parameter estimates, transformed 
WLM components, synthetic water levels, and differences 
are imported automatically into the WLM workbook after 
PEST finishes. Model fit is defined by RMS error and evalu-
ated graphically. Parameters are estimated and WLM results 
are evaluated iteratively until the user deems the fit to be 
adequate. 

Figure 13. Shifting series to a common reference with the offset utility.
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Table 5. Summary of verification tests for analytical models in 
the FORTRAN program WLmodel.

WLM Component SeriesSEE Label Verification Source

Moving Average SERIES Excel function

Theis Transform THEIS Barlow and Moench, 1999

Tide TIDE Harrison, 1971

Step STEP Excel function

Pneumatic Lag AIR-LAG Barlow and Moench, 1998

Gamma GAMMA O'Reilly, 2004
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Drawdowns and transformed WLM components are 
returned to the SeriesSEE viewer once the user accepts a 
WLM, where drawdowns are the sum of all Theis transforms 
minus differences between synthetic and measured water 
levels. Drawdowns and transformed WLM components are 
selected individually, so the number of returned series can 
range from 0 to all WLM components. The WLM workbook 
can be archived as a macro-free workbook with re-activation 
capabilities. 

Applications of Water-Level Modeling
Water-level modeling applications of SeriesSEE are dem-

onstrated with a hypothetical example and a field investigation 
at Pahute Mesa, Nevada National Security Site (NNSS). The 
hypothetical example emulated the complex hydrogeology 
beneath Pahute Mesa so that known drawdowns could be 
simulated in a complex aquifer system. Limitations of the 
Theis-transform approach were investigated with these known 
drawdowns. Environmental noise, which was the record of 
water levels in background well ER EC-6 shallow (table 6), 
was added to known drawdowns. The field investigation dem-
onstrated that drawdowns much smaller than environmental 

Figure 14. Table of contents and an explanation page in the help system for SeriesSEE. 

fluctuations can be detected across a major fault structure 
more than 1 mile from the pumping well. Explanations, data 
sets, and ancillary software for the hypothetical example and 
field investigation are in appendixes D and E, respectively. 

Water-level modeling was developed and tested with data 
from Pahute Mesa, NNSS, (fig. 15) because detection of 
distant drawdowns is imperative and complicated by more 
than 2,000 ft of unsaturated zone. Migration of radionuclides 
from underground testing of nuclear devices drives the need 
to quantify groundwater flow and transport beneath Pahute 
Mesa (Laczniak and others, 1996). The great depth to water 
and accessibility limit the number of wells, which typically 
penetrate a mile of volcanic rock and are more than 1-mi 
apart (Fenelon and others, 2010). Environmental water-level 
fluctuations are substantial beneath Pahute Mesa because of 
the thick unsaturated zone and high hydraulic diffusivity of the 
volcanic rocks. 

The aquifer system beneath Pahute Mesa comprises lay-
ered sequences of volcanic rocks that have been faulted into 
distinct structural blocks (Warren and others, 2000). Rhyolitic 
lavas or welded ash-flow tuffs such as in the Benham and 
Topopah Springs aquifers, respectively, comprise aquifers. 
Bedded and non-welded, zeolitized tuffs typically comprise 
confining units (Blankennagel and Weir, 1973; Prothro and 
Drellack, 1997; Bechtel Nevada, 2002). More than a half 
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dozen faults with offsets in excess of 500 ft have been mapped 
previously in Pahute Mesa (McKee and others, 2001), and 
additional faults are mapped with each new well (for example, 
National Security Technologies, LLC, 2010). 

Hypothetical Example

The reliability of differentiating environmental fluctua-
tions and pumping responses with water-level models was 
tested with a hypothetical aquifer system. Drawdown from a 
hypothetical aquifer test was simulated where the hydrogeo-
logic complexity and distribution of hydraulic properties were 
assigned. The hypothetical aquifer system is comprised of 
ash-fall tuff, bedded tuff, welded tuff, and lava units that are 
flat-lying, laterally isotropic, and homogeneous (fig. 16). A 
fault 1,500 ft east of the pumping well, P1, bisects the aquifer 
system, vertically displaces hydrogeologic units 1,000 ft, and 
alters hydraulic properties around the structure. 

The hypothetical aquifer system was simulated with a 
three-dimensional MODFLOW model (Harbaugh, 2005). 
The model domain was discretized laterally into 135 columns 
of 135 rows with a variably spaced grid (fig. 16). Cell sizes 
ranged in width from 10 ft by the pumping well to 40,000 ft 
at the model edges. Model edges were about 200,000 ft away 
from the pumping well, P1, and were simulated as no-flow 
boundaries. The model grid extended vertically from an imper-
vious base at sea level to the water table at 4,200 ft above sea 
level. Vertical discretization was uniform, with 200-ft thick 
layers except for a 1-ft thick layer at the water table. The 
thickness differed so that the storage coefficient and specific 
storage were equivalent, and it allowed specific yield to be 
assigned directly in a layer. Changes in saturated thickness of 
the aquifer were not simulated because maximum drawdown 
at the water table was small relative to the total thickness. 

Hydraulic properties typical of volcanic units were 
assigned to the hypothetical aquifer system. Ash-fall tuff, 
bedded tuff, welded tuff, and lava were assigned hydrau-
lic conductivities of 0.001, 0.1, 3, and 50 ft/d, respectively. 
Horizontal-to-vertical anisotropy of one was assigned to all 
units. A uniform value of 0.02 was assigned for specific yield. 
The specific storage of all hydrogeologic units was 2×10–6 1/ft. 

Hypothetical aquifer-test results were simulated and 
analyzed during a 3-month period that was divided into five 
stress periods. The antecedent, pumping, recovery, pump-
ing, and recovery periods were 21, 10, 10, 10, and 40 days, 
respectively. Pumping rates were 500 gpm during the second 
and fourth stress periods. Flow and drawdown in pumping and 
observation wells were simulated and sampled with the Multi-
Node Well (MNW) package (Harbaugh, 2005). Flow to the 
pumping well was distributed proportionally to cell transmis-
sivities by the MNW package. 

Water levels with a “known” pumping signal and envi-
ronmental fluctuations (noise) shown in figure 17 for well O3 
were created by adding simulated drawdowns from MOD-
FLOW to measured water levels in well EREC-6 shallow 
(fig. 17). Simulated drawdowns from MODFLOW in well O3, 
which is 7,800 ft from well P1, were interpolated in time to 
match measured water levels in well EREC-6 shallow. Simu-
lated drawdowns from MODFLOW and simulated drawdowns 
with environmental noise added are in appendix D in the file .\
WLMs\00_Hypo+Meas2SeriesSEE.xlsx. 

Drawdowns were estimated by modeling “measured” water 
levels in well O3. Environmental fluctuations were simulated 
with computed tides, barometric pressure and background 
water levels in wells PM-3 and UE-20n 1 (fig. 17). Pumping 
effects were simulated with a Theis transform of the hypotheti-
cal pumping schedule. The water-level model was calibrated 
during the period from November 18, 2010, to March 6, 2011. 

Table 6. Site information and completion depths for wells at Pahute Mesa, Nevada National Security Site that were used in 
hypothetical example and field investigation.
Well name: Names are listed in alphabetical order. Bold part of name is well site as shown on Figure 15.
U.S. Geological Survey site identification number: Unique 15-digit number identifying well.
Latitude/Longitude: Latitude and longitude coordinates, referenced to North American Datum of 1927.
Land-surface altitude: Altitude, referenced to National Geodetic Vertical Datum of 1929.
Open intervals: Depth, in feet below land surface, of the top and bottom of open annulus.

Well Name U.S. Geological Survey site 
identification number

Latitude (degrees, minutes, 
seconds)

Longitude (degrees, min-
utes, seconds)

Land-surface altitude 
(feet)

Open intervals

ER-20-5 #1 371312116283801 37°13'12.2" 116°28'37.8" 6,242 2,249–2,655

ER-20-6 #3 371533116251801 37°15'33.1" 116°25'17.5" 6,466 2,436–2,807

ER-EC-6 shallow 371120116294805 37°11'19.6" 116°29'48.1" 5,604 1,606–1,948

ER-EC-11 main 371151116294102 37°11'51.2" 116°29'41.1" 5,656 3,196–3,385 
3,590–4,148

PM-3-1 371421116333703 37°14'20.7" 116°33'36.6" 5,823 1,872–2,192

UE-20n 1 371425116251902 37°14'25.1" 116°25'19.0" 6,461 2,308–2,834

ER-20-7 371247116284502 37°12'47.0" 116°28'44.8" 6,209 2,292–2,924

ER-20-8 main 371135116282601 37°11'35.1" 116°28'26.3" 5,848 2,440–2,940 
3,070–3,442
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Drawdowns that were estimated from “measured” water 
levels in well O3 agreed with known drawdowns within the 
noise of the data set (fig. 18). A maximum drawdown of 
0.18 ft was estimated which was identical to the known maxi-
mum. The RMS error of differences between synthetic and 
measured water levels was 0.013 ft. The RMS error of differ-
ences between synthetic and known drawdowns was 0.015 ft. 

Drawdowns alternatively were estimated in well O3 by 
modeling the original MODFLOW results with Theis trans-
forms. No other WLM components were considered because 
environmental fluctuations did not exist in the original 
MODFLOW results. This alternative water-level model also 
was calibrated during the period from November 18, 2010, to 
March 6, 2011. 

Drawdowns that were estimated directly from MODFLOW 
results could be replicated almost perfectly with Theis trans-
forms. Differences between MODFLOW results and a single 
Theis transform could be reduced to a RMS error of less than 
0.006 ft. RMS error declined to less than 0.0006 ft with the 
addition of a second Theis transform (fig. 18). Deviations of 
less than 0.001 ft approach the accuracy of the numerical solu-
tion of the hypothetical aquifer test. 

The simplicity of Theis transforms did not introduce error 
because MODFLOW results could be replicated near perfectly 
with Theis transforms. Differences between known draw-
downs and drawdowns that were estimated from “measured” 
water levels differed because of noise in the measured input 
series. 

The hypothetical model and SeriesSEE input were created 
with HypoFrame, which is a workbook for simulating hypo-
thetical aquifer tests and creating water levels with known 
pumping signals and environmental noise. Hypothetical 
aquifer systems must have flat-lying geologic units of uniform 
thickness and laterally isotropic, homogeneous hydraulic con-
ductivity. A hypothetical aquifer system can be subdivided into 
four quadrants by two intersecting faults. Rock sequences in 
each quadrant can be displaced vertically within each quad-
rant. The HypoFrame workbook and documentation are in 
appendix D.

Figure 16. Hydraulic conductivity distribution of a subset of a hypothetical aquifer system that has been bisected by a fault, showing 
well locations and labeled quadrants (upper left, UL; upper right, UR; lower right, LR; lower left, LL). 
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Figure 17. Barometric pressure, background water levels, and water levels with known drawdowns in hypothetical well O3. 
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Figure 19. Measured water levels, synthetic water levels, Theis transforms, and estimated drawdowns in well ER-20-7 from pumping 
ER-20-8 main upper and lower zones, Pahute Mesa, Nevada National Security Site. 
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Pahute Mesa Example

Water-level modeling was tested in a complex hydrogeo-
logic system by estimating drawdown from two aquifer tests 
beneath Pahute Mesa (Halford and others, 2011). The upper 
and lower zones of well ER-20-8 main produced water from 
the Tiva Canyon and Topopah Spring aquifers sequentially 
between June 16, 2011, and August 8, 2011. Each well was 
pumped a total of 20 d, where pumping periods were evenly 
divided between well development and a constant-rate test 
(fig. 19).Drawdown from pumping both zones was estimated 
in observation well ER-20-7, which is screened in the Topopah 
Spring aquifer. Pumping and observation wells are 1.4 mi 
apart and penetrate different structural blocks (fig. 15). 

Drawdown in well ER-20-7 was estimated with multiple 
Theis transforms in the water-level model. Environmental 
fluctuations were simulated with computed tides, barometric 
pressure, and background water levels from well UE-20bh-1 
(fig. 15). Pumping effects were simulated with two Theis 

transforms for each of the two pumping schedules (fig. 19). 
The fitting period was from April 20, 2011, to November 11, 
2011. Synthetic water levels matched measured water levels 
with a RMS error of 0.004 ft. 

Drawdown in well ER-20-7 also was estimated with an 
identical water-level model, except that WLM components 
with background water levels were negated. Synthetic water 
levels matched measured water levels with a RMS error of 
0.027 ft during the same fitting period from April 20, 2011, to 
November 11, 2011 (fig. 19). Each drawdown estimate was 
the difference between a synthetic water level without Theis 
transforms and a measured water level. 

Poor drawdown estimates from the water-level model with-
out background water levels demonstrates the need to simu-
late as much of the environmental fluctuations as possible. 
Antecedent conditions were simulated poorly where estimated 
drawdowns should be zero. Estimated drawdowns unambigu-
ously were wrong during October and November when net 
water-level rises from pumping were estimated (fig. 19). 
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Water-Level Modeling Strategies 
Estimating drawdowns that have been obscured by envi-

ronmental fluctuations is the primary goal of the water-level 
modeling approach. This approach is most effective and effi-
cient where many WLM components are specified and fitting 
periods are great. This approach has been summarized, some-
times derisively, as the flak-gun, fishing-with-dynamite, and 
kitchen-sink approaches. All phrases accurately depict testing 
many WLM components simultaneously. Unique contributions 
from each WLM component remain unknown, but pumping 
signals are not correlated with environmental fluctuations. The 
flak-gun approach was adopted here. 

The flak-gun approach uses WLM components that could 
have been excluded. This is not a problem because mecha-
nisms exist to negate WLM components. Amplitudes tend-
ing to zero will negate a WLM component. Multiple WLM 
components also can negate one another by summing to zero. 
Likewise, Theis transforms also are negated by a large trans-
missivity or storage coefficient value where pumping signals 
are below detection or absent. Negated WLM components 
aesthetically are lacking, but do not affect results. Systematic 
investigation of WLM components is possible with SeriesSEE, 
but has not been automated. 

The flak-gun approach has many advantages, especially 
when estimating drawdowns in dozens of wells. Reporting is 
easier because the same input series and WLM components 
were used in all of the water-level models. Water-level models 
calibrate quickly after analyzing the first or second well 
because WLM components are defined with fair initial esti-
mates of amplitude and phase. The flak-gun approach can fail 
when the fitting period decreases and correlation becomes pos-
sible between pumping signals and environmental fluctuations. 

Correlation between weak pumping signals and environ-
mental fluctuations is possible and requires further investiga-
tion. Nebulous drawdown estimates can be investigated with 
multiple water-level models where water levels initially are 
simulated without Theis transforms. An alternative water-level 
model is created by adding a Theis transform to the initial 
water-level model. The initial transmissivity and storage coef-
ficient should create a small but measureable maximum deflec-
tion in the added Theis transform. Drawdowns likely were not 
detected if the RMS error cannot be reduced by more than 30 
percent. 

Input series of greater duration potentially can degrade 
with time as pressure transducers fail. For example, multiple 
input series could be good for the first four months, while one 
input series degrades during the last two months. Degrada-
tion likely will be apparent in the WLM residuals as scatter 
increases. Identifying the onset of failure in a specific input 
series requires modeling water levels during subsets of the 
fitting period. Degrading input series can be investigated 
manually with SeriesSEE, but an automated tool would be a 
better approach. 

Summary and Conclusions
Pumping responses can be differentiated reliably from 

environmental fluctuations with water-level modeling. Water-
level modeling approximates measured water-level fluctua-
tions by summing multiple component fluctuations. Envi-
ronmental fluctuations primarily are composed of barometric 
and background water-level input series and computed tide 
components. Pumping signals are modeled by superimposing 
multiple Theis transforms, where step-wise pumping records 
of flow are transformed into water-level changes. The sum-
mation of all component fluctuations is a synthetic water-level 
series. 

Water-levels can be modeled robustly with the Theis-trans-
form approach because environmental fluctuations and pump-
ing signals are simulated simultaneously. Long-term trends are 
well simulated because environmental fluctuations are defined 
with entire periods of record. Fitting periods are extended 
greatly where pumping and recovery affect a majority of the 
record. Multiple Theis responses with different hydraulic dif-
fusivities are summed to approximate lithologic variability. 

Water-level modeling with Theis transforms has been 
implemented in the program SeriesSEE, which is a Microsoft® 
Excel add-in. Water levels to be modeled, input series, period 
of analysis, and water-level model components are defined 
interactively and viewed in workbooks that are created by 
SeriesSEE. Water levels are modeled with a FORTRAN pro-
gram that is called from Excel. Differences between synthetic 
and measured water levels are minimized with PEST. 

Water-level model components are transformations of input 
series. Moving average, Theis, pneumatic-lag, and gamma 
transforms are available transforms in SeriesSEE. Moving 
averages most frequently transform input series of barometric 
pressure and background water levels. Pumping schedules are 
transformed into water-level fluctuations with Theis trans-
forms. Pneumatic-lag transforms barometric pressure changes 
at land surface to lagged and attenuated responses at the water 
table. Water-level rises from infiltration events are simulated 
with the gamma transform. Earth tides and step transforms are 
purely computed quantities that do not require input series. 

Many utilities exist in SeriesSEE for viewing, cleaning, 
manipulating, and analyzing time-series data in addition to 
water-level modeling. Supporting utilities exist because data 
handling frequently consumes more time and effort than 
water-level modeling. Each SeriesSEE utility is documented 
with a brief explanation and step-by-step instructions that are 
accessed through context sensitive help. 

Water-level models must be calibrated to reliably differ-
entiate small pumping responses from environmental fluctua-
tions. Differences between synthetic and measured water lev-
els define goodness-of-fit. Sum-of squares of differences are 
minimized by PEST where singular value decomposition and 
Tikhonov regularization are used to assure stable results, not 
to inform estimated parameter values. Preferred homogeneity 
within amplitude, phase, and hydraulic property parameters is 
enforced with Tikhonov regularization. 
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Drawdown estimates from a water-level model are the 
summation of all Theis transforms minus residuals. The sum-
mation of all Theis transforms is the direct estimate of the 
pumping signal. Residuals represent all unexplained water-
level fluctuations. These fluctuations should be random residu-
als during non-pumping periods, but can contain unexplained 
components of the pumping signal during pumping and 
recovery periods. 

The simplicity of Theis transforms did not introduce 
error because results from a hydrogeologically complex 
MODFLOW model could be replicated near perfectly with 
Theis transforms. Differences between known drawdowns 
and drawdowns that were estimated from “measured” water 
levels differed because of noise in the measured input series. 
Estimated drawdowns are affected minimally by the Theis-
transform approach relative to the inaccuracies that result from 
noise in the data sets. 

Drawdowns much smaller than environmental fluctuations 
have been detected across a major fault structure more than 
1 mile from the pumping well beneath Pahute Mesa, Nevada 
National Security Site. A maximum drawdown of 0.1 ft was 
estimated in well ER-20-7 during an 8-month period of analy-
sis. Drawdown estimates in well ER-20-7 were consistent 
with a plausible pattern of drawdowns at all observation wells. 
Drawdowns could not have been detected without water-level 
modeling as implemented in SeriesSEE. 
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Appendix A. SeriesSEE add-in 
The SeriesSEE add-in, example data sets, and installation instructions in the zipped file, AppendixA_SeriesSEE.v.1.00.zip, 

can be accessed and downloaded at http://pubs.usgs.gov/tm/tm4-F4/. The SeriesSEE add-in, supporting modules, templates, and 
compiled FORTRAN codes are in the subfolder AddIN. Examples of geophysical log, data logger input, other time series, and 
water-level modeling data sets are in the subfolders Example_BOREHOLE, Example_LOGGER, Example_TIME, and Exam-
ple_WLM, respectively. An Adobe PDF version of the help files, SeriesSEE.V1.00_Explain.pdf, is in the root directory because 
compressed help files that are on servers can be disabled, http://support.microsoft.com/kb/896358. Contents of all subdirectories 
are reported in README file in the root directory of the unzipped AppendixA_SeriesSEE.v.1.00.zip file. 

Appendix B. Source Codes for SeriesSEE 
Source code for SeriesSEE exists as FORTRAN, XML, and VBA codes in the zipped file, AppendixB_Codes-SeriesSEE.

v1.00.zip, which can be accessed and downloaded at http://pubs.usgs.gov/tm/tm4-F4/. The FORTRAN codes NoComment and 
WLmodel support PEST and solve water-level models, respectively, and are in the FORTRAN subfolder. All VBA code are 
in the SeriesSee.V*.xlsm and SSmodule_*.xlsm files in the VBA subfolder. The XML that defines SeriesSEE commands and 
buttons in the Excel ribbon are in the XML subfolder. Contents of all subdirectories are reported in a README file in the root 
directory of the unzipped AppendixB_Codes-SeriesSEE.v1.00.zip file.

Appendix C. Verification of Analytical Solutions 
Analytical solutions that were computed with the FORTRAN program WLmodel and published results of the same solu-

tions in the zipped file, AppendixC_Verification.zip, can be accessed and downloaded at http://pubs.usgs.gov/tm/tm4-F4/. The 
analytical models for pneumatic lag, gamma, moving average, step, Theis, and tide are verified against known solutions in the 
subfolders AirLAG, Gamma, MovingAverage, Step, Theis, and Tide, respectively. Contents of all subdirectories are reported in 
a README file in the root directory of the unzipped AppendixC_Verification.zip file. 

Appendix D. Hypothetical Test of Theis Transforms
The Excel program, HypoFrame, measured water levels, measured barometric changes, and reported water-level models 

in the zipped file, AppendixD_HypotheticalAquifer.zip, can be accessed and downloaded at http://pubs.usgs.gov/tm/tm4-F4/. 
HypoFrame is a workbook for simulating hypothetical aquifer tests and creating water levels with known pumping signals and 
environmental fluctuations. The premise and usage of HypoFrame are documented in the compressed help file 00_HypoFrame-
HELP.chm. Measured water levels and barometric changes that serve as environmental fluctuation sources and background 
water levels are in the file 00_Meas+Back-for-Analysis.xlsx. Reported water-level models and tools for viewing parameter cor-
relation are in the subfolder WLMs. 

Appendix E. Pahute Mesa Example
Measured water levels, measured barometric changes, pumping signals, and reported water-level models in the zipped file, 

AppendixE_PahuteMesaExample.zip, can be downloaded at http://pubs.usgs.gov/tm/tm4-F4/. The zip file contains the pumping 
response in well ER-20-7 from the ER-20-8 main upper and lower aquifer tests.
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