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1.0 INTRODUCTION

This report was prepared to supplement the October 5, 2018, Comment Letter to the State Engineer
Regarding Administrative Order for LWRFS (Comment Letter) submitted on behalf of the Las Vegas
Valley Water District (LVVWD) and Southern Nevada Water Authority (SNWA) in response to the
Nevada State Engineer's (NSE) Draft Order concerning the Lower White River Flow System
(LWREFS). This report addresses in greater detail the points raised in the Comment Letter concerning
water-resource conditions in the LWRFS and the imminent conflicts with senior water rights that
would result from increased groundwater production. The NSE is urged to consider this report in
making any temporary or final order concerning the administration of water rights and management
of groundwater development in the LWRFS.

The Nevada Division of Water Resources (NDWR) defines the LWRFS as the hydrographic areas
(HA) of Coyote Spring Valley (HA 210), Hidden Valley (HA 217), Garnet Valley (HA 216),
California Wash (HA 218) Muddy River Springs Area (HA 219), and the northwest portion of the
Black Mountains Area (HA 215) (NDWR, 2018a). Figure 1-1 presents the boundary of the LWRFS.
Kane Springs Valley is included within the area of interest because it contributes to the local recharge
and is tributary to the LWRFS. The remainder of this section presents background information about
the LWRFS and the purpose and scope of the work described in this document.

1.1 Background

In 1989, the LVVWD filed applications with the NDWR to appropriate groundwater in Coyote
Spring Valley. The NSE held administrative hearings on these applications and other applications
filed by Coyote Springs Investment, LLC (CSI) during 2001. Subsequent to these hearings, several
NSE orders, stakeholder agreements, and NSE rulings were issued. The pertinent details of the
relevant documents are summarized in the following sections.

1.1.1 Order 1169

In 2002, the NSE issued Order 1169 holding in abeyance all pending and new applications for the
appropriation of groundwater from the carbonate-rock aquifer underlying Coyote Spring, Hidden,
Garnet, and Lower Moapa valleys, and the Muddy River Springs and Black Mountains areas. In
addition, the NSE required a five-year study during which at least 50 percent of the existing
groundwater rights in Coyote Spring Valley would be pumped for at least two consecutive years. The
NSE stated the purpose of the study and aquifer test was to “...determine if the pumping of those water
rights will have any detrimental impacts on existing water rights or the environment.” (NSE, 2002).
The NSE directed the following entities to complete the study:

« LVVWD

Section 1.0 “
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Area of Interest and Lower White River Flow System
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« SNWA

« CSI

» Nevada Power Company (hereinafter referred to as Nevada Energy)
* Moapa Valley Water District (MVWD)

Order 1169 also instituted hydrologic monitoring and reporting requirements for the study
participants and other water-right owners with points of diversion located in Garnet Valley and the
Black Mountains Area. In April of 2002, the NSE granted requests by the Moapa Band of Paiute
Indians (MBPI) and the U.S. Department of Interior to allow the Bureau of Indian Affairs, Fish and
Wildlife Service (USFWS), and National Park Service (NPS) to participate in the study.

1.1.2 2006 Memorandum of Agreement

In 2006, to facilitate implementation of the Order 1169 study and aquifer test and to ensure
protections of senior water rights and the endangered Moapa dace, the SNWA, CSI, USFWS, MBPI
and MVWD entered into a Memorandum of Agreement (MOA) that instituted, among other things,
Trigger Ranges associated with flows at the Warm Springs West gage under which pumping
restrictions would apply (SNWA, 2006). These Trigger Ranges and the corresponding pumping
restrictions are listed in Table 1-1.

Table 1-1
Trigger Ranges at Warm Springs West Gage and Corresponding
Pumping Restrictions

SNWA/! csI MVWD'? MBPI?
Watfl'r";;%hn;so?&sf;)'e’ed 9,000 4,600 = 2,500
Trigger Ranges (cfs) Pumping Restrictions (acre-feet per year [afy])
3.2 orless Parties meet to discuss and interpret data and plan mitigation measures
3.0 or less SNWA & CSi take actions to redistribute pumping
3.0-<2.9 < 8,050
29-<28 < 6,000 - < 2,000
28-<27 < 4,000 - < 1,700
<27 <724 - < 1,250

" SNWA and CSI production from wells MX-5, RW-2, CS-1, CS-2 and other CSI wells in Coyote Spring Valley
2 MVWD pumping restriction were only for the duration of the test
3 MBPI pumping under permit no. 54075

In addition, the MOA established a Hydrologic Review Team (HRT) composed of representatives of
each MOA signatory. The HRT is tasked with analyzing hydrologic data and determining, on an
annual basis, whether the pumping restrictions under each Trigger Range should be modified.

Section 1.0 “
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1.1.3  Order 1169 Aquifer Test and Order 1169A

Pumping associated with the aquifer test began in accordance with Order 1169 on November 15
2010. The aquifer test was completed on December 31, 2012; however, production from SNWA’s
MX-5 well continued into April 2013.

During the test, pumping rates of the SNWA MX-5 well ranged from 3,300 to 3,800 gpm and
constituted the single largest stress on the carbonate aquifer in LWRFS. Equipment issues associated
with the water treatment facility connected to the well resulted in periods of non-pumping during the
test. Production volumes from the MX-5 well totaled 4,131 af and 3,961 af for calendar years 2011
and 2012, respectively. Combined with CSI pumping from wells CSI-1 through CSI-4, a total of
5,331 and 5,102 af were pumped in Coyote Spring Valley during calendar years 2011 and 2012,
respectively. Additional production from the carbonate aquifer occurred during the test by MVWD in
the Muddy River Springs Area (MRSA) and by several entities in Garnet Valley. A historical
accounting of groundwater production in the LWRFS is presented in Section 4.0. Prior to and during
the aquifer test, the study participants implemented a comprehensive hydrologic monitoring program
under the direction of NDWR. Data were submitted quarterly to NDWR in electronic form and made
available to all study participants and the public.

The State Engineer issued amended Order 1169A on December 21, 2012 (NSE, 2012). In Order
1169A, the NSE declared the aquifer test completed as of December 31, 2012 and solicited
information from the study participants regarding the test, impacts, and the availability of water
pursuant to the pending applications held in abeyance by Order 1169. The reports submitted by the
MOA signatories are summarized in Section 2.0.

1.1.4  NSE Rulings Nos. 6254 through 6261

In January 2014, the NSE issued Rulings 6254 through 6261 (NSE, 2014a through h). In these rulings
the NSE denied all pending applications in the LWRFS and found that “...the Order 1169 test
measurably reduced flows in headwater springs of the Muddy River.” Based on the test results, the
NSE ruled that there is no unappropriated groundwater and that the applications would conflict with
existing rights and threaten to prove detrimental to the public interest. The NSE also ruled that the
basins composing the LWRFS would be jointly managed.

1.2 Purpose and Scope

The purpose of the work presented in this document is to summarize the current state of knowledge of
the LWRFS, including spring discharge and perennial streamflow in the MRSA. Specific objectives
are as follows:

* Evaluate hydrologic responses to the variable stress conditions affecting the LWRFS;
» Evaluate the recovery responses associated with the cessation of the 2-year aquifer test; and
* Identify trends in the behavior of key hydrologic variables.

Section 1.0
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The scope of work includes a survey of the available information; compilation and analysis of
time-series data; and the creation of various maps, tables, and charts to support the analyses and
conclusions.

1.3

Approach

The objectives of this work were achieved by completing the following steps:

l.

Performing a survey of the information available regarding the flow system, including
hydrologic stress conditions and responses (Section 2.0).

Describing the flow system using the available information, including the interpretations
derived from the data collected during the two-year aquifer test (Section 3.0).

Compiling and analyzing historical time-series data for natural and anthropogenic stresses
affecting the hydrology of the LWRFS (Section 4.0).

Using historical time-series data to analyze the hydrologic responses of several variables that
describe the historical conditions of the flow system over a period of decades (Section 5.0).

Summarizing the assessment of current water-resource conditions of the LWRFS
(Section 6.0).

Section 1.0 “
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2.0 SOURCES OF INFORMATION

The assessment described in this document required a review of the existing literature and the use of
large quantities of data acquired from various sources.

2.1  Previous Investigations

Previous investigations completed by LVVWD/SNWA and others that are relevant to this assessment
are summarized in this section. Such investigations started with the reconnaissance studies initiated in
the late 1940s and have continued since. Only relevant studies documented after the issuance of
NSE’s Order 1169A in December 2012 are summarized in this section.

2.1.1 Order 1169 Reports

In the months following the completion of the 2-year aquifer test mandated by NSE Order 1169, the
various stakeholders, including the MOA signatories, evaluated the test results and documented their
interpretations, conclusions, and recommendations in reports submitted to the NSE in June of 2013. It
should be noted that these reports relied upon only a few months of recovery data that were
influenced by the SNWA MX-5 well which continued pumping through mid-April 2013 (see
Section 5.2.2 of this report for a more detailed explanation).

SNWA (2013)

SNWA (2013) presents the data collected before and during the test, as well as interpretations of
aquifer responses and water availability. Based on their analysis of the pre-test and test data, the
major conclusions made by SNWA (2013) are as follows:

» Changes in groundwater levels are affected by both groundwater pumping from the carbonate
aquifer and changes in prevailing hydrologic conditions before and after the aquifer test.

* The aquifer test confirmed that extensive hydraulic connectivity exists in the carbonate
aquifer. However, the presence of boundaries and spatial variations in hydraulic conductivity
affect the carbonate aquifer’s response depending on location. For example, no discernible
responses were observed north of the Kane Springs Fault and west of the MX-5 and CSI wells
near the eastern front of the Las Vegas Range (note: the lack of responses cited in SNWA
(2013), referred to wells CSVM-3 and CSVM-5; see Sections 5.2.1 and 5.2.2 of this report for
a more detailed explanation).

» Relatively minor declines in spring flow were observed at the highest elevation springs
(Pederson and Pederson East springs) during the test. However, no changes were discerned in

Section 2.0 “
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the flows of the Muddy River at the U.S.Geological Survey (USGS) Muddy River near
Moapa, Nevada gage, as these flows are mainly affected by local alluvial pumping in the
MRSA.

* Pumping the existing groundwater rights in Coyote Spring Valley (CSV) during the test did
not result in an unreasonable lowering of the groundwater table. Furthermore, recovery began
when pumping was reduced to pre-test levels.

» It remains unclear if additional resource development beyond existing permitted rights could
take place in Coyote Spring Valley at selected locations.

USFWS, Bureau of Land Management (BLM), and NPS (2013)

The USFWS, BLM, and NPS prepared a similar report in 2013. Their analyses included a numerical
groundwater flow model developed by Tetra Tech (2012a and b) and SeriesSEE analysis. They
attempted to calibrate the model using the data from the 2-year aquifer test and used the resulting
model to make predictions. The SeriesSEE analysis was conducted to segregate the drawdowns
caused by the MX-5 pumping well from those caused by the other pumping wells. Their main
conclusions are as follows:

* Pumping at MX-5 caused drawdowns of about the same magnitude in the portion of the
carbonate aquifer underlying Coyote Spring Valley, the MRSA, Hidden and Garnet valleys,
and California Wash at the end of the test.

» Using the results of the SeriesSEE analyses, USFWS et al. (2013) delineated the connected
portion of the carbonate aquifer, which they state includes the source of the Muddy River
Springs and majority source of the Muddy River.

* Based on these analyses, USFWS et al. (2013) concluded that pumping from the connected
portion of the carbonate aquifer causes drawdowns of about the same magnitude throughout
the delineated area.

* Based on previous information and the results of their analysis of the test data, they also
concluded that no additional groundwater is available for appropriation.

Johnson and Mifflin (2013)

Johnson and Mifflin (2013) also prepared a report of the analysis of the 2-year aquifer test data. Based
on their analysis, they found that (1) the portion of the WRFS located south of Pahranagat Valley
consists of two separate flow fields, the northern and southern flow fields, that responded differently
to the pumping in Coyote Spring Valley; and (2) the variations in the Muddy River baseflow caused
by natural stresses are of the same order of magnitude as the pumping stresses in Coyote Spring
Valley during the two-year aquifer test. Based on their analyses, they made the following four
recommendations:

» At least four of the basins that include and extend upgradient from the MRSA should be
combined into one water-management unit.

m Section 2.0
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* The pending LVVWD water rights applications in this area should be denied on the grounds
that they would impact senior rights by the full amount.

* The existing undeveloped permits located within the combined area must be mostly revoked,
restricted, or very carefully managed to avoid periods of eliminated Muddy River base flows
in the Springs-area headwater reaches in the future.

* A large interim pumping test should be conducted in the northern portion of the Southern
Flow Field to better evaluate the water-resource potential of this portion of the flow system.

CSl (2013)

CSI (2013) conducted a qualitative analysis of the 2-year aquifer test and concluded that the effects of
pumping during the test generated a shallow drawdown cone that extends miles from the MX-5 well.
Using the observations from the test and monitoring data collected by SNWA, CSI (2013) concluded
the following:

* The Kane Spring fault acts as a groundwater barrier to groundwater flowing from north to
south in Coyote Spring Valley and may also serve as a barrier to pumping from wells located
north of the fault.

* Based on supporting information from SNWA's Annual Monitoring Reports, additional
groundwater is available for appropriation in Coyote Spring Valley.

*  Water-right applications submitted by CSI and SNWA should be fully or partly granted.

Myers (2013)

Myers (2013) describes an analysis of the 2-year aquifer test and a review of the groundwater flow
model developed by Tetra Tech for the southern White River Flow System (WRFS) (Tetra Tech,
2012a and b). Myers (2013) concluded the following:

* The Order 1169 aquifer test data and the Tetra Tech groundwater flow model predictions
indicate that pumping from existing groundwater rights in Coyote Springs Valley and the
MRSA will cause the spring discharge to decrease to dangerous levels.

* Any additional water rights potentially granted in the future will cause the spring discharge to
decrease further below the required target rates, and may eventually dry up some or all of the
springs in the MRSA.

2.1.2 Annual Data Reports (2013-2018)

This assessment relied upon the annual data reports prepared by the Order 1169 study participants and
others who submit quarterly data to NDWR. Among these reports are the ones prepared by SNWA,
MVWD, NVE and the HRT.

Section 2.0 m
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SNWA Annual Monitoring Reports

SNWA prepares and submits annual monitoring reports in satisfaction of water-right permit terms for
groundwater and surface-water sites throughout the LWRFS. The reports of particular interest are the
ones prepared after the completion of the aquifer test as they contain data characterizing the recovery
responses to the pumping stresses imposed during the 2-year aquifer test (SNWA, 2013 through
2018).

HRT Annual Determination Reports

Also relevant to this assessment are the annual reports prepared by the HRT after the completion of
the test (2013 through 2018). The MOA signatories collect and analyze data and share their findings
to satisfy the objectives of the MOA. Since the MOA was signed in 2006, extensive data collection
and analysis efforts have been performed, including those associated with the Order 1169 study. The
HRT annual reports include descriptions of previous monitoring activities and interpretations
prepared by the signatories in the form of appendices. Based on the findings of each year, the HRT
makes recommendations about the action levels associated with the Trigger Ranges. As in all
previous reports, HRT (2018) recommended that no changes be made to the existing pumping
restrictions listed in the MOA (SNWA, 2006) and presented in Table 1-1.

2.1.3 Other Reports

A few other relevant reports have been issued since the completion of the 1169 aquifer test including
the following:

Huntington et al. (2013)

Huntington et al. (2013) prepared a technical memorandum for SNWA containing estimates of
evapotranspiration (ET) for the MRSA from 2001-2012. This work was part of a larger project
designed to identify trends in ET over the period of 2001-2012 and the potential impacts that land
management practices and vegetation changes may have on ET.

Rowley et al. (2017)

Rowley et al. (2017) published a comprehensive report describing the geology and geophysics of a
large area including parts of eastern Nevada and western Utah, and comprising the LWRFS. The
report includes geologic maps at a scale of 1:250,000 based on various published and unpublished
geologic maps, site studies and new local geologic maps. Their report includes 25 new geologic cross
sections at the same scale and interpretations of new geophysical data collected by the U.S.
Geological Survey.

2.2 Data Sources

Data relevant to this evaluation of the water resource conditions of the LWRFS were obtained from
many project-related sources as well as regional and national sources. Monitoring of hydrologic
conditions and reporting of surface-water diversions and groundwater production has been on-going
in the LWRFS for decades. Through the collective efforts of water-right owners, several monitoring

m Section 2.0
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programs have been implemented to comply with monitoring and reporting requirements associated
with permit terms. In addition, the NDWR instituted comprehensive monitoring and reporting
requirements associated with the Order 1169 study to ensure pertinent data were collected and
reported in a timely manner. These data are summarized in annual data reports and are accessible on
the NDWR website at http://water.nv.gov/Order1 169Menu.aspx.

In addition, SNWA and NDWR participate in joint funding agreements with the USGS to fund
operation and maintenance of several important surface-water and groundwater sites located within
the LWRFS. These data are accessible through the USGS National Water Information System and
Groundwater Site Inventory database (NWIS) (USGS, 2018). Additional data were compiled from
the NDWR drillers log database (NDWR, 2018b), published reports documenting well completions
or hydrologic studies. However, the majority of the data presented in this report were collected and
reported by the 2006 MOA signatories and Order 1169 study participants.

Climate records spanning long periods were necessary for this assessment are not available for
meteorological stations located within the LWRFS. Thus, climate data were obtained from the
following agencies:

*  Western Region Climate Center (WRCC) at https://wrcc.dri.edu/summary/Climsmnv.html

* National Oceanic and Atmospheric Administration (NOAA) at https://www.noaa.gov/climate

» Parameter-elevation Regressions on Independent Slopes Model (PRISM) at
http://www.prism.oregonstate.edu/
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3.0 LWRFS DESCRIPTION

The boundary of the LWRFS was initially described in NSE Rulings 6254 through 6261 (NSE, 2014a
through h), inclusive, and a figure attached to the rulings that identified the Order 1169 basins. The
boundary of the LWRFS is depicted in Figure 1-1. This section presents the physiography, climate,
and hydrogeology of the LWRFS, and a description of the surface-water and groundwater hydrology.

3.1 Physiography

The LWREFS is within the Basin and Range physiographic province of the Great Basin, which is
characterized by a series of parallel to sub-parallel, north-trending mountain ranges separated by
elongated alluvial valleys (Fenneman, 1931). The western margin of the LWRFS is defined by the
Sheep Range in the north and the Las Vegas Range in the south. The Sheep Range is the highest range
in the LWRFS with peak elevations ranging from 7,000 to nearly 10,000 ft amsl. The eastern
boundary of the LWREFS is defined by the Muddy and North Muddy mountains in the south and by
the Meadow Valley and Delamar mountains in the north. Adjacent to the LWRFS, in Kane Springs
Valley, elevations in the Delamar Mountains exceed 7,000 ft amsl. Included within the LWRFS are
the Coyote Spring, Elbow, Arrow Canyon, and Dry Lake ranges all having elevations less than
6,000 ft amsl (Figure 3-1). During the Pleistocene Epoch, the White River flowed through Coyote
Spring Valley entering the valley from southern Pahranagat Valley and traveling south and then
southeast between the Arrow Canyon Range and the Meadow Valley Mountains where it continued
along the present course of the Muddy River (Eakin, 1964). The elevations along this ancestral
feature range from just above 3,000 ft amsl where it enters Coyote Spring Valley to 1,420 ft amsl
where the river leaves California Wash near Glendale, Nevada.

3.2 Climate

The climate of the LWRFS is typical of southern Nevada ranging between arid and semi-arid
conditions. This climate is characterized by small amounts of precipitation occurring mostly on the
surrounding mountains, and high summer temperatures and evaporation rates. Winter-season
precipitation occurs as snow at the higher elevations of the Sheep and Delamar Ranges and serves as
the primary source of local recharge. During the summer months, precipitation occurs as a result of
local storms. Air temperatures vary greatly on a daily and seasonal basis. Climate variations
constitute natural stresses to the hydrologic system of the LWRFS and are discussed in more detail in
Section 4.0.

3.3  Hydrogeology

The hydrogeology of the LWREFS is characterized by the complex geology of the area, which ranges
in age from Precambrian siliciclastic rocks to Tertiary and Quaternary alluvial deposits that have been
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structurally deformed during several tectonic episodes (Rowley et al., 2017). Three tectonic episodes
as well as extensive volcanism have affected the region. The Antler deformation and Sevier
deformation resulted in east-verging thrust sheets in which Paleozoic carbonate rocks were placed
over the top of each other as well as over younger rocks producing thick sequences of carbonate rocks
in the region. The third tectonic episode is the middle Miocene to Holocene basin-range deformation
that shaped the current topography of the Great Basin. In this episode, basin-range faulting produced
horst and graben topography resulting in typically deep basins and relatively high mountain ranges
that are generally oriented north-south (Rowley et al., 2017).

The following sections summarize the structural setting and hydrogeology of the LWRFS, with
reference to the 1:250,000 scale hydrogeologic map of Rowley et al. (2011) presented in Figure 3-2.
The map is based on a geologic map and cross sections for a region including portions of White Pine,
Lincoln, and Clark counties in Nevada, and adjacent areas.

3.3.1  Structural Setting

Major structural episodes have caused faulting within the LWRFS. These episodes have influenced
the distribution and thickness of geologic units and the geometry of the basins and ranges. Major fault
structures within the area are described in the following sections.

Thrust Faults

Thrust faults within the LWRFS include the Muddy Mountain thrust in the Muddy Mountains, the
Dry Lake thrust in the Dry Lake Range, and the Gass Peak thrust in the eastern Sheep Range
(Figure 3-2). As previously stated, the importance of these faults is that they create very thick
carbonate rock sequences that, as a result of compression and transport, have significant fracture
development and therefore increased permeabilities (Heilweil and Brooks, 2011; Page et al., 2005).
However, the thrust faults themselves may act as barriers to groundwater flow (Page et al., 2005).

Strike-Slip Faults

The left-lateral strike-slip fault of the Pahranagat Shear Zone (PSZ) and the right-lateral strike-slip
fault of the Las Vegas Valley Shear Zone (LVVSZ) occur just to the north and south of the LWRFS,
respectively. Faults of the PSZ, provide a partial barrier to southward flow from southern Pahranagat
and Delamar valleys into the LWRFS (Rowley et al., 2011). Groundwater likely flows south through
the barrier into Coyote Spring Valley along north-trending normal faults and fractures (Rowley et al.,
2011). The LVVSZ has been interpreted to be a barrier to southward groundwater flow (Heilweil and
Brooks, 2011).

The Kane Springs Wash Fault Zone is a left-lateral and normal down-to-the-west oblique fault that
occurs in Kane Springs Valley and the northern portion of Coyote Spring Valley (Figure 3-2). The
oblique fault along with the Kane Springs caldera and thrust faults likely prevent groundwater flow
between Kane Springs Valley and Meadow Valley Wash (Rowley et al., 2011). In Coyote Spring
Valley the Kane Springs Wash Fault may act as a partial barrier to flow, impeding flow across the
fault from north to south.
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Normal Faults

The main phase of Basin and Range deformation which began around 10 Ma, is characterized by
steeply-dipping, north-striking, normal faulting (Rowley et al., 2017). This faulting is responsible for
the formation of the present-day physiography of north-trending basins and ranges forming the
LWREFS (Page et al., 2011). The many Basin and Range faults that underlie and define the sides of
Coyote Spring Valley provide the pathways for southward groundwater flow (Harrill et al., 1988;
Schmidt and Dixon, 1995). A major part of that groundwater flows southeast, between the northern
end of the Arrow Canyon Range and the southwestern end of the Meadow Valley Mountains along
what has been referred to as the east Arrow Canyon Range fault zone (Page et al., 2011; Rowley et al.,
2011). East-striking faults intersect the north-striking faults likely increasing the permeability of
carbonate rocks in the MRSA (Page et al., 2011; Rowley et al., 2017). It is well known that the
southeast-flowing groundwater is the principal source of many large springs in the MRSA, which
currently create the perennial flow of the Muddy River (Schmidt and Dixon, 1995; Donovan et al.,
2004; Buqo, 2007; Donovan, 2007; Johnson, 2007).

3.3.2 Hydrogeologic Setting

The hydrogeologic map presented in Figure 3-2 was constructed by grouping geologic units with
similar hydrologic properties into hydrogeologic units. The following sections summarize the
geology and hydrogeology of the mountain ranges within and at the boundaries of the LWRFS.

Delamar Mountains

The Delamar Mountains at the northern LWRFS boundary are dominated by Tertiary caldera
complexes including the Kane Springs Wash caldera complex (Rowley et al., 1995; Scott and
Swadley, 1995; Scott et al., 1996; Dixon et al., 2007). The main bounding fault of the Delamar
Mountains is the down-to-the-west normal fault on the western side, which is joined from the
southwest by several splays of the left-lateral and normal PSZ (Ekren et al., 1977). In Kane Springs
Valley, the bounding fault is the oblique (left-lateral and normal down-to-the-west) Kane Springs
Wash fault zone (Swadley et al., 1994). Tertiary caldera complexes forming the northern boundary of
Kane Springs are effective barriers to groundwater flow. The calderas are barriers primarily because
of their underlying intracaldera intrusions and both hydrothermal clays and contact-metamorphic
rocks formed by emplacement of the intrusions into intracaldera tuffs (Rowley et al., 2011).
Groundwater likely enters the LWRFS from southern Delamar Valley along the PSZ to Pahranagat
Valley and then through the PSZ and along north-striking normal faults into Coyote Springs Valley
(Figure 3-2).

Southern Sheep Range, Las Vegas Range, and Elbow Range

The southern Sheep Range is underlain by mostly Cambrian and Ordovician carbonate rocks that dip
eastward (Guth, 1980). The range is a large tilt block uplifted along major north-striking, basin-range
normal faults on its western side. The range is on the upthrown western side of the low-angle,
west-dipping Gass Peak thrust. The thrust transported Neoproterozoic to Cambrian quartzite and
Cambrian to Devonian carbonate rocks eastward over Cambrian to Mississippian rocks (Dohrenwend
et al., 1996).
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The Las Vegas Range is defined by the Gass Peak thrust, which transported rocks as old as the
Cambrian Wood Canyon Formation eastward over Mississippian, Pennsylvanian, and Permian
carbonate rocks of the Bird Spring Formation (Maldonado and Schmidt, 1991). Most of the range is
made up of folded Bird Spring limestone, with the Gass Peak thrust exposed along its western side
(Maldonado and Schmidt, 1991; Page, 1998). The small Elbow Range, which bounds the Las Vegas
Range on the northeast, is made up of thrusted and folded Bird Spring Formation that has been
uplifted as a horst (Page and Pampeyan, 1996).

Meadow Valley Mountains

The Meadow Valley Mountains constitutes a narrow, generally low, north-northeast-trending range
about 40-mi-long. The northern 30 mi of the range consists mostly of outflow ash-flow tuffs and part
of the Kane Springs Wash caldera complex. The southern end of the Meadow Valley Mountains, just
east of Coyote Spring Valley, is made up of mostly thrust-faulted and normally faulted Paleozoic
rocks (Pampeyan, 1993; Swanson and Wernicke, 2017).

Arrow Canyon Range

The Arrow Canyon Range is a sharp, narrow, north-trending range consisting of a syncline of
Cambrian to Mississippian carbonate rocks. It is uplifted along its western side by normal faults of the
Arrow Canyon Range fault zone (Schmidt and Dixon, 1995; Page and Pampeyan, 1996; Page, 1998).
The trace of the north-striking Dry Lake thrust, which carries Cambrian rocks over Silurian through
Permian carbonate rocks, is exposed and projected north just east of the range (Page et al., 1992;
Schmidt and Dixon, 1995; Beard et al., 2007).

North Muddy Mountains, Muddy Mountains, and Dry Lake Range

The southeastern corner of the LWRFS contains the Cretaceous-Triassic clastic rocks of the North
Muddy Mountains and the Muddy Mountains (Bohannon, 1983). West of the Muddy Mountains and
east of the Apex Industrial Park, is the small Dry Lake Range. This range is made up mostly of Bird
Spring carbonate rocks. A narrow arm of bedrock extending west from Apex connects with the
southern Arrow Canyon Range/Las Vegas Range. Basin-fill sediments to the northeast along the I-15
corridor (California Wash area) belong to an east-tilted half graben that reaches depths of 9,000 to
12,000 ft (Langenheim et al., 2001, 2010; Scheirer et al., 2006).

3.4 Hydrology

The hydrology of the LWRFS is presented in this section including descriptions of prominent
surface-water features and associated time-series records of discharge; as well as descriptions of
groundwater characteristics including aquifer types and conditions, and occurrence and movement.
The sources of the data utilized in this section are described in Section 2.0.

34.1 Surface Water

The primary surface-water features of the LWRFS are located within the MRSA where five
spring-complexes and numerous gaining stream reaches form the headwaters of the Muddy River, the
only perennial stream within the LWRFS (Figure 3-3). There are additional small springs in Coyote
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Spring and Kane Springs valleys which discharge groundwater sourced from local recharge; however,
these springs are not described in this report.

The source of water for the springs and the gaining stream reaches that form the headwaters of the
Muddy River is the regional carbonate aquifer (Eakin, 1964; Rowley et al., 2017). Discharge from the
springs coalesce with the gaining reaches to form the main channel of the Muddy River just above the
USGS Muddy River near Moapa, Nevada (NV) gaging station. Figure 3-3 depicts the location of this
gaging station and several other USGS gaging stations. Also depicted are the locations of metered
surface-water diversions in the headwaters area. Table 3-1 lists the periods of record for each of the
gaging stations.
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Figure 3-3
Spring Complexes, Streams, Diversions, and Gaging Stations
within the Headwaters of the Muddy River

There are three gaging stations that are critical to the analyses presented in this report. Two are
associated with the Pederson Spring Complex: Pederson Spring near Moapa, NV and Warm Springs
West near Moapa, NV. The Pederson Spring gage is important because it measures flow from the
highest elevation spring within the MRSA representing groundwater discharge from the regional
carbonate aquifer. The Warm Springs West gage is important because flow triggers have been
established at the gage as part of the 2006 MOA (see Table 1-1). The Muddy River near Moapa gage
is important because the streamflow at this location is a measure of the regional spring discharge and
has the longest period of record. Details for each are presented in the following sections.
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Table 3-1
USGS Gaging Stations in the Headwaters of the Muddy River
USGS Station Period of Record
Number Gaging Station Name for Daily Average flow
09415900 Muddy Springs at LDS Farm near Moapa, NV (LDS gage) August 1985 to Present
09415908 Pederson East Spring near Moapa, NV (Pederson East gage) May 2000 to Present
09415910 Pederson Spring near Moapa, NV (Pederson gage) October 1986 to Present’
09415920 Warm Springs West near Moapa, NV (Warm Springs West gage) August 1985 to Present?
09415927 Warm Springs Confluence at Iverson Flume near Moapa, NV (Iverson Flume gage) October 2001 to Present
July 1913 to September 1915
09416000 Muddy River near Moapa, NV (Moapa gage) May 1916 to September 1918
October 1944 to Present

Note: 'Flow data in the latter half of 2003 through April 2004 reflects flows bypassing the gage through a leak in the weir. The weir was
replaced in April 2004.

2Flow records prior to 1996 were influenced by agricultural diversion above the gage.

Pederson Spring Complex

The Pederson Spring near Moapa, NV gage (09415910) measures spring discharge from the highest
elevation spring in the Muddy River headwaters area. The gage record begins in 1986, but is missing
data from 1994 to 1996. It includes underreported records from 2003 until April 2004 during which
time discharge was observed bypassing the gage. The gage was replaced in April 2004. Figure 3-4
presents the flow record for the gage for the period 1986 to present. As the highest-elevation spring, it
is considered to be the most sensitive to changes in groundwater conditions associated with the
regional carbonate aquifer, and, therefore, a good indicator of how these changes affect spring
discharge in the MRSA.
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Figure 3-4
Pederson Spring near Moapa, NV - Daily Discharge Record (1986 to present)
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Warm Springs West near Moapa, NV Gage (09415920)

The Warm Springs West near Moapa, NV gage (09415920) is a parshall flume that measures the total
discharge from the Pederson Spring complex. The period of record ranges from 1985 to present. Gage
records prior to October 1997 are considered unreliable because the flows were influenced by an
unmetered agricultural diversion above the gage. Figure 3-5 presents the flow measured at the gage
for the period of record. Trigger Ranges at various flow rates have been established at the gage for the
purpose of initiating water management actions per the 2006 MOA. These actions are designed to
protect instream flow rights and habitat for the endangered Moapa dace.

Discharge (cfs)

3.0

I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I
1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

Figure 3-5
Warm Springs West near Moapa, NV - Daily Discharge Record (1985 to present)

Muddy River near Moapa, NV Gage (09416000)

The USGS Muddy River near Moapa, NV gage (Station No. 09416000; hereinafter referred to as the
MR Moapa gage) measures the streamflow contributions from spring complexes, gaining reaches and
intermittent flood flows. Streamflow is directly affected by surface-water diversions and
evapotranspiration occurring above the gage. Figure 3-6 presents a time-series chart of the annual
streamflow measured at the MR Moapa gage for the period 1945 to 2017. Also presented on the chart
is a record of these flows that has been adjusted to remove the influence of intermittent flood flows.
These influences were removed from the daily mean flow record using a method that replaces the
identified flood flow with the median monthly flow as described in Johnson (1999). The resulting
flow record is more representative of actual baseflow conditions at the gage. The flood-adjusted flow
record is used in the analyses presented in this report.

The mean annual flow measured at the MR Moapa gage in 1946 was 46.8 cfs (33,900 af). This flow
rate is considered the pre-development baseflow because it predates municipal and industrial
surface-water diversions and exports by NVE and MVWD, as well as groundwater development
within the MRSA. This baseflow also matches the average mean annual flow when the gage was
operated intermittently between 1913 and 1918. During two intervals covering 3-years (July 1, 1913
to June 30, 1915 and October 1, 1916 to September 30, 1917) the average flood-adjusted mean annual
flow was 47.0 cfs (34,000 afy), a difference of 100 afy from the 1946 flow rate.
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Figure 3-6
Muddy River near Moapa, NV (1945 to 2017)

The 1946 pre-development baseflow also corresponds with information compiled by Eakin (1964).
Eakin (1964) reported a 25-year average flood-adjusted mean annual flow of 46.4 cfs (33,600 afy)
using intermittent data between 1914 and 1962. In addition, Eakin (1964) estimated that
approximately 2,000 to 3,000 afy of spring flow was being consumed by phreatophytes between the
spring orifices and the gage, which infers that the pre-development groundwater discharge above the
gage was approximately 36,000 to 37,000 afy (50 to 51 cfs).

As illustrated by Figure 3-6, the gage flow during pre-development conditions only varied by about
1,000 afy from 1945 to 1955. Starting in the early 1960s, Muddy River streamflow began to decline
from the 33,900 afy pre-development baseflow. This decreasing trend continued, reaching a low of
about 22,000 af in 2003. By this time, streamflow had declined by over one-third of the
pre-development baseflow. Streamflow has since recovered, and by the end of 2017 the mean annual
flood-adjusted flow was 30,300 af. The causes of this decline and subsequent recovery are analyzed
in Section 5.0.

3.4.2 Groundwater

Descriptions of the groundwater characteristics of the LWRFS, including aquifer types and conditions
and groundwater occurrence and movement are presented in this Section.

3.4.2.1 Aquifer Types and Conditions

The hydrogeology described in Section 3.3 can be further simplified into a groundwater system
composed of a regional carbonate aquifer interconnecting the basins of the LWRFS and one or more
areas where saturated basin-fill is present. The regional carbonate aquifer is contiguous throughout
the basins, while the saturated basin fill occurs primarily within the basin centers.
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Regional Carbonate Aquifer

The identification of the regional carbonate aquifer was made by Eakin (1964, 1966) who noted that
the large discharge from the springs located within the MRSA could not be supported by the
relatively small local recharge. As a result, Eakin (1966) concluded that the springs were discharging
groundwater originating from basins located upgradient. Eakin (1966) developed a water balance for
thirteen basins located within south-eastern Nevada, ending with the MRSA. Based on the results, he
concluded that recharge in these basins contributes to the discharge of the Muddy River springs and
that the Paleozoic carbonate rocks must be the primary system that is transmitting water between
these basins. Investigations conducted after Eakin (1966) revealed that the hydraulic connection of
the carbonate aquifer extends to basins located south of the MRSA (SNWA, 2009; Burns and Drici,
2011; SNWA, 2013).

The regional carbonate aquifer is predominantly composed of thick sequences of Paleozoic and
Mesozoic carbonate rocks that have well-developed fracture networks (Heilweil and Brooks, 2011).
As described in Section 3.3.2, thick sequences of carbonate rocks occur throughout the LWRFS as
thrust faulting has placed carbonate rocks sequences on top of other carbonate rock sequences. The
compressional and transport processes that are involved with thrusting may lead to significant
fracture development (Heilweil and Brooks, 2011). Carbonate rocks typically have a low
permeability but may have very high secondary permeabilities as result of dissolution of the
carbonate minerals along faults, fractures, and bedding planes (Schaefer et al., 2005).

Basin-Fill Aquifers

Saturated basin-fill may form aquifers in the LWRFS. Where they occur, these aquifers generally
overlie the regional carbonate aquifer system and are typically separated from one another by
mountain ranges composed of consolidated rocks (Schaefer et al., 2005). The aquifers are composed
of Tertiary sediments consisting of eroded limestone, conglomerate, sandstones, as well as
Quaternary alluvium, colluvium, playa deposits, and eolian deposits (Page et al., 2011). Basin-fill can
be composed of many sediment types with different grain sizes and levels of sorting, and,
consequently, can have a large range of permeabilities (Heilweil and Brooks, 2011). Basin-fill
aquifers within the LWRFS occur at great depths above the carbonate aquifer, as perched, or as
semi-perched systems.

MRSA Alluvial Reservoir

The interbedded fine- and coarse-grained sediments in the MRSA, that overlay the Muddy Creek
Formation, form a highly transmissive shallow, alluvial aquifer that comprises at least the top 125 feet
of basin fill based on well driller’s logs. This local aquifer acts as a reservoir whose storage and
outflow is sourced from the regional carbonate aquifer. The water table of this shallow alluvial
reservoir is generally within a few feet of land surface, and outflow occurs as spring discharge,
seepage to gaining reaches of the Muddy River, or as ET.
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3.4.2.2 Occurrence and Movement

Figure 3-7 1s a map presenting the current conceptualization of groundwater occurrence and
movement within the LWRFS. The map depicts areas of potential local recharge and primary
groundwater discharge, groundwater flow directions, and current aquifer conditions observed at
selected monitor wells during January to March, 2018, a period when pumping is at its lowest during
the year. The areas of potential recharge were approximated by areas where normal precipitation is
greater than 8 in. The PRISM 800-meter normal precipitation grid was used for this purpose (Daly et
al.,, 1994, 1997, 1998, 2008). Aquifer conditions are represented by measurements of static or
near-static water-level elevations on the map (Figure 3-7). Depth-to-water and water-level elevation
data are presented in Table A-1 (Appendix A). The existing well data are insufficient for the
development of potentiometric contour maps. Thus, the discussion is based on the well data presented
in this section, supplemented by information from previous interpretive reports.

As stated above, within the LWRFS, groundwater occurs in basin-fill and carbonate-rock aquifers.
Within many of the LWRFS basins, groundwater in the basin fill occurs at great depths, or as perched
as is the case in the extreme northern area of Coyote Spring Valley (Eakin, 1964). The alluvial
reservoir of the MRSA constitutes an exception in the LWRFS. Depth to water within the basin fill
ranges between about 3-4 ft at the LDS Central well in the MRSA to about 751 ft bgs (02/14/2018) at
the CSV3011M well in Coyote Spring Valley (Appendix A). The shallower depths to water occur
within the alluvial reservoir, downgradient from the Muddy River springs. The greater depths to
water in the basin fill occur in northern and southern Coyote Spring Valley. Groundwater also occurs
at substantial depths in other basins of the LWRFS. For example, the Byron Well completed in the
basin fill within California Wash basin has a depth to water of about 238 ft bgs (10/09/2018)
(Appendix A).

Depth to groundwater within the carbonate aquifer of the LWRFS varies significantly. In general,
depth to water is near the surface in the MRSA and much deeper in the other basins. A better
understanding of the deeper groundwater that occurs in the carbonate aquifer of the LWRFS was
developed based on the water-level responses, which are discussed in greater detail in Section 5.0.
The responses depend on the relative locations of the wells with respect to the range-front faults
located at the base of the mountain ranges (Figure 3-2). These faults have created structural basins
where most of the wells are located.

Within the Coyote Spring Valley structural basin, water-level elevations are higher in the northern
portion of the valley and decrease to the south. Wells located within the structural blocks of the
mountain ranges are significantly higher (e.g., CSVM-3 and CSVM-5). Well CSVM-3, which has a
depth to water of 444 ft bgs (02/14/2018), is located to the far north of the valley and within a
different structural block composing the southern Delamar Mountains. Water levels in this structural
block are greater than 320-ft higher than those observed in wells CSVM-4 and KMW-1 to the
southeast that are completed within the Kane Spring fault zone. Well CSVM-5 is located high off the
valley floor and within the structural block of the Sheep Range and has a depth to water of 1,080 ft
bgs (02/14/2018). At the CSVM-5 site, the Gass Peak thrust fault has influenced the geologic setting
by causing the bedding orientation of the carbonate strata to be nearly vertical at the surface. Except
for these two wells, water levels throughout the LWRFS respond in the same manner. This indicates a
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high-degree of hydraulic continuity between the structural basins of the LWRFS, including Kane
Springs Valley.

Based on the well data described in this section and presented in Figure 3-7 and Appendix A, the
minimum depth to water measured within the connected portion of the carbonate aquifer was about
31 ft bgs (03/16/2018) measured at well EH-5B in the MRSA. The maximum depth to water of 970 ft
bgs (02/14/2018) was measured at well CSVM-4 in northern Coyote Springs Valley. Measured
depth-to-water values in Garnet Valley range from about 259 to 883 ft bgs, all measured in early
2018. Despite the large differences in depth to water across the LWRFS, groundwater elevations in
the carbonate aquifer near the center of the valleys only vary by approximately six feet between
central Coyote Spring Valley, and Garnet Valley and Black Mountains Area to the south, and the
MRSA and California Wash to the east. These minor differences in groundwater elevation across such
a broad area are indicative of a high degree of hydraulic connection as demonstrated by the results of
the NSE Order 1169 aquifer test.

In general, groundwater flows from areas of natural recharge at high elevations to lower-elevation
areas of discharge. The source of natural recharge for the carbonate aquifer underlying the LWRFS is
a combination of regional groundwater inflow from the upper portion of the WRFS including
Pahranagat, Delamar, and Kane Springs valleys; and from local recharge in the mountain ranges
bounding the LWRFS (Figure 3-7). The potential areas of local recharge shown on the map are
approximated by areas where annual precipitation is greater than 8 in. Such areas occur mainly on the
higher elevations of the Delamar Mountains in Kane Springs Valley and northern Coyote Spring
Valley, and the Sheep Range along the western boundary of Coyote Spring Valley. As shown on the
map (Figure 3-7), natural groundwater discharge in the LWRFS occurs through springs and seeps
located in the MRSA and through ET from riparian and phreatophytic vegetation. Groundwater
contributing to the headwaters of the Muddy River leaves the flow system in the form of surface
water along this stream.

Groundwater flow directions in the regional carbonate aquifer have been defined based on a detailed
analysis of groundwater measurements and the hydrogeology of the WRFS described in SNWA
(2009) and Burns and Drici (2011) and are shown as red arrows in Figure 3-7. Groundwater flow
within Coyote Spring Valley is to the south-southeast, primarily to the regional springs in the MRSA.
However, some groundwater in Coyote Spring Valley is also believed to flow to the south (to Hidden
and Garnet valleys) based on groundwater elevations, accommodating hydrogeology, and the results
of the NSE Order 1169 aquifer test. In the southern portion of the LWRFS (i.e., Garnet Valley),
groundwater flow is to the northeast and California Wash. Groundwater discharge from the carbonate
aquifer in the MRSA saturates the local alluvial reservoir.
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4.0 NATURAL AND ANTHROPOGENIC STRESSES

Groundwater levels, spring discharges, and perennial streamflow in the LWRFS are affected by many
natural and anthropogenic stresses. The effects of these stresses depend on their magnitude, duration,
and frequency, and can be classified as short- or long-term.

4.1 Natural Stresses

Natural stresses on a given hydrologic system include precipitation, air temperature, barometric
pressure, earth tides, and earthquakes. Barometric pressure, earth tides, and earthquakes are
considered to be short-term effects and are not given further consideration in this analysis. Air
temperature, which is a controlling factor of ET, changes seasonally causing seasonal fluctuations in
ET which may affect groundwater levels and discharge where ET occurs. In the LWRFS and its
tributary basins, precipitation is the main source of recharge and is, therefore, the main driver of its
hydrology. Changes in precipitation can cause both short- and long-term effects in the groundwater
levels and discharge from the area.

The LWREFS is within the Nevada Division 4 climate zone (Division 4) as defined by the National
Oceanic and Atmospheric Administration’s (NOAA) Climate Divisional Database (Figure 4-1).
Divisional climate data are reported as average monthly values derived from daily climate
observations within each climate division. Precipitation and air temperature data are of particular

importance to the hydrology of the area of interest and were obtained from the on-line database
(NOAA, 2018).

Annual precipitation within Nevada Division 4 was compiled for the period 1895 to 2018. Winter
precipitation in the LWRFS is understood to be the dominant source of local recharge. Winograd et al.
(1998) demonstrated that winter precipitation (October through June) in the Spring Mountains of
southern Nevada comprised two-thirds of the total precipitation for the area and was responsible for
the majority of recharge to the hydrologic system, with summer precipitation comprising only a small
fraction (perhaps 10 percent) of the recharge.

Division 4 winter-season precipitation, defined as the total precipitation occurring during the months
of October through March, was used for the analyses presented in this report. These months were
selected because most precipitation occurring during the warmer months (April through September)
evaporates or is consumed by vegetation due to the high rates of potential ET, averaging 7.27 feet per
year (ft/yr) from 2001 to 2012 at Overton (Huntington et al., 2013). These rates are largely dependent
upon air temperature. Based on Division 4 period of record, the high temperatures for the months of
April through September ranged from 58.9 to 93°F, averaging 76.3°F, while during the months of
October through March, they ranged from 33.9 to 68°F, averaging 62.7°F. Figure 4-2 depicts the
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winter precipitation (October through March) from 1895 to 2018 with a linear-regression indicating a
positive slope, but essentially no trend.
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Figure 4-2
Climate Division 4 Precipitation with Trendline

Annual precipitation data were analyzed for the period 1990 to 2018, which is the period for which
complete data sets are available for other LWRFS hydrologic and water-use records. Figure 4-3
presents the annual total precipitation as winter-season (October through March) and summer-season
(April through September) totals. During this period, the winter- and summer-season precipitation
averaged 4.51 and 2.25 in., respectively. For calendar year 2018, only winter-season precipitation is
shown, since the summer-season record was incomplete at the time this report was written.

Precipitation data were evaluated by computing the annual percent of winter-season average for the
period analyzed. These values are presented in Figure 4-3, with positive values (blue bars)
representing above-average precipitation and negative values (red bars) representing below-average
precipitation. There are several observations that can be made from Figure 4-3:

*  Winter seasons of 1992, 1993, 1995, and 2005 were extraordinarily high, with values of 190,
250, 183 and 297 percent of average, respectively.

*  Winter seasons of 1996, 1999, and 2002 were extraordinarily low, with values of 34, 28, and
18 percent of average, respectively.

* The period from 2006 through 2018 was mostly below average, with 10 of the 13 seasons
below average.
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4.2  Anthropogenic Stresses

The primary anthropogenic stresses that have influenced surface-water and groundwater conditions
within the LWRFS include surface-water diversions above the MR Moapa gage, groundwater
production from both the regional carbonate aquifer and MRSA alluvial reservoir, and land use.
These stresses have occurred over different time periods and durations. Records of surface-water
diversions, groundwater production, and groundwater levels were compiled from all available sources
for the entire LWRFS. Historical information on MRSA land use and water development was
assembled from the literature. The following sections present time-series data for MRSA
surface-water diversions (see Figure 3-3 for locations) and groundwater production from the regional
carbonate aquifer and the MRSA alluvial reservoir. The sources of data were described in Section 2.0.

4.2.1  Surface-Water Diversions above Muddy River near Moapa, NV Gage

There are three primary surface-water diversions above the MR Moapa gage that are of significance
to this assessment. These are the MVWD diversions at the Pipeline-Jones and Baldwin springs, and
the NVE Muddy River diversion directly above the gage. The locations of the diversions are depicted
in Figure 3-3. The MVWD has diverted spring flow from the Pipeline-Jones and Baldwin springs
since 1959 and 1975, respectively. Diversions by NVE began in 1968 when the agency started leasing
decreed Muddy River water rights from the Muddy Valley Irrigation Company. The MVWD
diversions supply water to users within the MV WD service area, primarily outside the MRSA. The
NVE diversions were historically exported out of the MRSA to supply industrial uses at the Reid
Gardner Generating Station in the California Wash basin. In addition, SNWA owns and leases
surface-water rights above the gage, but water associated with these rights is not diverted and
eventually flows into Lake Mead.

Detailed records of surface-water diversions by NVE and MVWD began in 1978 and 1992,
respectively, and are provided in Table B-1 of Appendix B. Historically, these two entities have been
the principal surface-water diverters above the MR Moapa gage. With the gradual closure of the Reid
Gardner Generating Station, which began in 2014 and was completed in March 2017, NVE has not
diverted surface water since 2015. There have been, and still are, other minor diversions and uses of
surface water above the gage. However, these diversions are small and no records exist to determine
their quantity; therefore, they are not accounted for in this analysis. Figure 4-4 presents the historical
surface-water diversions above the MR Moapa gage for the period in which records are available.

4272 Groundwater Production

Groundwater is produced from two primary sources within the LWRFS: the MRSA alluvial reservoir
and the regional carbonate aquifer underlying the six basins. As described in Section 3.4.2.2, the
regional carbonate aquifer is also the source of water for the alluvial reservoir. Figure 4-5 depicts the
locations of production wells within the LWRFS using symbology to differentiate between the
sources (i.e., carbonate aquifer vs. alluvial reservoir). This section summarizes groundwater
production from wells located within the MRSA and from wells located in the other LWRFS basins
with completions in the carbonate aquifer.
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Figure 4-4
Surface-Water Diversions above the MR Moapa Gage

4.2.2.1 Muddy River Springs Area

Groundwater production within the MRSA began around 1948 when the first well was constructed
(Eakin, 1964; NDWR, 2018b). Eakin (1964) estimated groundwater production ranged from 2,000 to
3,000 af from about 12 wells completed in the alluvial reservoir. The water was used for irrigation.
Several of these wells (Lewis 1 through 5) were purchased by NVE and were used to supply water for
the Reid Gardner Generating Station in the California Wash basin. NVE augmented the production
from its Lewis well field using its Perkins and Behmer wells and by leasing water produced from
three wells owned by the Corporation of the Presiding Bishop of the Church of Jesus Christ of
Latter-Day Saints (LDS): LDS East, LDS Central, and LDS West. All of these production wells are
completed to shallow depths in the alluvial reservoir ranging from 50 to 135 ft bgs. Well construction
details are provided in Table C-1 of Appendix C. NVE began reporting production data from these
wells in 1987 (Table C-2 of Appendix C). Figure 4-6 presents the annual production from the wells
grouped by well field (Lewis Wells, LDS Wells, and Perkins and Behmer wells).

The groundwater production by NVE constitutes the vast majority of production from the MRSA
alluvial reservoir. However, there have been, and still are, other minor users within the area. These
uses are small and no long-term records exist to determine their quantity; therefore, they were not
accounted for in this analysis.
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Figure 4-5
Locations of Production Wells in the LWRFS
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Figure 4-6
Annual Groundwater Production from the MRSA Alluvial Reservoir

The MVWD produces groundwater from three wells completed in the regional carbonate aquifer
within the MRSA. These wells, Arrow Canyon 1, Arrow Canyon 2, and MX-6, are located adjacent to
and upgradient of the Muddy River headwaters (Figure 4-5). The wells are used to supply water for
uses within the MVWD service area, primarily outside the MRSA. MVWD began reporting
groundwater production totals from these wells in 1992 (Table C-2 of Appendix C). The groundwater
production totals are presented in Figure 4-7 along with total production from the carbonate aquifer in
the other LWRFS basins.

4.2.2.2 Carbonate Aquifer

As described in Section 3.4.2.1, the LWREFS is defined by the interconnected nature of the underlying
carbonate aquifer that provides hydraulic continuity between the basins. Production wells completed
in the carbonate aquifer have some of the highest yields making it an attractive water-supply source.
As a result, there has been significant development of the aquifer in various locations throughout the
LWREFS. As stated in Section 1.0, one of the objectives of this assessment is to evaluate how the
aquifer has responded to different stresses, in particular the long-term pumping stresses. This section
summarizes annual groundwater production from the carbonate aquifer by LWRFS basin. The
locations of the associated production wells are depicted in Figure 4-5. Site information and well
construction data for these wells are provided in Table A-1 of Appendix A.
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Figure 4-7
Carbonate-Aquifer Groundwater Production

Coyote Spring Valley

Groundwater production started in 2005 when CSI began using water for construction purposes
related to their Coyote Springs development. CSI has constructed four wells, CSI-1, CSI-2, CSI-3,
and CSI-4, and has used them to support operation and maintenance of an 18-hole golf course and
implementation of the NSE Order 1169 aquifer test. SNWA owns and operates the MX-5 well which
was used as the primary production well during the NSE Order 1169 aquifer test. Annual production
volumes for Coyote Spring Valley are provided in Table C-3 of Appendix C.

Garnet and Hidden Valleys

Groundwater production in Garnet Valley has predominantly been associated with mineral mining,
electrical power generation, and industrial uses. There are several utility companies that lease
groundwater rights owned by SNWA who have constructed production wells and operate them to
supply water for industrial uses at their respective facilities. These entities report monthly production
totals to SNWA who in turn reports them to NDWR on a quarterly basis. In addition, Republic
Services operates several wells in support of their landfill operations in the southeast part of the
valley, however, records are unavailable prior to 1999. Records for well EBA-1 are unverified for the
period 1996 to 2000, and unavailable for wells GV-USLIME 1 and 2, Harvey, and GV-KERR prior to
1999. There has been no groundwater development in Hidden Valley. Annual production volumes for
Garnet Valley are provided in Table C-3 of Appendix C.
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Black Mountains Area

There are several wells completed in the carbonate aquifer in the northern portion of the Black
Mountains Area that is a designated part of the LWRFS. Two of these wells, owned by Dry Lake
Water, were constructed as production wells but have never been operational. The other wells, owned
by Nevada Cogeneration Associates, have been used to supply water to a power generating station.
Annual production volumes for the Black Mountains Area of the LWRFS are provided in Table C-3
of Appendix C.

California Wash

The MBPI has produced groundwater in the California Wash basin to supply municipal uses.
Production has been relatively small as compared to other uses in the LWRFS. Annual production
volumes for California Wash basin are provided in Table C-3 of Appendix C.
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5.0 HyYDROLOGIC RESPONSES

Using the time-series data compiled in Sections 3.0 and 4.0, hydrologic responses to natural and
anthropogenic stresses were evaluated for the LWRFS. First, observed declines in Muddy River
streamflow were evaluated. Second, responses to climate variability and carbonate-aquifer
groundwater production were evaluated for representative wells in the LWRFS and high-elevation
springs in the MRSA.

5.1 Evaluation of Muddy River Streamflow Declines

The Muddy River streamflow is measured near Moapa, NV as described in Section 3.4.1 and
depicted in Figure 3-6. The flood-adjusted flow record was used in this analysis and compared to the
average annual pre-development baseflow of 33,900 afy. By this comparison, a long-term trend of
decreasing streamflow since the early 1960s was identified (Figure 3-6). Although groundwater
production was occurring in the MRSA during the early 1960s and before, the uses remained in the
basin. In 1965, NVE began exporting water to supply industrial uses in the California Wash basin.
The disparity between the pre-development baseflow and gage record indicates there have been
factors impacting the flow over time. These may include one or more of the following: (1) climate
variability, (2) changes in land use above the gage, (3) surface-water diversions above the gage, and
(4) capture of spring and streamflows by production wells. These factors are evaluated in the
following sections.

5.1.1  Climate Variability

To investigate the effects of climate variability on the Muddy River streamflow, an evaluation of the
historical precipitation record was performed. Only precipitation is considered in this analysis
because it is the main climate variable affecting hydrology in the study area.

The winter-season precipitation record from 1895 to 2018 presented in Figure 4-2 was analyzed and a
simple-linear regression indicated a positive slope, but essentially no trend. The precipitation record
was also used to assess climate conditions before and after 1965. This year was selected to distinguish
two periods of record for analysis that represented pre- and post-exports of water from the area, even
though groundwater production in the MRSA had already been occurring since around 1947 (Eakin,
1964). Eakin (1964) reported that the groundwater production during this intervening period was
relatively small, and had no discernible affect on the gage record.

The average annual winter-season precipitation was computed for each period and used as a metric to
evaluate climate differences. The average annual winter-season precipitation was 4.17 and 4.50 in/yr,
pre- and post-1965, respectively. Based on these values and because the post-1965 average is slightly
higher, it is concluded that the historical trend in climate conditions have not been a primary factor
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causing the long-term trend of declining streamflow. The seasonal and annual variations in
precipitation and temperature may, however, explain the short-term variability observed in the
streamflow record.

5.1.2 Historical Land Use in the MRSA

Pre-development ET within the MRSA was estimated to be between 2,000 and 3,000 afy (Eakin,
1964). Land-use changes presumably have some impact on the consumptive use of water due to an
increase or decrease in vegetative cover. An increase in vegetative cover would increase consumptive
use, making less water available in the system. Conversely, if vegetative cover decreased,
consumptive use would also decrease and more water would be available. Examples of land-use
change include:

* replacing natural vegetation with agriculture lands

» fallowing agricultural lands

* restoring natural landscapes (e.g., removal of palm trees and replacing with natural
vegetation)

« fires

* stream restoration

To evaluate conditions in the MRSA and the influence of land-use changes in the early 2000s, SNWA
funded the DRI to compile and analyze satellite imagery and associated vegetation indices to estimate
ET for the period 2001 through 2012 (Huntington et al., 2013). The study area encompassed the
spring complexes, agricultural lands, and phreatophytes within the Muddy River headwaters, where
most of the changes have occurred.

The study applied two methods to derive ET estimates. The first method used Mapping
EvapoTranspiration at high Resolution with Internalized Calibration (METRIC), and the second used
the Normalized Difference Vegetation Index (NDVI). Both methods relied upon Landsat
multispectral data. Precipitation was subtracted from the ET estimates to yield results that are more
comparable from one year to the next, and also allow for the evaluation of changes independent of
precipitation influences.

The study results for each method are presented in Figure 5-1 which depicts the annual ET reduced by
annual precipitation for the study period. High and low values are observed in the estimates from both
methods and correspond with observed conditions that would be expected to have an impact on ET
rates in the area. The high estimate of 2005 is associated with increased vegetation density due to
above normal precipitation. Even though the precipitation falling directly on the ET area was
subtracted from the ET volume, the effects of the extraordinarily large precipitation of 2005 can be
seen in Figure 5-1. These effects are due to the increased recharge resulting from the increased
precipitation. During 2004-2005, precipitation was about 300 percent of the 2001-2012 average. The
low estimate of 2010 is associated with a major fire that burned more than 600 acres. During the years
analyzed, other more gradual and subtle changes occurred involving landscape restoration and the
removal of palm trees and weeds in the Warm Springs Natural Area. These changes may have
contributed to the decline observed over the analysis period.
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Figure 5-1
Annual ET Reduced by Precipitation for Muddy River Springs Area (2001 -2012)

Although there were land-use changes observed during the years analyzed, the range of ET estimates
closely aligns with the pre-development estimate of Eakin (1964). Estimates ranged from about 2,200
to 3,400 afy, and the estimates declined over the period of analysis by about 600 to 900 afy based on
the METRIC and NDVI methods, respectively. These changes are relatively small compared to the
measured flow of the Muddy River and appear to be within the range of seasonal variability observed
during the period of pre-development baseflow from 1945 to 1955 (Figure 3-6).

5.1.3 MRSA Surface-Water Diversions

A natural-flow record was constructed for the period 1993 through 2017 by adding the total annual
diversions above the MR Moapa gage to the flood-adjusted record (Figure 5-2). This period of record
was selected because diversion data for the years prior to 1993 were incomplete or based on estimated
values as opposed to metered records.
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Figure 5-2
Natural Flow Record at MR Moapa Gage (1993 - 2017)
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The diversion data used to construct the natural flow record include the MVWD diversions at
Baldwin and Pipeline-Jones springs and the NVE diversion directly above the gage (Figure 4-4).
Water associated with these diversions was exported out of the basin to supply municipal uses within
the MVWD service area and NVE industrial uses in California Wash basin. Figure 5-2 compares the
natural flow record to the pre-development baseflow flow of 33,900 afy. Long-term climate
variability and MRSA land-use were determined not to be primary factors causing the long-term
trend of declining streamflow. Therefore, the difference between the pre-development baseflow and
the natural flow record must be mostly associated with groundwater production within the MRSA.

5.1.4 MRSA Groundwater Production

MRSA groundwater production and its influence on Muddy River streamflow was evaluated by
quantifying the difference between the pre-development baseflow, 33,900 afy, and the natural flow
record (hereinafter referred to as the “MR Flow Deficit” depicted in Figure 5-3), and determining
whether the difference and source of the deficit is equivalent to the annual groundwater production
within the MRSA. Like the surface-water diversion data, groundwater-production records from 1993
through 2017 were used in the analysis.
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Figure 5-3
MR Flow Deficit (1993 - 2017)

As described in Section 4.2.2.1, there are several alluvial wells in the MRSA that are completed to
shallow depths within the headwaters of the Muddy River. NVE has operated these wells to supply
water for industrial uses in California Wash basin. Operation of the wells creates cones of depression
that induce flow to the wells, capturing water from reservoir storage, springs, and seeps on the valley
floor, and gaining stream reaches above the gage. Conceptually, the wells capture water that would
otherwise compose the flows measured at the gage during pre-development conditions. The locations
of these wells and their historical production are presented in Figures 4-5 and 4-6, respectively.

In addition to the shallow alluvial wells operated by NVE, MVWD operates three municipal wells
within the MRSA and northwest of the alluvial basin (i.e., Arrow Canyon 1, Arrow Canyon 2, and
MX-6). These wells produce groundwater to supply municipal uses within the MVWD service area,
but primarily to locations outside the MRSA. The locations of these wells and their historical
production are presented in Figure 4-5 and 4-7, respectively.
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Figure 5-4 presents a time-series chart of the MR Flow Deficit and MRSA groundwater production.
Production from two wells, Perkins and Behmer, was excluded from the total because of their
location in proximity to the MR Moapa gage. These wells are located downstream of the gage and are
unlikely to influence the streamflow above the gage. As Figure 5-4 illustrates, groundwater
production within the MRSA can fully account for the MR Flow Deficit observed for the period of
analysis. Included on the chart is groundwater production by CSI and SNWA from production wells
located farther away within Coyote Spring Valley and upgradient of the MRSA.
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Figure 5-4
MR Flow Deficit and Coyote Spring Valley and MRSA Groundwater Production

There are certain years when the MR Flow Deficit appears to be too low (1993 and 1994) or too high
(2003 and 2004) with respect to the annual groundwater production. This can be explained, in part, by
the fluctuations in Muddy River streamflow caused by short-term variability in climate conditions as
compared to the constant pre-development baseflow. During years of above average flow, the MR
Deficit is apparently low because the difference between the pre-development baseflow and the
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above-average streamflow is smaller. Conversely, in years that the streamflow is below average, the
MR Flow Deficit is apparently high because the difference is larger.

Regardless of the streamflow variability, the results of this analysis conclusively demonstrate the
impacts MRSA groundwater production has on MR streamflow. Groundwater production from the
MRSA alluvial reservoir depletes MR streamflow on a 1:1 basis because the production wells are
within the MR headwaters and capture water that would otherwise flow into the river and past the MR
Moapa gage. This is supported by the fact the production volumes fall beneath the MR Flow Deficit
line as depicted in Figure 5-4. In similar fashion, MRSA production wells completed in the carbonate
aquifer capture water that would otherwise replenish the alluvial reservoir through diffuse subsurface
flow or via discrete springs. Capturing this groundwater ultimately depletes the source of supply to
the alluvial reservoir and springs; thereby, depleting the MR streamflow. Based on the accounting
depicted in Figure 5-4, the carbonate production wells deplete the MR streamflow approaching a
1:1 basis.

5.2 Carbonate-Aquifer Responses to Climate Variability and Pumping Stresses

Throughout the LWRFS, there are many groundwater sites that are monitored and provide
information on groundwater conditions regarding the carbonate aquifer. These sites include
production and monitor wells completed in the carbonate aquifer and various springs in the MRSA. In
this section, an evaluation of the hydrologic responses to climate variability and groundwater
production at wells and springs representative of the carbonate aquifer is presented.

5.2.1 Responses to Climate Variability

An extensive database of groundwater levels exists for wells located in the LWRFS. These data were
analyzed to evaluate current groundwater conditions, hydraulic gradients, and flow directions as
described in Section 3.4.2, and aquifer responses to climate variability in this section.

Time-series charts of water-level data for representative carbonate wells located in each of the basins
composing the LWRFS were constructed and are presented in Figure 5-5 for wells CSVM-1, GV-1,
BM-DL-2, PAIUTES-TH2, and EH-4. As these charts illustrate, groundwater levels respond in the
same manner throughout the LWRFS. The responses are indicative of a high degree of hydraulic
connection within the aquifer and across all of the basins. Based on a review of all of the data, the
only apparent exception is within Coyote Spring Valley for wells CSVM-3 and CSVM-5 (SNWA,
2018). These two wells are different because of their geologic setting and completion in the upthrown
structural blocks of the southern Delamar Mountains and Sheep Range, respectively, as described in
Section 3.4.2. Time-series charts for these two wells, CSVM-4 and KMW-1, which are completed
within the Kane Springs fault zone, and CSMV-1 are presented in Figure 5-6. As Figure 5-6
illustrates, the wells within the Coyote Spring structural basin respond in the same manner, although
responses in CSVM-4 and KMW-1 appear to be slightly attenuated by the Kane Springs fault.
Responses observed in CSVM-3 and CSVM-5 are distinctly different.

The time-series charts are presented with precipitation data from the Nevada Division 4 as described
in Section 4.1. In this figure, annual winter-season precipitation is represented as a percentage of
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Figure 5-5
Water-Level Responses in Representative Carbonate Wells
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Water-Level Responses in Representative Carbonate Wells
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average winter-season precipitation for the period 1990 through 2018. The charts illustrate the
seasonal responses of groundwater levels to recharge pulses, with levels typically achieving their
annual peak in April. The amplitudes of these seasonal fluctuations are generally consistent except for
years when the percent of average precipitation is extraordinary, like in 2004-2005. For the winter
months spanning October 2004 through March 2005, the percent of average precipitation was nearly
300 percent, the highest percentage for the 1895 to 2018 period of record. Water levels in all
carbonate wells increased accordingly in 2005, and by the spring of 2006 most wells reached their
period of record high. After 2006, water levels declined and appeared to stabilize from 2008 through
2010, prior to the start of the NSE Order 1169 aquifer test.

In the MRSA, the Pederson Spring and the Warm Springs West gage records are used a indicators of
how changes in aquifer conditions affect discharge from the regional springs in the area. These
records are described in detail in Section 4.0 and are presented in Figure 5-7 with the percent of
average precipitation and groundwater production from the carbonate aquifer. The gage records
respond in the same manner as the carbonate-aquifer water levels, reaching peak discharge levels in
the spring of 2006 after the extraordinary precipitation during 2004-2005. Like the groundwater
levels, after 2006 the spring discharge declined, then stabilized prior to the start of the NSE Order
1169 aquifer test.

5.2.2  Groundwater Production - NSE Order 1169 Aquifer Test and Recovery

Groundwater production from the carbonate aquifer is described in Section 4.2.2.2 and presented by
basin in Figure 4-7. Regional responses to local pumping stresses are difficult to discern in the
water-level records which typically only vary about 6 ft throughout the entire LWFRS over the
various periods of record. On an annual basis, the typical seasonal fluctuations from recharge pulses
are less than 2 ft. These seasonal responses and longer-term trends associated with climate variability
mask the subtle effects of gradual changes in the relatively consistent pumping regime. Only abrupt
and significant changes to the pumping regime, such as those implemented as part of the NSE Order
1169 aquifer test, cause responses that are discernible in the water-level and spring-discharge records
(Figures 5-7 through 5-10). These responses and interpretations of the test results are documented in
several reports that were submitted to the NSE in 2013 and summarized in Section 2.0. In summary,
water-levels in the carbonate aquifer declined from 1.0 to 2.5 ft throughout the LWRFS as a result of
the stresses imposed during the aquifer test, including Kane Springs Valley.

In general, responses to groundwater production are even more difficult to discern in the spring
discharge records. The measurement accuracy of the Pederson and Warm Springs West gages and the
variability of discharge due to seasonal fluctuations and long-term trends associated with the
carbonate aquifer make it difficult to identify responses to pumping stresses. However, responses to
pumping stresses imposed during the Order 1169 aquifer test were very apparent in these records. As
Figure 5-7 illustrates, by the end of the 2-year test, discharge from Pederson Spring was reduced to
about one-third of its pre-test flow, from 0.21 to 0.07 cfs. Discharge measured at the Warm Springs
West gage declined about 8 percent, from 3.70 to 3.41 cfs. After the test, discharge at the Warm
Springs West gage continued to decline and, had the test or operation of the MX-5 well continued, the
initial trigger of 3.2 cfs at the Warm Springs West gage would have been reached before the end of
2014.
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MRSA Spring Discharge and Carbonate-Aquifer Groundwater Production
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Figure 5-8
Carbonate-Aquifer Water Levels and Groundwater Production

Section 5.0

SE ROA 37754

JA_9260



Southern Nevada Water Authority

1,823

1,822

1,821

1,820

Elevation (ft amsl)

1,819

1,818

1,817

1,813

1,812

1,811

1,810

Elevation (ft amsl)

1,809

1,808

1,807

350%

300%

250%

200%

150%

Percent of Average

100%

50%

0%

12,000

10,000

8,000

6,000

4,000

Annual Production (af)

2,000

CSVM-1

(Coyote Spring Valley)

* Order-1169
. Test Period

"1 [End of MX-5 Pumping]

1993

1994 1995 1996

1997

1998

1999 2000 2001

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

GV-1
(Garnet Valley)

2012 2013 2014 2015 2016 2017 2018

I
1993

I I I
1994 1995 1996

I
1997

I
1998

Nevada Cllmate Division 4 Percent of Winter-Season Average (1990 2018)

I I I
1999 2000 2001

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

2012 2013 2014 2015 2016 2017 2018

(== Above Average

B Below Average |

1993

T T T
1994 1995 1996

T
1997

T
1998

T T T
1999 2000 2001

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Carbonate Groundwater Production

2012 2013 2014 2015 2016 2017 2018

I California Wash

Coyote Spring Valley
Muddy River Springs Arca

3 Gamet Valley

[ Black Mountains Area |_ _ |

1993

1994 1995 1996

1997

1998

1999 2000 2001

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

2012 2013 2014 2015 2016 2017 2018

m Section 5.0

Figure 5-9

Carbonate-Aquifer Water Levels and Groundwater Production

SE ROA 37755

JA_ 9261



Water Resource Conditions of the LWRFS, 2018

1,816

PAIUTES-TH2

1,815

1,814

1,813

Elevation (ft amsl)

1,812

1,811

1,810

(California Wash)

. Order;1169

1993

1,818

1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

EH-4

1,817

1,816

1,815

Elevation (ft amsl)

1,814

1,813

1,812

(Muddy River Springs Area)

1

350%

993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Nevada Climate Division 4 Percent of Winter-Season Average (1990-2018)

B Above Average

300% -
250%

200%

150%

Percent of Average

100%

50%

0%

B Below Average] | . . . . . . . . . . . . . . . . . . T

1

12,000

993 1994 1995 1996 1997 1998 1999 2000 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Carbonate Groundwater Production

10,000

8,000

6,000

4,000

Annual Production (af)

2,000

-4 |EEE California Wash

=3 Garnet Valley . . . . . . . . . . . . . . . . . or

I Coyote Spring Valley == Black Mountains Area | _°

[ Muddy River Springs Arca

I I I
2016 2017 2018

1993 1994 1995 1996 1997 1998 1999 2000 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Figure 5-10
Carbonate-Aquifer Water Levels and Groundwater Production

Section 5.0

SE ROA 37756

JA_9262



Southern Nevada Water Authority

Recovery from the pumping stresses imposed during the aquifer test was less than expected, and
never reached pre-test levels. There were two primary factors that influenced the initial recovery
record observed during 2013: (1) continued pumping of the MX-5 well and (2) the seasonal responses
to recharge pulses. Continued pumping of the MX-5 well muted the recovery response during a
period in which water levels increase to their typical season high in April. After the MX-5 well was
shut down in mid-April 2013, the recovery response was attenuated by the seasonal water-level
decline that starts in May and reaches a low in October. Although these factors complicated the 2013
record, the subsequent years of monitoring provided a clear picture of the recovery response and the
following observations are made:

» Carbonate-aquifer water levels have not recovered to pre-test levels.

* Spring flows measured at the Pederson Spring and Warm Springs West gages have not
recovered to pre-test levels.

* Recovery achieved its maximum levels between the first quarters of 2015 and 2016.

5.3 Water-Resource Implications

The carbonate aquifer composing the LWRFS extends into Kane Springs Valley, and recharge derived
locally within the basin flows into northern Coyote Spring Valley. Responses to natural and
anthropogenic stresses observed in monitor wells located in northern Coyote Spring Valley
(CSVM-4) and southwest Kane Springs Valley (KMW-1) indicate there is hydraulic continuity within
the aquifer between this area and production wells in southern Coyote Spring Valley. The effects of
groundwater production in Kane Springs Valley will propagate into Coyote Spring Valley and be
additive to any effects caused by pumping stresses elsewhere in the LWRFS, even if the effects are
attenuated by the Kane Springs fault. Spring flows from high-elevation springs in the MRSA are
highly sensitive to small changes in hydraulic head, and to ensure the long-term protection of these
flows and senior water-rights, Kane Springs Valley should be included as part of the LWRFS
administrative unit.

As previously discussed, the carbonate aquifer is the source of all perennial springs and seeps in the
MRSA that sustain the local alluvial reservoir and Muddy River streamflow. Based on the analysis
described in Section 5.2, groundwater levels (i.e., hydraulic heads) in the carbonate aquifer are highly
sensitive to natural and anthropogenic stresses. Discharge from the MRSA springs also responds to
these stresses; however, the responses are highly dependent on the elevations of the spring orifices.
The elevation of a spring orifice controls the hydraulic potential (hydraulic head in the carbonate
aquifer minus spring-orifice elevation) driving its discharge. The hydraulic potential driving spring
discharge decreases with increasing spring elevation, resulting in increasing levels of sensitivity to
natural and anthropogenic stresses affecting groundwater levels in the carbonate aquifer.

Figure 5-11 presents the MRSA spring locations with Light Detection and Ranging (LIDAR)
elevation data to illustrate the distribution of spring complexes and stream reaches with respect to
ground-surface elevations. Spring orifices and gaining stream reaches occurring at higher elevations
are more susceptible to changes in groundwater levels than lower elevations. For instance, discharge
from high-elevation springs in the MRSA respond in a manner that is consistent with changes in the
groundwater levels in the carbonate aquifer. Small changes in groundwater levels during the NSE
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Order 1169 aquifer test resulted in reduced discharge from the Pederson Spring Complex. Springs
that occur at lower elevations have a greater hydraulic potential and are less sensitive to such changes.

Since 2016, carbonate groundwater levels and discharge measured at Pederson Spring and Warm
Springs West gages have declined. A significant increase in carbonate groundwater production, such
as that which occurred during the NSE Order 1169 aquifer test, will increase the rate of decline (see
Figures 5-7 through 5-10) so that the 2006 MOA trigger ranges are encountered much sooner. In this
case, groundwater production would be restricted per the annual volumes listed in Table 1-1.

It is unclear whether the observed declines since 2016 are mainly caused by the slight increase in
carbonate groundwater production, a sequence of below average precipitation since the end of the
aquifer test, or a combination of the two. However, it should be noted that the declines occurred even
though the 2017 winter-season precipitation was above average. Precipitation can neither be
predicted nor controlled; therefore, monitoring the response of the flow system and managing
groundwater production is the only way to avoid reaching the protective triggers and impacting senior
water rights. Based on this assessment, the following conclusions are made:

* Flow measured at the Warm Springs West gage will reach trigger ranges sooner and at lower
production rates than initially contemplated,

* Given the current rates of carbonate groundwater production, recovery of groundwater levels
and spring discharge to pre-test levels is not possible without extraordinary hydrology such as
the 2004-2005 winter-season precipitation; and

* Even with such extraordinary hydrology, subsequent years of lesser precipitation with similar
groundwater production volumes will result in a resumption of declining trends as has been
observed in the historical record.
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6.0 SUMMARY AND CONCLUSIONS

An assessment of the current water-resource conditions for the LWRFS was performed and an
analysis was completed to evaluate hydrologic responses to natural and anthropogenic stresses
observed at various locations of interest. The analysis considered time-series data for several
variables that describe the historical conditions of the hydrologic system over a period of decades.
The objectives of the analysis were to assess the following:

* Evaluate hydrologic responses to the variable stress conditions affecting the LWRFS;
» Evaluate the recovery responses associated with the cessation of the 2-year aquifer test; and
* Identify trends in the behavior of key hydrologic variables.

The analysis focused on the historical behavior of the Muddy River streamflow and the carbonate
system composing the LWRFS. The results and conclusions from this assessment are summarized in
the following sections.

Muddy River Stream Flow

An evaluation of Muddy River streamflow was performed to identify the likely causes of a long-term
trend of declining streamflows observed at the MR Moapa gage since the early 1960s. Long-term
climate variability and changes in land use were ruled out as major contributors to the decline. Annual
records of winter-season precipitation, a reflection of climate conditions, indicate that the average
annual precipitation during the period of declining streamflow (post-1965) is not substantively
different than the average for the period prior to the decline (pre-1965). Land-use changes during this
period may have had very short-term effects, but the incremental changes in consumptive uses above
the gage have been minimal. The most likely causes of streamflow declines have been surface-water
diversions and MRSA groundwater production above the MR Moapa gage.

A period from 1993 to 2017, in which comprehensive records of Muddy River streamflow,
surface-water diversions and groundwater production are available, was analyzed to estimate the MR
Flow Deficit. An average annual natural-flow record was constructed by adding annual surface-water
diversions to the flood-adjusted flow record of the MR Moapa gage. The annual MR Flow Deficit
was estimated by computing the difference between the average annual pre-development flow of the
Muddy River and the natural-flow record. An analysis was performed to determine whether MRSA
groundwater production could account for the MR Flow Deficit. The results of the analysis yielded
the following observations and conclusions:

* Muddy River streamflow declined from a pre-development condition of 33,900 afy to a
minimum of about 22,000 af in 2002.
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» Since 2002, streamflow has steadily increased to its current rate of over 30,000 afy as a result
of reduced surface-water diversions and MRSA groundwater production.

* The MR Flow Deficit peaked at about 7,500 af in 2003, and was about 3,500 af in 2017.

*  MRSA groundwater production above the MR Moapa gage peaked in 2000 at 7,850 af, and
was 3,200 af in 2017.

* Groundwater production from the MRSA alluvial reservoir depletes Muddy River streamflow
on a 1:1 basis.

* Groundwater production from MRSA carbonate wells deplete Muddy River streamflow
approaching a 1:1 basis.

Hydrologic Responses to Natural and Anthropogenic Stresses

An analysis of the hydrologic responses to natural and anthropogenic stresses at wells and springs
representative of the carbonate aquifer was performed for the LWRFS. Time-series charts of
groundwater levels and gage records for the Pederson Spring and Warm Springs West gages were
prepared for the period 1993 to 2018. To assess groundwater-level and spring-discharge responses to
climate variability and pumping stresses, these charts were compared to time-series of average annual
winter-season precipitation and annual carbonate-aquifer groundwater production. The analysis
observations and conclusions are listed below:

» Aquifer responses to climate variability are uniform across the entire LWRFS.

*  Widespread responses to pumping stresses associated with the NSE Order 1169 aquifer test
were observed in groundwater-level and spring-discharge records.

* By the end of the aquifer test, discharge from Pederson Spring decreased by about 0.15 cfs (to
about 1/3 of baseflow).

» Spring discharge as measured at the Warms Springs West gage decreased about 0.3 cfs (< 10%
of baseflow).

» Continuation of the aquifer-test or pumping from the MX-5 well would have reduced flows at
the Warm Springs West gage to the initial 2006 MOA trigger level (3.2 cfs).

» Groundwater levels and spring discharge rates have not recovered to pre-test levels.
* Recovery achieved its maximum levels between the first quarters of 2015 and 2016.

* Groundwater levels and spring discharge-rates have declined since 2016.
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Water-Resource | mplications

Based on the data evaluation and analysis, the following water-resource implications associated with
current conditions and the prospects of future groundwater development were identified:

» Kane Springs Valley should be included as part of the LWRFS administrative unit because the
carbonate aquifer extends beneath the basin, recharge derived locally within the basin flows
into Coyote Spring Valley, and responses to natural and anthropogenic stresses observed in
monitor wells located in northern Coyote Spring Valley (CSVM-4) and southwest Kane
Springs Valley (KMW-1) indicate there is hydraulic continuity within the aquifer between this
area and production wells in southern Coyote Spring Valley.

» High-elevation springs in the MRSA are highly sensitive to changes in carbonate groundwater
levels and are most susceptible to carbonate groundwater production;

* A significant increase in carbonate groundwater production, such as that which occurred
during the NSE Order 1169 aquifer test, will cause sharp groundwater-level and
spring-discharge declines;

* Flow measured at the Warm Springs West gage will reach trigger ranges sooner and at lower
production rates than initially contemplated;

* @Given the current rates of carbonate groundwater production, recovery of groundwater levels
and spring discharge to pre-test levels is not possible without extraordinary hydrology such as
the 2004-2005 winter-season precipitation; and

* Even with such extraordinary hydrology, subsequent years of lesser precipitation with similar
groundwater production volumes will result in a resumption of declining trends as has been
observed in the historical record.
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Table A-1
Site Table for Wells
(Page 1 of 3)
UT™M UTM Surface Drill Well Depth to Water Level
Northing Easting Elevation Depth Depth Well Well Water Level Water Elevation

Site Name (m) (m) (ftamsl) | (ft bgs) | (ft bgs) | Type'! | Completion | Obs. Date (ft-bgs) (ft amsl)
Kane Springs Valley (HA 206)
KMW-1 ‘ 4,098,863 | 689,882 | 2,870.60 | | M | Carbonate | 3/6/2018 992.42 1878.18
COYOTE SPRING VALLEY (HA 210)
BEDROC 1 4,094,151 679,399 2,492.44 - - P Basin Fill - - -
BEDROC 2 4,094,374 679,009 2,529 - - P Basin Fill - - -
CE-VF-1 4,083,038 683,025 2,468.34 714 714 M Basin Fill 2/14/2018 551.37 1,916.97
CE-VF-2 4,082,892 683,007 2,468.35 1,221 1,221 M Carbonate 2/14/2018 600.41 1,867.94
CSlI-1 4,074,459 686,044 2,278.05 935 920 P Carbonate - - -
Csl-2 4,075,780 687,084 2,208.94 1,019 1,015 P Carbonate 3/12/2018 390.95 1,818
CSI-3 4,077,518 685,809 2,334.51 1,156 1,152 P Carbonate 3/12/2018 515.88 1,818.63
Csl-4 4,080,224 682,409 2,511.88 - - P Carbonate 3/12/2018 693.35 1,818.53
CSV-1 4,071,630 691,378 2,160.25 765 765 M Basin Fill 3/7/2018 350.46 1,809.79
CSV-2 4,072,967 703,217 2,188.68 - 478 M Carbonate 2/22/2018 395.43 1.790.47
CSV-3 4,062,583 685,222 2,415.93 780 780 M Basin Fill 2/14/2018 594.95 1,820.98
CSV3009M 4,094,987 681,079 2,595.08 1,580 1,578 M Basin Fill 2/14/2018 493.95 2,101.14
CSV3011M 4,094,873 684,075 2,665.72 1,580 1,655 M Basin Fill 2/14/2018 751.11 1,914.61
CSVM-1 4,073,793 688,602 2,160.60 1,060 1,040 M Carbonate 2/14/2018 342.08 1,818.52
CSVM-2 4,059,370 685,625 2,5672.74 1,425 1,400 M Carbonate 2/14/2018 751.72 1,821.02
CSVM-3 4,102,600 679,319 2,650.68 1,230 1,200 M Carbonate 2/14/2018 444.22 2,206.46
CSVM-4 4,095,971 688,086 2,842.38 1,605 1,600 M Carbonate 3/12/2018 969.63 1,872.75
CSVM-5 4,068,774 680,295 3,130.70 1,783 1,780 M Carbonate 2/14/2018 1,079.83 2,050.87
CSVM-6 4,078,333 686,453 2,251.66 1,200 1,180 M Carbonate 2/14/2018 435.59 1,816.07
CSVM-7 4,101,968 678,234 2,692.08 610 607 M Basin Fill 2/14/2018 44422 2,247.86
CSV-RW2 4,074,082 687,862 2,200.06 720 710 P Carbonate 3/16/2018 383.48 1,816.58
DF-1 4,078,687 686,980 2,229.22 - 170 M Basin Fill - - -
MX-4 4,074,276 688,003 2,177.02 669 669 M Carbonate - - ---
MX-5 4,074,219 688,084 2,176.13 628 628 P Carbonate 2/14/2018 357.37 1,818.76
BLACK MOUNTAINS AREA (HA 215)
BM-DL-1 4,019,493 689,926 2,467.94 1,400 1,400 M Carbonate - -—- -—
BM-DL-2 4,019,591 689,270 2,487.56 1,800 1,800 M Carbonate 3/12/2018 675.03 1,812.53
BM-ONCO-1 4,010,748 702,650 2,055.83 1,291 1,291 M Basin Fill - - -
BM-ONCO-2 4,010,722 702,054 2,098.17 1,575 1,570 M Basin Fill - - -
EBM-3 4,018,550 689,601 2,390.18 1,241 900 M Carbonate 3/1/2018 740 1,648.4
EBM-4 4,018,828 689,782 2,391.36 1,134 1,129 P Carbonate - - -
EBM-5 4,019,030 689,858 2,440.7 1,400 1,014 P Carbonate - - -
EBM-6 4,018,803 689,765 2,421.3 1,401 1,000 P Carbonate
EBP-2 4,018,604 689,629 2,442.456 1,214 1,214 P Carbonate - - -
EGV-3 4,019,000 689,857 2,434.21 960 955 P Carbonate
Appendix A “
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Table A-1
Site Table for Wells
(Page 2 of 3)
UTM UTM Surface Drill Well Depth to Water Level
Northing Easting Elevation Depth Depth Well Well Water Level Water Elevation

Site Name (m) (m) (ftamsl) | (ft bgs) | (ft bgs) | Type! | Completion | Obs. Date (ft-bgs) (ft amsl)
GARNET VALLEY (HA 216)
CRYSTAL 1 4,039,716 694,389 2,072.67 497 497 M Carbonate 3/16/2018 261.81 1,810.65
CRYSTAL 2 4,039,284 694,146 2,068.52 465 465 M Carbonate 3/16/2018 258.76 1,811.15
EBA-1 4,024,108 686,513 2,426.99 1,598 1,200 P Carbonate - — —
FIRST SOLAR 4,033,129 683,330 2,603.216 2,000 1,990 P Carbonate 1/8/2018 792.89 1,810.33
GARNET 4,036,387 693,046 2,096.68 500 - M Basin Fill - - -
GV-1 4,034,143 682,983 2,691.14 1,400 1,400 M Carbonate 2/12/2018 883.46 1,807.68
GV-2 4,025,690 686,227 2,424.08 1,232 1,232 P Carbonate 3/12/2018 609.94 1,814.14
GV-DUKE-WS1 4,029,104 686,286 2,243.50 685 685 P Carbonate 3/12/2018 432.73 1,810.77
GV-DUKE-WS2 4,029,097 686,199 2,246.721 2,020 1,965 P Carbonate 3/12/2018 432.57 1,814.15
GV-KERR 4,029,147 683,738 2,404.601 1,145 1,145 P Carbonate - - -
GV-LENZIE-32 4,029,329 686,247 2,247 1,940 1,920 P Carbonate 3/12/2018 432.16 1,814.84
GV-MIRANT1 4,032,318 683,115 2,567.87 2,007 1,979 P Carbonate - - -—-
GV-PW-MWA1 4,031,730 683,460 2,502.27 1,500 1,500 M Carbonate 2/12/2018 691.6 1,810.67
GV-PW-MW2 4,031,488 682,652 2,524.79 1,500 1,500 M Carbonate 3/12/2018 714.83 1,809.96
GV-PW-WS1 4,031,435 683,005 2,532.28 2,000 2,000 P Carbonate 3/12/2018 733.44 1,798.84
GV-RW1 4,036,645 692,928 2,069.2 870 833 P Carbonate - - -
GV-USLIME1 4,026,564 687,748 2,286.48 860 860 P Carbonate
GV-USLIME2 4,029,329 687,739 2,155.333 500 500 P Basin Fill - - -—-
PAIUTES-M3 4,044,302 691,536 2,237.69 670 670 M Carbonate 3/11/2018 423.11 1,811.89
RS-PW-1 4,028,841 690,787 2,240 -—- 860 P Clastic 3/13/2018 516.28 1,723.72
RS-PW-2 4,027,890 690,674 2,412 -—- - P Carbonate - - -—
RS-PW-3 4,029,719 691,026 2,162 720 720 P Carbonate - - -
RS-PW-5 4,029,626 691,053 2,175 - - P Carbonate - - -
RS-PW-6 4,026,318 | 690,552 2,471 P Carbonate
RS-PW-7 4,027,940 | 691,938 2,423 940 940 P Carbonate
HIDDEN VALLEY (HA 217)
SHV-1 4,047,256 ‘ 685,751 | 2,650.32 | 920 ‘ 920 | M ‘ Basin Fill
CALIFORNIA WASH (HA 218)
BYRON 4,051,282 710,993 1,903.06 1,095 1,095 M Basin Fill 3/8/2018 238.5 1,664.56
PAIUTES-ECP1 4,046,590 696,729 2,233.8 1,170 1,125 P Carbonate - - -
PAIUTES-ECP2 4,046,742 696,723 2,228.33 — — P Carbonate - ~— —
PAIUTES-ECP3 4,046,984 696,714 2,243.08 - - P Carbonate - - -
PAIUTES-M1 4,057,109 704,517 1,898.09 400 400 M Carbonate 2/17/2018 82.22 1,813.47
PAIUTES-M2 4,040,876 695,836 2,108.53 680 680 M Carbonate 2/17/2018 298.13 1,810.37
PAIUTES-TH1 4,044,959 697,234 2,169.95 - - P Carbonate - - -
PAIUTES-TH2 4,049,916 697,684 2,340.59 - 1,200 M Carbonate 3/11/2018 526.06 1,812.03
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Table A-1
Site Table for Wells
(Page 3 of 3)
UT™M UT™M Surface Drill Well Depth to Water Level
Northing Easting Elevation Depth Depth Well Well Water Level Water Elevation

Site Name (m) (m) (ftamsl) | (ft bgs) | (ft bgs) | Type'! | Completion | Obs. Date (ft-bgs) (ft amsl)
MUDDY RIVER SPRINGS AREA (HA 219)
ABBOTT 4,065,656 706,443 1,715.284 101 100 M Basin Fill 3/16/2018 12.65 1,699.69
ARROW CANYON 4,067,763 701,108 1,860.7 565 565 P Carbonate
ARROW CANYON 2 | 4,067,750 701,083 1,860.7 746 742 P Carbonate
BEHMER 4,065,080 706,031 1,715.77 115 115 P Basin Fill 3/30/2018 9.3 1,707.29
CSV-1 4,071,630 691,378 2,160.25 765 765 M Basin Fill 3/7/2018 350.46 1,809.79
CSV-2 4,072,967 703,217 2,188.68 478 M Carbonate 2/22/2018 395.43 1,790.47
EH-4 4,064,736 703,929 1,933.93 285 285 M Carbonate 3/16/2018 120.56 1,813.37
EH-5B 4,067,619 701,569 1,844.8 265 264 M Carbonate 3/16/2018 31.41 1,813.39
LDS CENTRAL 4,066,544 704,114 1,762.15 106 106 P Basin Fill
LDS EAST 4,066,594 704,479 1,752.61 195 195 P Basin Fill 3/16/2018 7.16 1,745.97
LDS WEST 4,067,083 702,746 1,807.26 80 80 P Basin Fill 3/16/2018 19.18 1,788.62
LEWIS 1 4,068,043 702,164 1,823.069 80 80 P Basin Fill
LEWIS 1 OLD 4,068,229 702,077 1,828.71 58 58 M Basin Fill 3/16/2018 29.64 1,799.07
LEWIS 2 4,067,886 702,365 1,825.45 66 66 P Basin Fill 3/16/2018 26.25 1,799.79
LEWIS 3 4,068,022 701,963 1,825.078 70 70 P Basin Fill
LEWIS 4 4,067,618 702,029 1,832.874 97 97 P Basin Fill
LEWIS 5 4,067,484 702,195 1,828.109 93 88 P Basin Fill
LEWIS NORTH 4,067,872 701,589 1,844.71 70 70 M Basin Fill 3/16/2018 34.57 1,810.14
LEWIS SOUTH 4,067,266 702,737 1,809.61 91 90 M Basin Fill 3/16/2018 14.38 1,793.72
MX-6 4,071,381 697,482 2,277.94 937 937 P Carbonate 3/27/2018 463.4 1,814.71
PERKINS OLD 4,065,223 705,637 1,728.51 150 70 M Basin Fill 3/16/2018 20.81 1,707.7
P T ON 4065206 | 705693 | 1,734.861 | - P BasinFill | 3/16/2018 2167 1,713.191
UMVM-1 4,070,248 694,305 2,061.88 1,785 1,780 M Carbonate 3/7/2018 247.34 1,814.54

'Well Type: M = Monitoring well, P = Production well
SGV-LENZIE-3 is the replacement well for GV-DUKE-WS2, which was plugged and abandoned in 2016
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Table B-1
Surface Water Diversions above the Moapa Gage in the MRSA
MVWD MVWD
NVE Muddy River just Baldwin Jones
above Moapa Gage Springs Spring
Year (afy) (afy) (afy)
1993 2,871 922 684
1994 2,462 948 660
1995 2,950 1,449 750
1996 3,219 1,707 659
1997 2,494 1,771 656
1998 2,296 646 700
1999 2,585 250 656
2000 3,063 53 635
2001 3,573 101 690
2002 3,727 210 635
2003 3,651 9 653
2004 2,923 44 664
2005 2,535 248 642
2006 1,659 569 699
2007 2,776 719 681
2008 2,791 332 702
2009 2,496 1,166 322
2010 2,283 1,119 202
2011 1,287 605 3
2012 393 27 3
2013 17 131 1
2014 230 990 50
2015 92 0
2016 89 0
2017 126 0
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Pumped by Nevada Energy

Table C-1
Shallow Alluvial Wells in the Muddy River Springs Area

Depth Top Bottom
Section Cased Perf Perf Well
Well Name | Well Log | Township | Range Section Quarter (a) (a) (a) Finish Date
Lewis 1 27268 14S 65E 8 SW NE 91 30 90 07-Mar-86
Lewis 2 62870 148 65E 8 SE NE 100 35 100 22-Jun-72
Lewis 3 12727 14S 65E 8 SE NE 100 35 100 22-Jun-72
Lewis 4 10853 14S 65E 8 NW SE 97 38 88 12-Apr-69
Lewis 5 10852 14S 65E 8 NW SE 93 38 88 06-May-69
Perkins 31969 14 65E 22 NE NE 135 25 125 16-Jun-88
Production
Behmer 15623 14S 65E 23 NW NW 115 30 115 20-May-76
LDS East 102501 148 65E 15 NW NwW 77 17 77 15-Jun-88
LDS 102500 148 65E 16 NE NE 50 25 50 15-Jun-88
Central
LDS West 62880 14S 65E 9 SW SwW 80 10 80 26-Nov-68
2Depth cased, Top Perf (top of perforations) and Bottom Perf (bottom of perforations) depths are in feet below land surface.
bWell completion dates listed are the most recent well restoration/repair dates and may not reflect installation dates.
C-1
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Table C-2

Groundwater Diversions in MRSA and CSV

Alluvial Well Development (afy)

Carbonate Well Development (afy)

NVE Lewis NVE, LDS Perkins & MVWD csi SNWA

Year Wells Wells Behmer Wells Wells Development! | Development?
1993 1,648 958 1048 1,169 - -
1994 2,075 1,467 886 894 - -
1995 1,299 1,583 581 678 - -
1996 1,522 2,097 1,134 705 - -
1997 1,194 2,175 726 808 - -
1998 2,259 2,903 804 2,039 - -
1999 1,876 2,390 482 2,579 - -
2000 1,774 3,169 1,044 2,908 - ---
2001 1,303 2,257 1,350 2,743 --- -
2002 2,139 2,051 1,601 2,573 --- -
2003 1,514 2,159 1,460 2,816 - -
2004 1,568 1,802 1,130 2,609 - -
2005 1,699 2,138 1,417 2,557 258 -
2006 1,846 2,591 1,285 2,325 1,277 -
2007 1,278 2,227 1,298 2,079 2,781 -
2008 1,509 1,626 1,150 2,272 1,660 30
2009 1,008 1,632 1,653 2,034 1,398 15
2010 1,315 1,386 1,194 1,834 1,288 1,384
2011 1,826 1,496 1,070 1,836 1,199 4,131
2012 869 1,018 1,189 2,638 1,140 3,961
2013 1,279 1,047 1,637 2,496 1,222 1,770
2014 2,159 1,255 1,411 1,442 1,216 426
2015 473 176 639 2,396 1,108 385
2016 661 276 0 2,795 1,117 0
2017 136 240 159 2,823 1,399 0
20183 0 0 0 1,012 800 4

" Combined development of CSI wells in Coyote Springs Valley including CSI-1, CSI-2, CSI-3, and CSI-4

2 Total includes development of the MX-5 well in Coyote Springs Valley.

3 Production data as of June 2018.
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Groundwater Production

Table C-3

(Page 1 of 30)

Hydrographic Aquifer Production Production

Area Well Name Material Year (gallons) (af) Comments Source

210 BEDROC WELL 1 Alluvium 2015 83,492,912 256.23 Combined BEDROC WELL 1, 3, 5, and 7 Western Elite, 2018
210 BEDROC WELL 1 Alluvium 2016 100,088,525 307.16 Combined BEDROC WELL 1, 3,5, and 7 Western Elite, 2018
210 BEDROC WELL 1 Alluvium 2017 89,964,321 276.09 Combined BEDROC WELL 1, 3,5, and 7 Western Elite, 2018
210 BEDROC WELL 2 Alluvium 2015 122,904,642 377.18 Combined BEDROC WELL 2, 4, and 6 Western Elite, 2018
210 BEDROC WELL 2 Alluvium 2016 100,544,717 308.56 Combined BEDROC WELL 2, 4, and 6 Western Elite, 2018
210 BEDROC WELL 2 Alluvium 2017 91,772,796 281.64 Combined BEDROC WELL 2, 4, and 6 Western Elite, 2018
210 CSl-1 Carbonate 2005 70,382,000 215.99 NDWR, 2018a
210 CSI-1 Carbonate 2006 235,338,000 722.23 NDWR, 2018a
210 CSI-1 Carbonate 2007 247,947,000 760.92 NDWR, 2018a
210 CSl-1 Carbonate 2008 14,273,000 43.80 NDWR, 2018a
210 CSI-1 Carbonate 2009 0 0.00 NDWR, 2018a
210 CSl-1 Carbonate 2010 0 0.00 NDWR, 2018a
210 CSI-1 Carbonate 2011 0 0.00 NDWR, 2018a
210 CSl-1 Carbonate 2012 6,885,242 21.13 NDWR, 2018a
210 CSl-1 Carbonate 2013 386,506,510 1,186.14 NDWR, 2018a
210 CSI-1 Carbonate 2014 294,814,000 904.75 NDWR, 2018a
210 CSl-1 Carbonate 2015 186,961,000 573.76 NDWR, 2018a
210 CSl-1 Carbonate 2016 233,857,000 717.68 NDWR, 2018a
210 CSl-1 Carbonate 2017 399,700,000 1,226.63 NDWR, 2018a
210 CSl-1 Carbonate 2018 125,970,000 386.59 NDWR, 2018a
210 CSlI-2 Carbonate 2005 13,851,000 42.51 NDWR, 2018a
210 CSsl-2 Carbonate 2006 170,586,000 523.51 NDWR, 2018a
210 CSl-2 Carbonate 2007 489,531,000 1,502.32 NDWR, 2018a
210 CSslI-2 Carbonate 2008 313,515,000 962.14 NDWR, 2018a
210 CSlI-2 Carbonate 2009 4,180,000 12.83 NDWR, 2018a
210 CSslI-2 Carbonate 2010 0 0.00 NDWR, 2018a
210 Csl-2 Carbonate 2011 0 0.00 NDWR, 2018a
210 CSlI-2 Carbonate 2012 0 0.00 NDWR, 2018a
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210 CSl-2 Carbonate 2013 0 0.00 NDWR, 2018a
210 CSslI-2 Carbonate 2014 0 0.00 NDWR, 2018a
210 CSI-2 Carbonate 2015 0 0.00 NDWR, 2018a
210 CSslI-2 Carbonate 2016 0 0.00 NDWR, 2018a
210 CSlI-2 Carbonate 2017 0 0.00 NDWR, 2018a
210 CSslI-2 Carbonate 2018 125,682,000 385.70 NDWR, 2018a
210 CSsI-3 Carbonate 2006 10,164,000 31.19 NDWR, 2018a
210 CSI-3 Carbonate 2007 160,672,000 493.08 NDWR, 2018a
210 CsI-3 Carbonate 2008 209,739,000 643.67 NDWR, 2018a
210 CSI-3 Carbonate 2009 263,978,000 810.12 NDWR, 2018a
210 CSI-3 Carbonate 2010 340,371,348 1,044.56 NDWR, 2018a
210 CsSI-3 Carbonate 2011 233,891,372 717.79 NDWR, 2018a
210 CSI-3 Carbonate 2012 183,781,356 564.00 NDWR, 2018a
210 CsI-3 Carbonate 2013 11,779,752 36.15 NDWR, 2018a
210 CSI-3 Carbonate 2014 0 0.00 NDWR, 2018a
210 CSI-3 Carbonate 2015 0 0.00 NDWR, 2018a
210 CSI-3 Carbonate 2016 0 0.00 NDWR, 2018a
210 CSI-3 Carbonate 2017 0 0.00 NDWR, 2018a
210 CslI-3 Carbonate 2018 0 0.00 NDWR, 2018a
210 CSl-4 Carbonate 2007 7,898,000 24.24 NDWR, 2018a
210 CSl-4 Carbonate 2008 3,339,000 10.25 NDWR, 2018a
210 CSl-4 Carbonate 2009 187,369,000 575.01 NDWR, 2018a
210 CSl-4 Carbonate 2010 79,486,396 243.93 NDWR, 2018a
210 CSl-4 Carbonate 2011 156,854,000 481.37 NDWR, 2018a
210 CSl-4 Carbonate 2012 180,845,000 554.99 NDWR, 2018a
210 CSl-4 Carbonate 2013 0 0.00 NDWR, 2018a
210 CSl-4 Carbonate 2014 101,517,000 311.54 NDWR, 2018a
210 CSl-4 Carbonate 2015 174,209,000 534.63 NDWR, 2018a
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Area Well Name Material Year (gallons) (af) Comments Source

210 CSl-4 Carbonate 2016 130,213,000 399.61 NDWR, 2018a
210 CSl-4 Carbonate 2017 56,300,000 172.78 NDWR, 2018a
210 CSl-4 Carbonate 2018 9,116,000 27.98 NDWR, 2018a
210 CSV-RW2 Carbonate 2000 0 0.00 NDWR, 2018a
210 CSV-RW2 Carbonate 2001 0 0.00 NDWR, 2018a
210 CSV-RW2 Carbonate 2002 0 0.00 NDWR, 2018a
210 CSV-RW2 Carbonate 2003 0 0.00 NDWR, 2018a
210 CSV-RW2 Carbonate 2004 0 0.00 NDWR, 2018a
210 CSV-RW2 Carbonate 2005 0 0.00 NDWR, 2018a
210 CSV-RW2 Carbonate 2006 0 0.00 NDWR, 2018a
210 CSV-RW2 Carbonate 2007 0 0.00 NDWR, 2018a
210 CSV-RW2 Carbonate 2008 0 0.00 NDWR, 2018a
210 CSV-RW2 Carbonate 2009 0 0.00 NDWR, 2018a
210 CSV-RW2 Carbonate 2010 0 0.00 NDWR, 2018a
210 CSV-RW2 Carbonate 2011 0 0.00 NDWR, 2018a
210 CSV-RW2 Carbonate 2012 0 0.00 NDWR, 2018a
210 CSV-RW2 Carbonate 2013 0 0.00 NDWR, 2018a
210 CSV-RW2 Carbonate 2014 0 0.00 NDWR, 2018a
210 CSV-RW2 Carbonate 2015 0 0.00 NDWR, 2018a
210 CSV-RW2 Carbonate 2016 0 0.00 NDWR, 2018a
210 CSV-RW2 Carbonate 2017 0 0.00 NDWR, 2018a
210 CSV-RW2 Carbonate 2018 0 0.00 NDWR, 2018a
210 MX-5 Carbonate 2008 9,819,500 30.13 SNWA, 2010
210 MX-5 Carbonate 2009 5,017,300 15.40 SNWA, 2010
210 MX-5 Carbonate 2010 450,905,191 1,383.78 NDWR, 2018a
210 MX-5 Carbonate 2011 1,346,243,737 4,131.47 NDWR, 2018a
210 MX-5 Carbonate 2012 1,290,557,441 3,960.58 NDWR, 2018a
210 MX-5 Carbonate 2013 576,659,399 1,769.70 NDWR, 2018a
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210 MX-5 Carbonate 2014 138,903,080 426.28 NDWR, 2018a
210 MX-5 Carbonate 2015 125,583,895 385.40 NDWR, 2018a
210 MX-5 Carbonate 2016 0 0.00 NDWR, 2018a
210 MX-5 Carbonate 2017 0 0.00 NDWR, 2018a
210 MX-5 Carbonate 2018 1,265,648 3.88 NDWR, 2018a
215 EBM-4 Carbonate 1996 209,745,000 643.68 NDWR, 2018b
215 EBM-4 Carbonate 1997 252,361,100 774.47 NDWR, 2018b
215 EBM-4 Carbonate 1998 240,830,000 739.08 NDWR, 2018b
215 EBM-4 Carbonate 1999 243,225,000 746.43 NDWR, 2018b
215 EBM-4 Carbonate 2000 259,923,000 797.67 NDWR, 2018a
215 EBM-4 Carbonate 2001 277,466,000 851.51 NDWR, 2018a
215 EBM-4 Carbonate 2002 281,379,000 863.52 NDWR, 2018a
215 EBM-4 Carbonate 2003 176,807,000 542.60 NDWR, 2018a
215 EBM-4 Carbonate 2004 235,330,000 722.20 NDWR, 2018a
215 EBM-4 Carbonate 2005 250,208,000 767.86 NDWR, 2018a
215 EBM-4 Carbonate 2006 247,516,000 759.60 NDWR, 2018a
215 EBM-4 Carbonate 2007 253,668,000 778.48 NDWR, 2018a
215 EBM-4 Carbonate 2008 99,584,000 305.61 NDWR, 2018a
215 EBM-4 Carbonate 2009 208,401,000 639.56 NDWR, 2018a
215 EBM-4 Carbonate 2010 312,428,000 958.81 NDWR, 2018a
215 EBM-4 Carbonate 2011 253,605,000 778.29 NDWR, 2018a
215 EBM-4 Carbonate 2012 230,985,264 708.87 NDWR, 2018a
215 EBM-4 Carbonate 2013 218,728,708 671.25 NDWR, 2018a
215 EBM-4 Carbonate 2014 224,975,000 690.42 NDWR, 2018a
215 EBM-4 Carbonate 2015 116,017,840 356.05 NDWR, 2018a
215 EBM-5 Carbonate 2015 93,435,000 286.74 NDWR, 2018a
215 EBM-5 Carbonate 2016 244,061,013 749.00 NDWR, 2018a
215 EBM-5 Carbonate 2017 271,995,048 834.72 NDWR, 2018a
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215 EBM-5 Carbonate 2018 22,341,064 68.56 NDWR, 2018a
215 EBM-6 Carbonate 2015 65,970,000 202.45 NDWR, 2018a
215 EBM-6 Carbonate 2016 194,914,456 598.17 NDWR, 2018a
215 EBM-6 Carbonate 2017 208,396,543 639.55 NDWR, 2018a
215 EBM-6 Carbonate 2018 136,469,056 418.81 NDWR, 2018a
215 EBP-2 Carbonate 1996 64,080,000 196.65 NDWR, 2018b
215 EBP-2 Carbonate 1997 33,070,000 101.49 NDWR, 2018b
215 EBP-2 Carbonate 1998 9,314,000 28.58 NDWR, 2018b
215 EBP-2 Carbonate 1999 36,840,000 113.06 NDWR, 2018b
215 EBP-2 Carbonate 2000 21,987,000 67.48 NDWR, 2018a
215 EBP-2 Carbonate 2001 1,179,000 3.62 NDWR, 2018a
215 EBP-2 Carbonate 2002 23,157,000 71.07 NDWR, 2018a
215 EBP-2 Carbonate 2003 166,841,000 512.02 NDWR, 2018a
215 EBP-2 Carbonate 2004 56,501,000 173.40 NDWR, 2018a
215 EBP-2 Carbonate 2005 483,000 1.48 NDWR, 2018a
215 EBP-2 Carbonate 2006 33,961,000 104.22 NDWR, 2018a
215 EBP-2 Carbonate 2007 171,000 0.52 NDWR, 2018a
215 EBP-2 Carbonate 2008 200,241,000 614.52 NDWR, 2018a
215 EBP-2 Carbonate 2009 23,172,000 71.11 NDWR, 2018a
215 EBP-2 Carbonate 2010 59,286,000 181.94 NDWR, 2018a
215 EBP-2 Carbonate 2011 795,000 244 NDWR, 2018a
215 EBP-2 Carbonate 2012 10,324,000 31.68 NDWR, 2018a
215 EBP-2 Carbonate 2013 41,058,893 126.01 NDWR, 2018a
215 EBP-2 Carbonate 2014 1,954,000 6.00 NDWR, 2018a
215 EBP-2 Carbonate 2015 77,104,404 236.62 NDWR, 2018a
215 EBP-2 Carbonate 2016 28,249,904 86.70 NDWR, 2018a
215 EBP-2 Carbonate 2017 10,769,028 33.05 NDWR, 2018a
215 EBP-2 Carbonate 2018 95,386,568 292.73 NDWR, 2018a
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215 EGV-3 Carbonate 1996 251,694,000 772.42 NDWR, 2018b
215 EGV-3 Carbonate 1997 228,981,000 702.72 NDWR, 2018b
215 EGV-3 Carbonate 1998 208,759,000 640.66 NDWR, 2018b
215 EGV-3 Carbonate 1999 231,181,000 709.47 NDWR, 2018b
215 EGV-3 Carbonate | 2000 269,747,000 827.82 NDWR, 2018a
215 EGV-3 Carbonate | 2001 238,938,000 733.27 NDWR, 2018a
215 EGV-3 Carbonate | 2002 263,821,000 809.64 NDWR, 2018a
215 EGV-3 Carbonate | 2003 213,277,000 654.52 NDWR, 2018a
215 EGV-3 Carbonate | 2004 265,500,000 814.79 NDWR, 2018a
215 EGV-3 Carbonate | 2005 283,714,000 870.69 NDWR, 2018a
215 EGV-3 Carbonate | 2006 229,758,000 705.10 NDWR, 2018a
215 EGV-3 Carbonate | 2007 262,651,000 806.05 NDWR, 2018a
215 EGV-3 Carbonate | 2008 218,745,000 671.30 NDWR, 2018a
215 EGV-3 Carbonate | 2009 279,226,000 856.91 NDWR, 2018a
215 EGV-3 Carbonate | 2010 136,945,232 42027 NDWR, 2018a
215 EGV-3 Carbonate 2011 201,293,696 617.75 NDWR, 2018a
215 EGV-3 Carbonate | 2012 265,637,176 815.21 NDWR, 2018a
215 EGV-3 Carbonate | 2013 256,576,104 787.40 NDWR, 2018a
215 EGV-3 Carbonate | 2014 239,081,000 733.71 NDWR, 2018a
215 EGV-3 Carbonate | 2015 119,275,720 366.04 NDWR, 2018a
216 EBA-1 Carbonate | 1996 | 47,268,400 145.06 Unverified. Records received from
Georgia Pacific.

216 EBA-1 Carbonate | 1997 41,192,100 126.41 U”Ve”ﬁe%soi‘;‘i’;d;ar:i;sved from

216 EBA-1 Carbonate | 1998 42,663,100 130.93 U”Ve”ﬁe%soi;?;dpsaﬁ;ifved from

216 EBA-1 Carbonate | 1999 48,703,500 149.47 U”Ve”ﬁe%soi;‘i’;d;aﬁgsved from

216 EBA-1 Carbonate | 2000 | 12,835,500 39.39 U”Ve”ﬁe%soelr;‘i’;d;arcei;?ved from
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Area Well Name Material Year (gallons) (af) Comments Source
216 EBA-1 Carbonate 2001 48,831,300 149.86 NDWR, 2001
216 EBA-1 Carbonate 2002 45,366,300 139.22 NDWR, 2002
216 EBA-1 Carbonate 2003 61,443,600 188.56 NDWR, 2003
216 EBA-1 Carbonate 2004 60,837,000 186.70 NDWR, 2004
216 EBA-1 Carbonate 2005 49,268,500 151.20 NDWR, 2005
216 EBA-1 Carbonate 2006 45,460,300 139.51 NDWR, 2006
216 EBA-1 Carbonate 2007 48,388,874 148.50 NDWR, 2007
216 EBA-1 Carbonate 2008 47,417,838 145.52 NDWR, 2008
216 EBA-1 Carbonate 2009 36,641,945 112.45 NDWR, 2009
216 EBA-1 Carbonate 2010 40,539,123 124.41 NDWR, 2010
216 EBA-1 Carbonate 2011 43,426,163 133.27 NDWR, 2011
216 EBA-1 Carbonate 2012 35,921,814 110.24 NDWR, 2012
216 EBA-1 Carbonate 2013 47,486,266 145.73 NDWR, 2013
216 EBA-1 Carbonate 2014 22,666,196 69.56 NDWR, 2014
216 EBA-1 Carbonate 2015 38,202,771 117.24 NDWR, 2015
216 EBA-1 Carbonate 2016 37,062,293 113.74 NDWR, 2016
216 EBA-1 Carbonate 2017 30,717,974 94.27 NDWR, 2017
216 First Solar Well Carbonate 2016 30,045,051 92.20 NDWR, 2018a
216 First Solar Well Carbonate 2017 70,833,966 217.38 NDWR, 2018a
216 First Solar Well Carbonate 2018 45,156,000 138.58 NDWR, 2018a
216 GV-2 Carbonate 2007 0 33.40 NDWR,2007
216 GV-2 Carbonate 2008 40,620,000 124.66 NDWR, 2018a
216 GV-2 Carbonate 2009 5,560,000 17.06 NDWR, 2018a
216 GV-2 Carbonate 2010 3,232,442 9.92 NDWR, 2010
216 GV-2 Carbonate 2011 4,077,300 12.51 NDWR, 2018a
216 GV-2 Carbonate 2012 13,170,000 40.42 NDWR, 2018a
216 GV-2 Carbonate 2013 4,307,750 13.22 NDWR, 2013
216 GV-2 Carbonate 2014 5,112,602 15.69 NDWR, 2014
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216 GV-2 Carbonate 2015 96,679,999 29.67 NDWR, 2015
216 GV-2 Carbonate 2016 11,300,513 34.68 NDWR, 2016
216 GV-2 Carbonate 2017 9,765,754 29.97 NDWR, 2017
216 GV-DUKE-WS1 Carbonate 2000 0 0.00 NDWR, 2018a
216 GV-DUKE-WS1 Carbonate 2001 0 0.00 NDWR, 2018a
216 GV-DUKE-WS1 Carbonate 2002 36,984,037 113.50 NDWR, 2018a
216 GV-DUKE-WS1 Carbonate 2003 0 0.00 NDWR, 2018a
216 GV-DUKE-WS1 Carbonate 2004 281,760 0.86 NDWR, 2018a
216 GV-DUKE-WS1 Carbonate 2005 27,866,150 85.52 NDWR, 2018a
216 GV-DUKE-WS1 Carbonate 2006 35,739,890 109.68 NDWR, 2018a
216 GV-DUKE-WS1 Carbonate 2007 75,670,000 232.22 NDWR, 2018a
216 GV-DUKE-WSH1 Carbonate 2008 75,467,718 231.60 NDWR, 2018a
216 GV-DUKE-WS1 Carbonate 2009 48,129,840 147.71 NDWR, 2018a
216 GV-DUKE-WS1 Carbonate 2010 20,223,182 62.06 NDWR, 2018a
216 GV-DUKE-WS1 Carbonate 2011 18,432,325 56.57 NDWR, 2018a
216 GV-DUKE-WS1 Carbonate 2012 31,851,607 97.75 NDWR, 2018a
216 GV-DUKE-WS1 Carbonate 2013 43,496,700 133.49 NDWR, 2018a
216 GV-DUKE-WS1 Carbonate 2014 59,018,943 181.12 NDWR, 2018a
216 GV-DUKE-WS1 Carbonate 2015 23,200,200 71.20 NDWR, 2018a
216 GV-DUKE-WS1 Carbonate 2016 28,956,200 88.86 NDWR, 2018a
216 GV-DUKE-WS1 Carbonate 2017 7,806,300 23.96 NDWR, 2018a
216 GV-DUKE-WS1 Carbonate 2018 3,241,100 9.95 NDWR, 2018a
216 GV-DUKE-WS2 Carbonate 2000 0 0.00 NDWR, 2018a
216 GV-DUKE-WS2 Carbonate 2001 0 0.00 NDWR, 2018a
216 GV-DUKE-WS2 Carbonate 2002 3,312,100 10.16 NDWR, 2018a
216 GV-DUKE-WS2 Carbonate 2003 0 0.00 NDWR, 2018a
216 GV-DUKE-WS2 Carbonate 2004 0 0.00 NDWR, 2018a
216 GV-DUKE-WS2 Carbonate 2005 20,176,000 61.92 NDWR, 2018a
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Table C-3
Groundwater Production
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Hydrographic Aquifer Production Production

Area Well Name Material Year (gallons) (af) Comments Source
216 GV-DUKE-WS2 Carbonate 2006 52,927,802 162.43 NDWR, 2018a
216 GV-DUKE-WS2 Carbonate 2007 33,780,000 103.67 NDWR, 2018a
216 GV-DUKE-WS2 Carbonate 2008 54,572 0.17 NDWR, 2018a
216 GV-DUKE-WS2 Carbonate 2009 95,265,432 292.36 NDWR, 2018a
216 GV-DUKE-WS2 Carbonate 2010 101,809,227 312.44 NDWR, 2018a
216 GV-DUKE-WS2 Carbonate 2011 103,242,291 316.84 NDWR, 2018a
216 GV-DUKE-WS2 Carbonate 2012 102,565,323 314.76 NDWR, 2018a
216 GV-DUKE-WS2 Carbonate 2013 31,273,855 95.98 NDWR, 2018a
216 GV-DUKE-WS2 Carbonate 2014 1,767,473 5.42 NDWR, 2018a
216 GV-DUKE-WS2 Carbonate 2015 66,944,359 205.44 NDWR, 2018a
216 GV-DUKE-WS2 Carbonate 2016 43,864,896 134.62 NDWR, 2018a
216 GV-DUKE-WS2 Carbonate 2017 0 0.00 NDWR, 2018a
216 GV-DUKE-WS2 Carbonate 2018 0 0.00 NDWR, 2018a
216 GV-KERR Carbonate 2001 681,029 2.09 NDWR, 2001
216 GV-KERR Carbonate 2002 1,029,689 3.16 NDWR, 2002
216 GV-KERR Carbonate 2003 1,798,698 5.52 NDWR, 2003
216 GV-KERR Carbonate 2004 3,287,837 10.09 NDWR, 2004
216 GV-KERR Carbonate 2005 3,173,789 9.74 NDWR, 2005
216 GV-KERR Carbonate 2006 1,358,799 4.17 NDWR, 2006
216 GV-KERR Carbonate 2007 984,070 3.02 NDWR, 2007
216 GV-KERR Carbonate 2008 1,309,921 4.02 NDWR, 2008
216 GV-KERR Carbonate 2009 1,238,234 3.80 NDWR, 2009
216 GV-KERR Carbonate 2010 2,078,929 6.38 NDWR, 2010
216 GV-KERR Carbonate 2011 2,078,929 6.38 NDWR, 2011
216 GV-KERR Carbonate 2012 3,245,476 9.96 NDWR, 2012
216 GV-KERR Carbonate 2013 3,196,598 9.81 NDWR, 2013
216 GV-KERR Carbonate 2014 3,509,415 10.77 NDWR, 2014
216 GV-KERR Carbonate 2015 5,774,080 17.72 NDWR, 2015
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216 GV-KERR Carbonate 2016 18,002,000 55.25 NDWR, 2018a %
216 GV-KERR Carbonate 2017 8,965,852 27.52 NDWR, 2018a =
216 GV-KERR Carbonate 2018 9,670,000 29.68 NDWR, 2018a g
216 GV-LENZIE-3 Carbonate 2016 152,261,653 467.27 NDWR, 2018a g—
216 GV-LENZIE-3 Carbonate 2017 145,347,533 446.06 NDWR, 2018a =
216 GV-LENZIE-3 Carbonate 2018 56,897,304 174.61 NDWR, 2018a %
216 GV-MIRANT1 Carbonate 2000 0 0.00 NDWR, 2018a ;
216 GV-MIRANT1 Carbonate 2001 0 0.00 NDWR, 2018a gt
216 GV-MIRANT1 Carbonate 2002 24,939,000 76.53 NDWR, 2018a %_
216 GV-MIRANT1 Carbonate 2003 40,659,000 124.78 NDWR, 2018a <
216 GV-MIRANT1 Carbonate 2004 14,411,400 44.23 NDWR, 2018a
216 GV-MIRANT1 Carbonate 2005 17,529,000 53.79 NDWR, 2018a
216 GV-MIRANT1 Carbonate 2006 20,102,000 61.69 NDWR, 2018a
216 GV-MIRANT1 Carbonate 2007 15,940,000 48.92 NDWR, 2018a
216 GV-MIRANT1 Carbonate 2008 20,270,000 62.21 NDWR, 2018a
216 GV-MIRANT1 Carbonate 2009 21,790,000 66.87 NDWR, 2018a
216 GV-MIRANT1 Carbonate 2010 11,780,000 36.15 NDWR, 2018a
216 GV-MIRANT1 Carbonate 2011 10,610,000 32.56 NDWR, 2018a
216 GV-MIRANT1 Carbonate 2012 5,160,000 15.84 NDWR, 2018a
216 GV-MIRANT1 Carbonate 2013 8,610,000 26.42 NDWR, 2018a
216 GV-MIRANT1 Carbonate 2014 13,850,000 42.50 NDWR, 2018a
216 GV-MIRANT1 Carbonate 2015 18,425,000 56.54 NDWR, 2018a
216 GV-MIRANT1 Carbonate 2016 25,815,000 79.22 NDWR, 2018a
216 GV-MIRANT1 Carbonate 2017 30,400,000 93.29 NDWR, 2018a
216 GV-MIRANT1 Carbonate 2018 10,940,000 33.57 NDWR, 2018a
%> 216 GV-PW-WS1 Carbonate 2000 0 0.00 NDWR, 2018a
E 216 GV-PW-WS1 Carbonate 2001 0 0.00 NDWR, 2018a
% 216 GV-PW-WS1 Carbonate 2002 24,628,280 75.58 NDWR, 2018a
(@]
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© Hydrographic Aquifer Production Production
Area Well Name Material Year (gallons) (af) Comments Source
216 GV-PW-WS1 Carbonate 2003 15,721,736 48.25 NDWR, 2018a
216 GV-PW-WS1 Carbonate 2004 46,332,890 142.19 NDWR, 2018a
216 GV-PW-WS1 Carbonate 2005 43,064,719 132.16 NDWR, 2018a
216 GV-PW-WS1 Carbonate 2006 51,438,313 157.86 NDWR, 2018a
216 GV-PW-WS1 Carbonate 2007 54,400,000 166.95 NDWR, 2018a
216 GV-PW-WS1 Carbonate 2008 45,994,581 141.15 NDWR, 2018a
216 GV-PW-WS1 Carbonate 2009 48,684,769 149.41 NDWR, 2018a
216 GV-PW-WS1 Carbonate 2010 52,966,620 162.55 NDWR, 2018a
216 GV-PW-WS1 Carbonate 2011 43,557,511 133.67 NDWR, 2018a
216 GV-PW-WS1 Carbonate 2012 45,994,240 141.15 NDWR, 2018a
216 GV-PW-WS1 Carbonate 2013 45,222,054 138.78 NDWR, 2018a
216 GV-PW-WS1 Carbonate 2014 37,660,958 115.58 NDWR, 2018a
216 GV-PW-WS1 Carbonate 2015 50,122,548 153.82 NDWR, 2018a =
216 GV-PW-WS1 Carbonate 2016 56,162,212 172.36 NDWR, 2018a %
216 GV-PW-WS1 Carbonate 2017 62,814,431 192.77 NDWR, 2018a 5
216 GV-PW-W$S1 Carbonate 2018 16,329,566 50.11 NDWR, 2018a §
216 GV-RW1 Carbonate 2000 0 0.00 NDWR, 2018a =
216 GV-RW1 Carbonate 2001 15,779,600 48.43 NDWR, 2018a 8
216 GV-RW1 Carbonate 2002 0 0.00 NDWR, 2018a 8
216 GV-RW1 Carbonate 2003 0 0.00 NDWR, 2018a 5—
216 GV-RW1 Carbonate 2004 0 0.00 NDWR, 2018a g'
216 GV-RW1 Carbonate 2005 355,830 1.09 NDWR, 2018a a
216 GV-RW1 Carbonate 2006 12,440,900 38.18 NDWR, 2018a E"
216 GV-RW1 Carbonate 2007 0 0.00 NDWR, 2018a g
216 GV-RW1 Carbonate 2008 61,017,090 187.25 NDWR, 2018a %
216 GV-RW1 Carbonate 2009 55,146,664 169.24 NDWR, 2018a 1;'%
216 GV-RW1 Carbonate 2010 21,402,649 65.68 NDWR, 2018a o
216 GV-RW1 Carbonate 2011 40,395,489 123.97 NDWR, 2018a §

(o]
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Area Well Name Material Year (gallons) (af) Comments Source §
216 GV-RW1 Carbonate 2012 28,555,356 87.63 NDWR, 2018a %
216 GV-RW1 Carbonate 2013 82,926,540 254.49 NDWR, 2018a =
216 GV-RW1 Carbonate 2014 117,003,648 359.07 NDWR, 2018a g
216 GV-RW1 Carbonate 2015 88,709,326 272.24 NDWR, 2018a g—
216 GV-RW1 Carbonate 2016 193,028,250 592.38 NDWR, 2018a =
216 GV-RW1 Carbonate 2017 43,062,364 132.15 NDWR, 2018a %
216 GV-RW1 Carbonate 2018 19,080,000 58.55 NDWR, 2018a ;
216 GV-USLIME1 Carbonate 2000 0 0.00 NDWR, 2018a gt
216 GV-USLIME1 Carbonate 2001 33,388,170 102.46 NDWR, 2018a %_
216 GV-USLIME1 Carbonate 2002 35,554,390 109.11 NDWR, 2018a <
216 GV-USLIME1 Carbonate 2003 33,117,643 101.63 NDWR, 2018a
216 GV-USLIME1 Carbonate 2004 38,606,818 118.48 NDWR, 2018a
216 GV-USLIME1 Carbonate 2005 36,171,110 111.01 NDWR, 2018a
216 GV-USLIME1 Carbonate 2006 42,614,870 130.78 NDWR, 2018a
216 GV-USLIME1 Carbonate 2007 41,089,881 126.10 NDWR, 2018a
216 GV-USLIME1 Carbonate 2008 32,559,872 99.92 NDWR, 2018a
216 GV-USLIME1 Carbonate 2009 27,974,570 85.85 NDWR, 2018a
216 GV-USLIME1 Carbonate 2010 24,452,529 75.04 NDWR, 2018a
216 GV-USLIME1 Carbonate 2011 23,470,206 72.03 NDWR, 2018a
216 GV-USLIME1 Carbonate 2012 19,097,000 58.61 NDWR, 2018a
216 GV-USLIME1 Carbonate 2013 26,117,000 80.15 NDWR, 2018a
216 GV-USLIME1 Carbonate 2014 19,720,000 60.52 NDWR, 2018a
216 GV-USLIME1 Carbonate 2015 23,665,000 72.63 NDWR, 2018a
216 GV-USLIME1 Carbonate 2016 17,327,967 53.18 NDWR, 2018a
216 GV-USLIME1 Carbonate 2017 18,111,927 55.58 NDWR, 2018a
%> 216 GV-USLIME1 Carbonate 2018 11,278,340 34.61 NDWR, 2018a
E 216 GV-USLIME2 Alluvium 2000 0 0.00 NDWR, 2018a
% 216 GV-USLIME2 Alluvium 2001 41,921,670 128.65 NDWR, 2018a
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© Hydrographic Aquifer Production Production
Area Well Name Material Year (gallons) (af) Comments Source
216 GV-USLIME2 Alluvium 2002 47,303,000 14517 NDWR, 2018a
216 GV-USLIME2 Alluvium 2003 43,273,269 132.80 NDWR, 2018a
216 GV-USLIME2 Alluvium 2004 41,337,821 126.86 NDWR, 2018a
216 GV-USLIME2 Alluvium 2005 35,416,070 108.69 NDWR, 2018a
216 GV-USLIME2 Alluvium 2006 39,206,320 120.32 NDWR, 2018a
216 GV-USLIME2 Alluvium 2007 51,732,669 158.76 NDWR, 2018a
216 GV-USLIME2 Alluvium 2008 43,563,740 133.69 NDWR, 2018a
216 GV-USLIME2 Alluvium 2009 26,844,877 82.38 NDWR, 2018a
216 GV-USLIME2 Alluvium 2010 27,664,227 84.90 NDWR, 2018a
216 GV-USLIME2 Alluvium 2011 32,362,077 99.32 NDWR, 2018a
216 GV-USLIME2 Alluvium 2012 36,961,000 113.43 NDWR, 2018a
216 GV-USLIME2 Alluvium 2013 20,719,000 63.58 NDWR, 2018a
216 GV-USLIME2 Alluvium 2014 23,136,000 71.00 NDWR, 2018a =
216 GV-USLIME2 Alluvium 2015 39,594,000 121.51 NDWR, 2018a %
216 GV-USLIME2 Alluvium 2016 29,348,314 90.07 NDWR, 2018a ;
216 GV-USLIME2 Alluvium 2017 38,183,670 117.18 NDWR, 2018a g
216 GV-USLIME2 Alluvium 2018 16,880,022 51.80 NDWR, 2018a =
216 RS-PW-1 Clastic 1999 528,600 1.62 NDWR, 2018b 8
216 RS-PW-1 Clastic 2000 0 0.00 NDWR, 2018a 8
216 RS-PW-1 Clastic 2001 0 0.00 NDWR, 2018a 5-
216 RS-PW-1 Clastic 2002 0 0.00 NDWR, 2018a g'
216 RS-PW-1 Clastic 2003 0 0.00 NDWR, 2018a a
216 RS-PW-1 Clastic 2004 0 0.00 NDWR, 2018a E"
216 RS-PW-1 Clastic 2005 0 0.00 NDWR, 2018a g
216 RS-PW-1 Clastic 2006 0 0.00 NDWR, 2018a %
216 RS-PW-1 Clastic 2007 0 0.00 NDWR, 2018a _I7QI
216 RS-PW-1 Clastic 2008 0 0.00 NDWR, 2018a o
216 RS-PW-1 Clastic 2009 0 0.00 NDWR, 2018a §
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Groundwater Production
(Page 14 of 30)
Hydrographic Aquifer Production Production g)
Area Well Name Material Year (gallons) (af) Comments Source §
216 RS-PW-1 Clastic 2010 0 0.00 NDWR, 2018a %
216 RS-PW-1 Clastic 2011 46,502,300 142.71 NDWR, 2018a =
216 RS-PW-1 Clastic 2012 30,563,900 93.80 NDWR, 2018a g
216 RS-PW-1 Clastic 2013 9,566,000 29.36 NDWR, 2018a g—
216 RS-PW-1 Clastic 2014 8,560,074 26.27 NDWR, 2018a =
216 RS-PW-1 Clastic 2015 6,572,526 20.17 NDWR, 2018a %
216 RS-PW-1 Clastic 2016 1,450,728 4.45 NDWR, 2018a ;
216 RS-PW-1 Clastic 2017 0 0.00 NDWR, 2018a gt
216 RS-PW-1 Clastic 2018 0 0.00 NDWR, 2018a %_
216 RS-PW-2 Carbonate 1999 46,625,400 143.09 NDWR, 2018b <
216 RS-PW-2 Carbonate 2000 29,818,300 91.51 NDWR, 2018a
216 RS-PW-2 Carbonate 2001 22,497,650 69.04 NDWR, 2018a
216 RS-PW-2 Carbonate 2002 33,203,350 101.90 NDWR, 2018a
216 RS-PW-2 Carbonate 2003 52,891,600 162.32 NDWR, 2018a
216 RS-PW-2 Carbonate 2004 44,666,500 137.08 NDWR, 2018a
216 RS-PW-2 Carbonate 2005 8,323,200 25.54 NDWR, 2018a
216 RS-PW-2 Carbonate 2006 16,073,000 49.33 NDWR, 2018a
216 RS-PW-2 Carbonate 2007 20,714,700 63.57 NDWR, 2018a
216 RS-PW-2 Carbonate 2008 39,794,700 122.13 NDWR, 2018a
216 RS-PW-2 Carbonate 2009 39,974,400 122.68 NDWR, 2018a
216 RS-PW-2 Carbonate 2010 37,954,200 116.48 NDWR, 2018a
216 RS-PW-2 Carbonate 2011 40,543,400 124.42 NDWR, 2018a
216 RS-PW-2 Carbonate 2012 41,012,700 125.86 NDWR, 2018a
216 RS-PW-2 Carbonate 2013 34,236,700 105.07 NDWR, 2018a
216 RS-PW-2 Carbonate 2014 33,442,918 102.63 NDWR, 2018a
%> 216 RS-PW-2 Carbonate 2015 11,947,708 36.67 NDWR, 2018a
E 216 RS-PW-2 Carbonate 2016 0 0.00 NDWR, 2018a
% 216 RS-PW-2 Carbonate 2017 0 0.00 NDWR, 2018a
(@]
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(Page 15 of 30)

Hydrographic Aquifer Production Production

Area Well Name Material Year (gallons) (af) Comments Source

216 RS-PW-2 Carbonate 2018 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 1999 0 0.00 NDWR, 2018b
216 RS-PW-3 Carbonate 2000 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 2001 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 2002 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 2003 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 2004 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 2005 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 2006 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 2007 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 2008 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 2009 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 2010 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 2011 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 2012 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 2013 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 2014 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 2015 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 2016 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 2017 0 0.00 NDWR, 2018a
216 RS-PW-3 Carbonate 2018 0 0.00 NDWR, 2018a
216 RS-PW-5 Carbonate 1999 17,869,200 54.84 NDWR, 2018b
216 RS-PW-5 Carbonate 2000 83,063,400 254.91 NDWR, 2018a
216 RS-PW-5 Carbonate 2001 58,488,000 179.49 NDWR, 2018a
216 RS-PW-5 Carbonate 2002 39,610,100 121.56 NDWR, 2018a
216 RS-PW-5 Carbonate 2003 55,826,300 171.32 NDWR, 2018a
216 RS-PW-5 Carbonate 2004 44,048,100 135.18 NDWR, 2018a
216 RS-PW-5 Carbonate 2005 70,927,700 217.67 NDWR, 2018a
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Table C-3
Groundwater Production
(Page 16 of 30)
Hydrographic Aquifer Production Production g)
Area Well Name Material Year (gallons) (af) Comments Source §
216 RS-PW-5 Carbonate 2006 37,547,900 115.23 NDWR, 2018a %
216 RS-PW-5 Carbonate 2007 29,339,400 90.04 NDWR, 2018a =
216 RS-PW-5 Carbonate 2008 78,452,840 240.76 NDWR, 2018a g
216 RS-PW-5 Carbonate 2009 58,241,500 178.74 NDWR, 2018a g—
216 RS-PW-5 Carbonate 2010 45,005,000 138.12 NDWR, 2018a =
216 RS-PW-5 Carbonate 2011 6,445,500 19.78 NDWR, 2018a %
216 RS-PW-5 Carbonate 2012 11,561,900 35.48 NDWR, 2018a ;
216 RS-PW-5 Carbonate 2013 23,462,900 72.00 NDWR, 2018a gt
216 RS-PW-5 Carbonate 2014 33,141,107 101.71 NDWR, 2018a %_
216 RS-PW-5 Carbonate 2015 39,001,222 119.69 NDWR, 2018a <
216 RS-PW-5 Carbonate 2016 31,413,123 96.40 NDWR, 2018a
216 RS-PW-5 Carbonate 2017 88,328,611 271.07 NDWR, 2018a
216 RS-PW-5 Carbonate 2018 64,831,056 198.96 NDWR, 2018a
216 RS-PW-6 Carbonate 1999 60,764,900 186.48 NDWR, 2018b
216 RS-PW-6 Carbonate 2000 40,254,200 123.54 NDWR, 2018a
216 RS-PW-6 Carbonate 2001 58,762,200 180.33 NDWR, 2018a
216 RS-PW-6 Carbonate 2002 42,952,100 131.82 NDWR, 2018a
216 RS-PW-6 Carbonate 2003 37,063,000 113.74 NDWR, 2018a
216 RS-PW-6 Carbonate 2004 33,310,199 102.23 NDWR, 2018a
216 RS-PW-6 Carbonate 2005 46,520,700 142.77 NDWR, 2018a
216 RS-PW-6 Carbonate 2006 26,403,000 81.03 NDWR, 2018a
216 RS-PW-6 Carbonate 2007 40,707,000 124.93 NDWR, 2018a
216 RS-PW-6 Carbonate 2008 58,169,300 178.52 NDWR, 2018a
216 RS-PW-6 Carbonate 2009 45,197,400 138.71 NDWR, 2018a
216 RS-PW-6 Carbonate 2010 39,948,000 122.60 NDWR, 2018a
%> 216 RS-PW-6 Carbonate 2011 24,497,000 75.18 NDWR, 2018a
E 216 RS-PW-6 Carbonate 2012 39,346,900 120.75 NDWR, 2018a
% 216 RS-PW-6 Carbonate 2013 42,697,000 131.03 NDWR, 2018a
(@]
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© Hydrographic Aquifer Production Production
Area Well Name Material Year (gallons) (af) Comments Source
216 RS-PW-6 Carbonate 2014 32,231,721 98.92 NDWR, 2018a
216 RS-PW-6 Carbonate 2015 42,679,916 130.98 NDWR, 2018a
216 RS-PW-6 Carbonate 2016 55,796,378 171.23 NDWR, 2018a
216 RS-PW-6 Carbonate 2017 68,200,752 209.30 NDWR, 2018a
216 RS-PW-6 Carbonate 2018 20,124,640 61.76 NDWR, 2018a
216 RS-PW-7 Carbonate 1999 39,430 0.12 NDWR, 2018b
216 RS-PW-7 Carbonate 2000 0 0.00 NDWR, 2018a
216 RS-PW-7 Carbonate 2001 0 0.00 NDWR, 2018a
216 RS-PW-7 Carbonate 2002 0 0.00 NDWR, 2018a
216 RS-PW-7 Carbonate 2003 0 0.00 NDWR, 2018a
216 RS-PW-7 Carbonate 2004 0 0.00 NDWR, 2018a
216 RS-PW-7 Carbonate 2005 0 0.00 NDWR, 2018a
216 RS-PW-7 Carbonate 2006 0 0.00 NDWR, 2018a =
216 RS-PW-7 Carbonate 2007 0 0.00 NDWR, 2018a %
216 RS-PW-7 Carbonate 2008 0 0.00 NDWR, 2018a 5
216 RS-PW-7 Carbonate 2009 0 0.00 NDWR, 2018a g
216 RS-PW-7 Carbonate 2010 27,310 0.08 NDWR, 2018a =
216 RS-PW-7 Carbonate 2011 7,850 0.02 NDWR, 2018a 8
216 RS-PW-7 Carbonate 2012 152,300 0.47 NDWR, 2018a 8
216 RS-PW-7 Carbonate 2013 541,800 1.66 NDWR, 2018a 5—
216 RS-PW-7 Carbonate 2014 432,500 1.33 NDWR, 2018a g'
216 RS-PW-7 Carbonate 2015 5,390,581 16.54 NDWR, 2018a a
216 RS-PW-7 Carbonate 2016 27,925,361 85.70 NDWR, 2018a E"
216 RS-PW-7 Carbonate 2017 22,153,234 67.99 NDWR, 2018a g
216 RS-PW-7 Carbonate 2018 31,553,066 96.83 NDWR, 2018a %
218 PAIUTES-ECP1 Carbonate 2011 1,928,600 5.92 NDWR, 2018a 1;'%
218 PAIUTES-ECP1 Carbonate 2012 0 0.00 NDWR, 2018a o
218 PAIUTES-ECP1 Carbonate 2013 7,610,000 23.35 NDWR, 2018a §
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Table C-3

(Page 18 of 30)

Hydrographic Aquifer Production Production

Area Well Name Material Year (gallons) (af) Comments Source

218 PAIUTES-ECP1 Carbonate 2014 57,130,000 175.33 NDWR, 2018a
218 PAIUTES-ECP1 Carbonate 2015 95,700,000 293.69 NDWR, 2018a
218 PAIUTES-ECP1 Carbonate 2016 44,510,000 136.60 NDWR, 2018a
218 PAIUTES-ECP1 Carbonate 2017 4,190,000 12.86 NDWR, 2018a
218 PAIUTES-ECP1 Carbonate 2018 0 0.00 NDWR, 2018a
218 PAIUTES-ECP3 Carbonate 2015 28,360,000 87.03 NDWR, 2018a
218 PAIUTES-ECP3 Carbonate 2016 9,620,000 29.52 NDWR, 2018a
218 PAIUTES-ECP3 Carbonate 2017 0 0.00 NDWR, 2018a
218 PAIUTES-ECP3 Carbonate 2018 0 0.00 NDWR, 2018a
218 PAIUTES-TH1 Carbonate 2009 5,000,000 15.34 NDWR, 2018a
218 PAIUTES-TH1 Carbonate 2010 6,300,000 19.33 NDWR, 2018a
218 PAIUTES-TH1 Carbonate 2011 6,470,000 19.86 NDWR, 2018a
218 PAIUTES-TH1 Carbonate 2012 6,790,000 20.84 NDWR, 2018a
218 PAIUTES-TH1 Carbonate 2013 11,670,000 35.81 NDWR, 2018a
218 PAIUTES-TH1 Carbonate 2014 36,830,000 113.03 NDWR, 2018a
218 PAIUTES-TH1 Carbonate 2015 10,020,000 30.75 NDWR, 2018a
218 PAIUTES-TH1 Carbonate 2016 11,040,000 33.88 NDWR, 2018a
218 PAIUTES-TH1 Carbonate 2017 9,806,313 30.09 NDWR, 2018a
218 PAIUTES-TH1 Carbonate 2018 3,510,000 10.77 NDWR, 2018a
219 ARROW_CANYON Carbonate 1992 167,289,000 513.39 MVWD, 2018
219 ARROW_CANYON Carbonate 1993 335,084,000 1,028.34 MVWD, 2018
219 ARROW_CANYON Carbonate 1994 164,219,000 503.97 MVWD, 2018
219 ARROW_CANYON Carbonate 1995 99,050,000 303.97 MVWD, 2018
219 ARROW_CANYON Carbonate 1996 89,388,000 274.32 MVWD, 2018
219 ARROW_CANYON Carbonate 1997 163,354,000 501.32 MVWD, 2018
219 ARROW_CANYON Carbonate 1998 641,596,000 1,968.99 MVWD, 2018
219 ARROW_CANYON Carbonate 1999 793,268,000 2,434 .45 MVWD, 2018
219 ARROW_CANYON Carbonate 2000 904,935,000 2,777.14 MVWD, 2018
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Table C-3

(Page 19 of 30)

Hydrographic Aquifer Production Production

Area Well Name Material Year (gallons) (af) Comments Source

219 ARROW_CANYON Carbonate 2001 793,065,000 2,433.83 MVWD, 2018
219 ARROW_CANYON Carbonate 2002 737,673,750 2,263.84 MVWD, 2018
219 ARROW_CANYON Carbonate 2003 804,304,520 2,468.32 MVWD, 2018
219 ARROW_CANYON Carbonate 2004 816,215,000 2,504.87 MVWD, 2018
219 ARROW_CANYON Carbonate 2005 679,303,000 2,084.70 MVWD, 2018
219 ARROW_CANYON Carbonate 2006 641,990,508 1,970.20 MVWD, 2018
219 ARROW_CANYON Carbonate 2007 416,343,000 1,277.71 MVWD, 2018
219 ARROW_CANYON Carbonate 2008 583,101,000 1,789.47 MVWD, 2018
219 ARROW_CANYON Carbonate 2009 461,027,733 1,414.84 MVWD, 2018
219 ARROW_CANYON Carbonate 2010 375,264,540 1,151.64 MVWD, 2018
219 ARROW_CANYON Carbonate 2011 547,436,576 1,680.02 MVWD, 2018
219 ARROW_CANYON Carbonate 2012 641,920,168 1,969.98 MVWD, 2018
219 ARROW_CANYON Carbonate 2013 613,093,890 1,881.52 MVWD, 2018
219 ARROW_CANYON Carbonate 2014 379,141,924 1,163.54 MVWD, 2018
219 ARROW_CANYON Carbonate 2015 655,291,990 2,011.02 MVWD, 2018
219 ARROW_CANYON Carbonate 2016 736,378,979 2,259.86 MVWD, 2018
219 ARROW_CANYON Carbonate 2017 748,223,000 2,296.21 MVWD, 2018
219 ARROW_CANYON Carbonate 2018 249,540,000 765.81 MVWD, 2018
219 ARROW_CANYON_2 Carbonate 2005 66,440,000 203.90 MVWD, 2018
219 ARROW_CANYON_2 Carbonate 2006 261,000 0.80 MVWD, 2018
219 ARROW_CANYON_2 Carbonate 2007 184,622,000 566.58 MVWD, 2018
219 ARROW_CANYON_2 Carbonate 2008 32,129,000 98.60 MVWD, 2018
219 ARROW_CANYON_2 Carbonate 2009 201,394,403 618.06 MVWD, 2018
219 ARROW_CANYON_2 Carbonate 2010 216,208,406 663.52 MVWD, 2018
219 ARROW_CANYON_2 Carbonate 2011 50,554,746 155.15 MVWD, 2018
219 ARROW_CANYON_2 Carbonate 2012 159,785,076 490.36 MVWD, 2018
219 ARROW_CANYON_2 Carbonate 2013 117,203,061 359.68 MVWD, 2018
219 ARROW_CANYON_2 Carbonate 2014 90,609,576 278.07 MVWD, 2018
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Area Well Name Material Year (gallons) (af) Comments Source
219 ARROW_CANYON_2 Carbonate 2015 125,232,959 384.33 MVWD, 2018
219 ARROW_CANYON_2 Carbonate 2016 175,395,278 538.27 MVWD, 2018
219 ARROW_CANYON_2 Carbonate 2017 170,436,287 523.05 MVWD, 2018
219 ARROW_CANYON_2 Carbonate 2018 214,718,278 658.95 MVWD, 2018
219 BEHMER Alluvium 1993 200,429,800 615.10 Combined Behmer 14" and 8" production. Mifflin ?gg:‘de”'e’
219 BEHMER Alluvium 1994 75,445,300 231.53 Combined Behmer 14" and 8" production. | N ?g‘;é‘de”'e’
219 BEHMER Alluvium 1995 139,805,760 429.05 Combined Behmer 14" and 8" production. Pohlmann, 1996
219 BEHMER Alluvium 1996 | 222,068,000 681.50 | Combined Behmer 14" and 8" production. F;{‘th';“e":‘lnqggf
219 BEHMER Alluvium 1999 78,801,740 241.83 Combined Behmer 14" and 8" production. Kleinfelder, 2000
219 BEHMER Alluvium 2000 180,081,000 552.65 Production from Behmer 14". NDWR, 2018a
219 BEHMER Alluvium 2001 270,722,000 830.82 Combined Behmer 14" and 8" production. Converse, 2002
219 BEHMER Alluvium 2002 267,153,000 819.86 Production from Behmer 14". Converse, 2003
219 BEHMER Alluvium 2003 209,306,000 642.34 Production from Behmer 14", Converse, 2004
219 BEHMER Alluvium 2004 181,153,440 555.94 Production from Behmer 14". Converse, 2005
219 BEHMER Alluvium 2005 214,128,000 657.13 Production from Behmer 14". NDWR, 2018a
219 BEHMER Alluvium 2006 166,359,000 510.54 Production from Behmer 14". NDWR, 2018a
219 BEHMER Alluvium 2007 170,896,000 524.46 Production from Behmer 14". NDWR, 2018a
219 BEHMER Alluvium 2008 156,091,000 479.03 Production from Behmer 14". NDWR, 2018a
219 BEHMER Alluvium 2009 295,797,000 907.77 NDWR, 2018a
219 BEHMER Alluvium 2010 199,527,000 612.33 NDWR, 2018a
219 BEHMER Alluvium 2011 141,521,000 434.31 NDWR, 2018a
219 BEHMER Alluvium 2012 141,012,500 432.75 NDWR, 2018a
219 BEHMER Alluvium 2013 202,634,000 621.86 NDWR, 2018a
219 BEHMER Alluvium 2014 200,741,453 616.05 NDWR, 2018a
219 BEHMER Alluvium 2015 94,933,000 291.34 NDWR, 2018a
219 BEHMER Alluvium 2016 20,000 0.06 NDWR, 2018a
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Hydrographic Aquifer Production Production
Area Well Name Material Year (gallons) (af) Comments Source
219 BEHMER Alluvium 2017 28,760,000 88.26 NDWR, 2018a
219 BEHMER Alluvium 2018 0 0.00 NDWR, 2018a
219 LDS Central Alluvium 1990 172,457,000 529.25 Mifflin,Adenle, and
Johnson, 1991
219 LDS Central Alluvium 1993 67,869,000 208.28 Mifflin iggfde”'e'
219 LDS Central Alluvium 1994 98,137,000 301.17 Mifflin ?g‘ég\de”'e’
219 LDS Central Alluvium 1995 159,600,000 489.79 Pohlmann, 1996
219 LDS CENTRAL Alluvium 1996 180,549,000 554.08 Pohimann and
Russell, 1997
219 LDS CENTRAL Alluvium 1999 238,859,000 733.03 Kleinfelder, 2000
219 LDS CENTRAL Alluvium 2000 315,045,000 966.84 NDWR, 2018a
219 LDS CENTRAL Alluvium 2001 310,055,000 951.52 NDWR, 2018a
219 LDS CENTRAL Alluvium 2002 296,357,000 909.49 NDWR, 2018a
219 LDS CENTRAL Alluvium 2003 317,365,000 973.96 NDWR, 2018a
219 LDS CENTRAL Alluvium 2004 237,541,000 728.99 NDWR, 2018a
219 LDS CENTRAL Alluvium 2005 252,015,000 773.41 NDWR, 2018a
219 LDS CENTRAL Alluvium 2006 287,471,000 882.22 NDWR, 2018a
219 LDS CENTRAL Alluvium 2007 230,442,000 707.20 NDWR, 2018a
219 LDS CENTRAL Alluvium 2008 198,628,000 609.57 NDWR, 2018a
219 LDS CENTRAL Alluvium 2009 267,394,000 820.60 NDWR, 2018a
219 LDS CENTRAL Alluvium 2010 231,525,000 710.52 NDWR, 2018a
219 LDS CENTRAL Alluvium 2011 161,742,000 496.37 NDWR, 2018a
219 LDS CENTRAL Alluvium 2012 77,824,000 238.83 NDWR, 2018a
219 LDS CENTRAL Alluvium 2013 128,674,000 394.89 NDWR, 2018a
219 LDS CENTRAL Alluvium 2014 68,333,661 209.71 NDWR, 2018a
219 LDS CENTRAL Alluvium 2015 5,190,000 15.93 NDWR, 2018a
219 LDS CENTRAL Alluvium 2016 19,670,000 60.37 NDWR, 2018a
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Hydrographic Aquifer Production Production
Area Well Name Material Year (gallons) (af) Comments Source
219 DS CENTRAL Alluvium 2017 0 0.00 NDWR, 2018a
219 LDS CENTRAL Alluvium 2018 0 0.00 NDWR, 2018a
219 LDS East Alluvium 1990 137,505,000 421.99 Mifflin,Adenle, and
Johnson, 1991
219 LDS East Alluvium 1993 92,336,000 283.37 Mifflin ";‘g‘;fde”'e'
219 LDS East Alluvium 1994 100,962,000 309.84 Mifflin ﬁg‘égde”'e'
219 LDS East Alluvium 1995 175,869,000 539.72 Pohimann, 1996
219 LDS EAST Alluvium 1996 171,100,000 525.09 Pohimann and
Russell, 1997
219 LDS EAST Alluvium 1999 191,588,000 587.96 Kleinfelder, 2000
219 LDS EAST Alluvium 2000 363,754,000 1,116.32 NDWR, 2018a
219 LDS EAST Alluvium 2001 197,351,000 605.65 NDWR, 2018a
219 LDS EAST Alluvium 2002 124,970,000 383.52 NDWR, 2018a
219 LDS EAST Alluvium 2003 213,657,000 655.69 NDWR, 2018a
219 LDS EAST Alluvium 2004 183,984,500 564.63 NDWR, 2018a
219 LDS EAST Alluvium 2005 140,928,000 432.49 NDWR, 2018a
219 LDS EAST Alluvium 2006 127,973,000 392.73 NDWR, 2018a
219 LDS EAST Alluvium 2007 207,036,000 635.37 NDWR, 2018a
219 LDS EAST Alluvium 2008 165,261,000 507.17 NDWR, 2018a
219 LDS EAST Alluvium 2009 63,551,000 195.03 NDWR, 2018a
219 LDS EAST Alluvium 2010 52,720,000 161.79 NDWR, 2018a
219 LDS EAST Alluvium 2011 196,639,000 603.46 NDWR, 2018a
219 LDS EAST Alluvium 2012 188,436,000 578.29 NDWR, 2018a
219 LDS EAST Alluvium 2013 177,234,000 543.91 NDWR, 2018a
219 LDS EAST Alluvium 2014 195,257,868 599.22 NDWR, 2018a
219 LDS EAST Alluvium 2015 13,710,000 42.07 NDWR, 2018a
219 LDS EAST Alluvium 2016 0 0.00 NDWR, 2018a
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Hydrographic Aquifer Production Production
Area Well Name Material Year (gallons) (af) Comments Source
219 LDS EAST Alluvium 2017 60,100,000 184.44 NDWR, 2018a
219 LDS EAST Alluvium 2018 0 0.00 NDWR, 2018a
219 LDS West Alluvium 1990 198,115,000 607.99 Mifflin,Adenle, and
Johnson, 1991
219 LDS West Alluvium 1993 134,620,000 413.13 Mifflin iggfde”'e'
219 LDS West Alluvium 1994 279,092,000 856.50 Mifflin igg:de”'e'
219 LDS West Alluvium 1995 180,481,000 553.88 Pohlmann, 1996
219 LDS WEST Alluvium 1996 331,528,000 1,017.42 Pohimann and
Russell, 1997
219 LDS WEST Alluvium 1999 348,289,000 1,068.86 Kleinfelder, 2000
219 LDS WEST Alluvium 2000 353,827,000 1,085.86 NDWR, 2018a
219 LDS WEST Alluvium 2001 228,110,000 700.04 NDWR, 2018a
219 LDS WEST Alluvium 2002 246,938,000 757.82 NDWR, 2018a
219 LDS WEST Alluvium 2003 172,354,000 528.94 NDWR, 2018a
219 LDS WEST Alluvium 2004 165,522,000 507.97 NDWR, 2018a
219 LDS WEST Alluvium 2005 303,863,000 932.52 NDWR, 2018a
219 LDS WEST Alluvium 2006 428,686,000 1,315.59 NDWR, 2018a
219 LDS WEST Alluvium 2007 288,217,000 884.51 NDWR, 2018a
219 LDS WEST Alluvium 2008 166,099,000 509.74 NDWR, 2018a
219 LDS WEST Alluvium 2009 168,098,000 515.87 NDWR, 2018a
219 LDS WEST Alluvium 2010 167,529,000 514.13 NDWR, 2018a
219 LDS WEST Alluvium 2011 129,219,000 396.56 NDWR, 2018a
219 LDS WEST Alluvium 2012 65,323,000 200.47 NDWR, 2018a
219 LDS WEST Alluvium 2013 35,166,000 107.92 NDWR, 2018a
219 LDS WEST Alluvium 2014 145,313,981 445.95 NDWR, 2018a
219 LDS WEST Alluvium 2015 38,379,000 117.78 NDWR, 2018a
219 LDS WEST Alluvium 2016 70,410,000 216.08 NDWR, 2018a
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Table C-3

(Page 24 of 30)
Hydrographic Aquifer Production Production
Area Well Name Material Year (gallons) (af) Comments Source
219 DS WEST Alluvium 2017 17,970,000 5515 NDWR, 2018a
219 LDS WEST Alluvium 2018 0 0.00 NDWR, 2018a
219 LEWIS 1 Alluvium 1993 135,885,000 417.02 Mifflin ";‘g‘éfde”'e'
219 LEWIS 1 Alluvium 1994 185,686,000 569.85 Mifflin ";‘g‘;?de”'e'
219 LEWIS 1 Alluvium 1995 59,146,000 181.51 Pohimann, 1996
219 LEWIS 1 Alluvium 1996 79,882,000 245.15 Pohimann and
Russell, 1997
219 LEWIS 1 Alluvium 1999 117,567,000 360.80 Kleinfelder, 2000
219 LEWIS 1 Alluvium 2000 101,913,332 312.76 NDWR, 2018a
219 LEWIS 1 Alluvium 2001 35,630,000 109.34 NDWR, 2018a
219 LEWIS 1 Alluvium 2002 123,094,000 377.76 NDWR, 2018a
219 LEWIS 1 Alluvium 2003 93,257,000 286.20 NDWR, 2018a
219 LEWIS 1 Alluvium 2004 100,527,000 308.51 NDWR, 2018a
219 LEWIS 1 Alluvium 2005 92,664,000 284.38 NDWR, 2018a
219 LEWIS 1 Alluvium 2006 86,734,000 266.18 NDWR, 2018a
219 LEWIS 1 Alluvium 2007 77,139,000 236.73 NDWR, 2018a
219 LEWIS 1 Alluvium 2008 103,418,000 317.38 NDWR, 2018a
219 LEWIS 1 Alluvium 2009 17,407,000 53.42 NDWR, 2018a
219 LEWIS 1 Alluvium 2010 44,258,000 135.82 NDWR, 2018a
219 LEWIS 1 Alluvium 2011 133,139,200 408.59 NDWR, 2018a
219 LEWIS 1 Alluvium 2012 71,765,700 220.24 NDWR, 2018a
219 LEWIS 1 Alluvium 2013 64,453,800 197.80 NDWR, 2018a
219 LEWIS 1 Alluvium 2014 89,944,300 276.03 NDWR, 2018a
219 LEWIS 1 Alluvium 2015 0 0.00 NDWR, 2018a
219 LEWIS 1 Alluvium 2016 0 0.00 NDWR, 2018a
219 LEWIS 1 Alluvium 2017 0 0.00 NDWR, 2018a
219 LEWIS 1 Alluvium 2018 0 0.00 NDWR, 2018a
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Table C-3
Groundwater Production
(Page 25 of 30)
Hydrographic Aquifer Production Production
Area Well Name Material Year (gallons) (af) Comments Source
219 LEWIS 2 Alluvium 1993 76,466,000 234.67 Mifflin ?g‘éﬁde”'e'
219 LEWIS 2 Alluvium 1994 70,949,000 217.73 Mifflin ?g‘;?de”'e'
219 LEWIS 2 Alluvium 1995 73,164,000 22453 Pohlmann, 1996
219 LEWIS 2 Alluvium 1996 64,856,000 199.04 Pohimann and
Russell, 1997
219 LEWIS 2 Alluvium 1999 72,835,000 223.52 Kleinfelder, 2000
219 LEWIS 2 Alluvium 2000 103,158,000 316.58 NDWR, 2018a
219 LEWIS 2 Alluvium 2001 6,180,000 18.97 NDWR, 2018a
219 LEWIS 2 Alluvium 2002 78,513,000 240.95 NDWR, 2018a
219 LEWIS 2 Alluvium 2003 68,188,000 209.26 NDWR, 2018a
219 LEWIS 2 Alluvium 2004 102,914,000 315.83 NDWR, 2018a
219 LEWIS 2 Alluvium 2005 100,377,000 308.05 NDWR, 2018a
219 LEWIS 2 Alluvium 2006 74,216,000 227.76 NDWR, 2018a
219 LEWIS 2 Alluvium 2007 116,889,000 358.72 NDWR, 2018a
219 LEWIS 2 Alluvium 2008 108,228,000 332.14 NDWR, 2018a
219 LEWIS 2 Alluvium 2009 97,690,000 299.80 NDWR, 2018a
219 LEWIS 2 Alluvium 2010 113,247,000 34754 NDWR, 2018a
219 LEWIS 2 Alluvium 2011 127,704,000 391.91 NDWR, 2018a
219 LEWIS 2 Alluvium 2012 35,537,000 109.06 NDWR, 2018a
219 LEWIS 2 Alluvium 2013 26,465,000 81.22 NDWR, 2018a
219 LEWIS 2 Alluvium 2014 44,022,000 135.10 NDWR, 2018a
219 LEWIS 2 Alluvium 2015 0 0.00 NDWR, 2018a
219 LEWIS 2 Alluvium 2016 0 0.00 NDWR, 2018a
219 LEWIS 2 Alluvium 2017 0 0.00 NDWR, 2018a
219 LEWIS 2 Alluvium 2018 0 0.00 NDWR, 2018a
219 LEWIS 3 Alluvium 1993 129,001,000 395.89 Mifflin ﬁg‘;ﬁde”'e’
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Table C-3

(Page 26 of 30)
Hydrographic Aquifer Production Production
Area Well Name Material Year (gallons) (af) Comments Source
219 LEWIS 3 Alluvium 1994 256,934,000 788.50 Mifflin ﬁg‘;?de”'e'
219 LEWIS 3 Alluvium 1995 118,406,000 363.37 Pohlmann, 1996
219 LEWIS 3 Alluvium 1996 81,207,000 249.22 Pohimann and
Russell, 1997
219 LEWIS 3 Alluvium 1999 205,279,000 629.98 Kleinfelder, 2000
219 LEWIS 3 Alluvium 2000 152,499,000 468.00 NDWR, 2018a
219 LEWIS 3 Alluvium 2001 141,026,000 432.79 NDWR, 2018a
219 LEWIS 3 Alluvium 2002 238,372,000 731.54 NDWR, 2018a
219 LEWIS 3 Alluvium 2003 136,780,000 419.76 NDWR, 2018a
219 LEWIS 3 Alluvium 2004 121,044,000 371.47 NDWR, 2018a
219 LEWIS 3 Alluvium 2005 101,789,000 312.38 NDWR, 2018a
219 LEWIS 3 Alluvium 2006 145,098,000 445.29 NDWR, 2018a
219 LEWIS 3 Alluvium 2007 105,172,300 322.76 NDWR, 2018a
219 LEWIS 3 Alluvium 2008 52,951,600 162.50 NDWR, 2018a
219 LEWIS 3 Alluvium 2009 53,981,600 165.66 NDWR, 2018a
219 LEWIS 3 Alluvium 2010 60,061,000 184.32 NDWR, 2018a
219 LEWIS 3 Alluvium 2011 114,042,000 349.98 NDWR, 2018a
219 LEWIS 3 Alluvium 2012 75,691,000 232.29 NDWR, 2018a
219 LEWIS 3 Alluvium 2013 111,242,000 341.39 NDWR, 2018a
219 LEWIS 3 Alluvium 2014 173,058,834 531.10 NDWR, 2018a
219 LEWIS 3 Alluvium 2015 3,830,000 11.75 NDWR, 2018a
219 LEWIS 3 Alluvium 2016 63,890,000 196.07 NDWR, 2018a
219 LEWIS 3 Alluvium 2017 0 0.00 NDWR, 2018a
219 LEWIS 3 Alluvium 2018 0 0.00 NDWR, 2018a
219 LEWIS 4 Alluvium 1993 144,441,000 443.27 Mifflin ig‘;ﬁdeme'
219 LEWIS 4 Alluvium 1994 89,080,000 273.38 Mifflin ig‘;:de”'e'
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Table C-3
Groundwater Production
(Page 27 of 30)
Hydrographic Aquifer Production Production
Area Well Name Material Year (gallons) (af) Comments Source
219 LEWIS 4 Alluvium 1995 107,707,000 330.54 Pohimann, 1996
219 LEWIS 4 Alluvium 1996 175,769,000 539.42 Pohimann and
Russell, 1997
219 LEWIS 4 Alluvium 1999 78,307,000 240.32 Kleinfelder, 2000
219 LEWIS 4 Alluvium 2000 81,103,000 248.90 NDWR, 2018a
219 LEWIS 4 Alluvium 2001 111,354,000 341.73 NDWR, 2018a
219 LEWIS 4 Alluvium 2002 203,322,400 623.97 NDWR, 2018a
219 LEWIS 4 Alluvium 2003 88,076,400 270.30 NDWR, 2018a
219 LEWIS 4 Alluvium 2004 107,038,100 328.49 NDWR, 2018a
219 LEWIS 4 Alluvium 2005 130,254,900 399.74 NDWR, 2018a
219 LEWIS 4 Alluvium 2006 133,886,400 410.88 NDWR, 2018a
219 LEWIS 4 Alluvium 2007 103,962,300 319.05 NDWR, 2018a
219 LEWIS 4 Alluvium 2008 108,001,400 331.44 NDWR, 2018a
219 LEWIS 4 Alluvium 2009 67,665,100 207.66 NDWR, 2018a
219 LEWIS 4 Alluvium 2010 89,094,000 273.42 NDWR, 2018a
219 LEWIS 4 Alluvium 2011 87,828,000 269.53 NDWR, 2018a
219 LEWIS 4 Alluvium 2012 45,697,000 140.24 NDWR, 2018a
219 LEWIS 4 Alluvium 2013 61,536,000 188.85 NDWR, 2018a
219 LEWIS 4 Alluvium 2014 154,217,229 473.28 NDWR, 2018a
219 LEWIS 4 Alluvium 2015 15,250,000 46.80 NDWR, 2018a
219 LEWIS 4 Alluvium 2016 17,310,000 53.12 NDWR, 2018a
219 LEWIS 4 Alluvium 2017 680,000 2.09 NDWR, 2018a
219 LEWIS 4 Alluvium 2018 0 0.00 NDWR, 2018a
219 LEWIS 5 Alluvium 1993 51,249,000 157.28 Mifflin ?ggfde”'e'
219 LEWIS 5 Alluvium 1994 73,265,000 224.84 Mifflin ﬁg‘;:de”'e'
219 LEWIS 5 Alluvium 1995 64,863,000 199.06 Pohlmann, 1996
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Table C-3

(Page 28 of 30)
Hydrographic Aquifer Production Production
Area Well Name Material Year (gallons) (af) Comments Source
219 LEWIS 5 Alluvium 1996 94,302,000 289.40 Pohimann and
Russell, 1997
219 LEWIS 5 Alluvium 1999 137,169,000 420.96 Kleinfelder, 2000
219 LEWIS 5 Alluvium 2000 139,206,000 427.21 NDWR, 2018a
219 LEWIS 5 Alluvium 2001 130,284,000 399.83 NDWR, 2018a
219 LEWIS 5 Alluvium 2002 53,624,000 164.57 NDWR, 2018a
219 LEWIS 5 Alluvium 2003 107,017,000 328.42 NDWR, 2018a
219 LEWIS 5 Alluvium 2004 79,409,000 243.70 NDWR, 2018a
219 LEWIS 5 Alluvium 2005 128,429,000 394.13 NDWR, 2018a
219 LEWIS 5 Alluvium 2006 161,538,500 495.74 NDWR, 2018a
219 LEWIS 5 Alluvium 2007 13,424,600 41.20 NDWR, 2018a
219 LEWIS 5 Alluvium 2008 119,084,000 365.46 NDWR, 2018a
219 LEWIS 5 Alluvium 2009 91,462,000 280.69 NDWR, 2018a
219 LEWIS 5 Alluvium 2010 121,690,000 373.45 NDWR, 2018a
219 LEWIS 5 Alluvium 2011 132,237,000 405.82 NDWR, 2018a
219 LEWIS 5 Alluvium 2012 54,629,000 167.65 NDWR, 2018a
219 LEWIS 5 Alluvium 2013 153,055,672 469.71 NDWR, 2018a
219 LEWIS 5 Alluvium 2014 242,481,080 74415 NDWR, 2018a
219 LEWIS 5 Alluvium 2015 135,082,000 414.55 NDWR, 2018a
219 LEWIS 5 Alluvium 2016 134,160,000 411.72 NDWR, 2018a
219 LEWIS 5 Alluvium 2017 43,690,000 134.08 NDWR, 2018a
219 LEWIS 5 Alluvium 2018 0 0.00 NDWR, 2018a
219 MX-6 Carbonate 1993 45,945,000 141.00 MVWD, 2018
219 MX-6 Carbonate 1994 127,033,000 389.85 MVWD, 2018
219 MX-6 Carbonate 1995 122,008,000 374.43 MVWD, 2018
219 MX-6 Carbonate 1996 140,352,000 430.72 MVWD, 2018
219 MX-6 Carbonate 1997 100,087,000 307.16 MVWD, 2018
219 MX-6 Carbonate 1998 22,782,800 69.92 MVWD, 2018
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Table C-3
Groundwater Production
(Page 29 of 30)
Hydrographic Aquifer Production Production
Area Well Name Material Year (gallons) (af) Comments Source
219 MX-6 Carbonate 1999 47,099,500 144 54 MVWD, 2018
219 MX-6 Carbonate 2000 42,504,600 130.44 MVWD, 2018
219 MX-6 Carbonate 2001 100,855,300 309.51 MVWD, 2018
219 MX-6 Carbonate 2002 100,644,540 308.87 MVWD, 2018
219 MX-6 Carbonate 2003 113,150,568 347.25 MVWD, 2018
219 MX-6 Carbonate 2004 69,423,000 213.05 MVWD, 2018
219 MX-6 Carbonate 2005 87,378,000 268.15 MVWD, 2018
219 MX-6 Carbonate 2006 324,073,000 994.54 MVWD, 2018
219 MX-6 Carbonate 2007 76,330,000 234.25 MVWD, 2018
219 MX-6 Carbonate 2008 125,056,000 383.78 MVWD, 2018
219 MX-6 Carbonate 2009 507,102 1.56 MVWD, 2018
219 MX-6 Carbonate 2010 3,645,192 11.19 MVWD, 2018
219 MX-6 Carbonate 2011 460,864 1.41 MVWD, 2018
219 MX-6 Carbonate 2012 57,878,530 177.62 MVWD, 2018
219 MX-6 Carbonate 2013 82,912,071 254.45 MVWD, 2018
219 MX-6 Carbonate 2014 0 0.00 MVWD, 2018
219 MX-6 Carbonate 2015 0 0.00 MVWD, 2018
219 MX-6 Carbonate 2016 0 0.00 MVWD, 2018
219 MX-6 Carbonate 2017 0 0.00 MVWD, 2018
219 MX-6 Carbonate 2018 0 0.00 MVWD, 2018
219 PERKINS PRODUCTION Alluvium 1993 159,155,000 488.43 Mifflin ?g‘;ﬁ\de”'e'
219 PERKINS PRODUCTION Alluvium 1994 217,349,000 667.02 Mifflin ?g‘;?de”'e'
219 PERKINS PRODUCTION Alluvium 1995 49,595,000 152.20 Pohlmann, 1996
219 PERKINS PRODUCTION Alluvium 1996 147,494,000 452.64 Pohimann and
Russell, 1997
219 PERKINS PRODUCTION Alluvium 1999 78,396,000 240.59 Kleinfelder, 2000
219 PERKINS PRODUCTION Alluvium 2000 153,475,000 471.00 NDWR, 2018a
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Table C-3

(Page 30 of 30)
Hydrographic Aquifer Production Production

Area Well Name Material Year (gallons) (af) Comments Source

219 PERKINS PRODUCTION Alluvium 2001 159,530,000 489.58 NDWR, 2018a
219 PERKINS PRODUCTION Alluvium 2002 236,304,000 725.19 NDWR, 2018a
219 PERKINS PRODUCTION Alluvium 2003 228,829,000 702.25 NDWR, 2018a
219 PERKINS PRODUCTION Alluvium 2004 170,913,000 524.51 NDWR, 2018a
219 PERKINS PRODUCTION Alluvium 2005 238,755,000 732.71 NDWR, 2018a
219 PERKINS PRODUCTION Alluvium 2006 252,270,000 774.19 NDWR, 2018a
219 PERKINS PRODUCTION Alluvium 2007 231,534,000 710.55 NDWR, 2018a
219 PERKINS PRODUCTION Alluvium 2008 218,774,000 671.39 NDWR, 2018a
219 PERKINS PRODUCTION Alluvium 2009 210,205,000 645.10 NDWR, 2018a
219 PERKINS PRODUCTION Alluvium 2010 189,468,000 581.46 NDWR, 2018a
219 PERKINS PRODUCTION Alluvium 2011 207,057,000 635.43 NDWR, 2018a
219 PERKINS PRODUCTION Alluvium 2012 246,502,000 756.49 NDWR, 2018a
219 PERKINS PRODUCTION Alluvium 2013 330,911,000 1,015.53 NDWR, 2018a
219 PERKINS PRODUCTION Alluvium 2014 258,918,323 794.59 NDWR, 2018a
219 PERKINS PRODUCTION Alluvium 2015 113,142,000 347.22 NDWR, 2018a
219 PERKINS PRODUCTION Alluvium 2016 0 0.00 NDWR, 2018a
219 PERKINS PRODUCTION Alluvium 2017 23,170,000 71.11 NDWR, 2018a
219 PERKINS PRODUCTION Alluvium 2018 0 0.00 NDWR, 2018a
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Water Resource Conditions of the LWRFS, 2018
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ABSTRACT

The role of low-angle faults in accommodating extension within the upper
crust remains controversial because the existence of these faults markedly de-
fies extant continuum theories of how crustal faults form, and once initiated,
how they continue to slip. Accordingly, for many proposed examples, basic
kinematic problems like slip direction, dip angle while active, and magnitude
of offset are keenly debated. A well-known example is the Miocene Mormon
Peak detachment and overlying Mormon Peak allochthon of southern Nevada
(USA), whose origin and evolution have been debated for several decades.
Here, we use geologic mapping in the Meadow Valley Mountains to help
define the geometry and kinematics of emplacement of the Mormon Peak
allochthon, the hanging wall of the Mormon Peak detachment. Pre-exten-
sion structural markers, inherited from the east-vergent Sevier thrust belt
of Mesozoic age, are well suited to constrain the geometry and kinematics
of the detachment. In this study, we add to these markers a newly mapped
Sevier-age monoclinal flexure preserved in the hanging wall of the detach-
ment. The bounding axial surfaces of the flexure can be readily matched to
the base and top of the frontal Sevier thrust ramp, which is exposed in the
footwall of the detachment to the east in the Mormon Mountains and Tule
Springs Hills. Multiple proxies for the slip direction of the detachment, in-
cluding the mean tilt direction of hanging wall fault blocks, the trend of stri-
ations measured on the fault plane, and other structural features, indicate
that it is approximately S77°W (257°). Given the observed structural separa-
tion lines between the hanging wall and footwall, this slip direction indicates
12-13 km of horizontal displacement on the detachment (14-15 km net slip),
lower than a previous estimate of 20-22 km, which was based on erroneous
assumptions in regard to the geometry of the thrust system. Based on a new
detailed map compilation of the region and recently published low-tempera-
ture thermochronologic data, palinspastic constraints also preclude earlier
suggestions that the Mormon Peak allochthon is a composite of diachro-
nously emplaced, surficial landslide deposits. Although earlier suggestions
that the initiation angle of the detachment in the central Mormon Mountains
is ~20°-25° remain valid, the geometry of the Sevier-age monocline in the
Meadow Valley Mountains and other structural data suggest that the initial

dip of the detachment steepens toward the north beneath the southernmost
Clover Mountains, where the hanging wall includes kilometer-scale accumu-
lations of volcanic and volcaniclastic strata.

H INTRODUCTION

In materials obeying Coulombic- or Byerlee-type failure laws, both the ini-
tiation and continued slip on normal fault planes dipping <30° is prohibited,
assuming the maximum principal stress direction is subvertical (e.g., Collettini
and Sibson, 2001; Axen, 2004). Extensional detachments (nominally, low-angle
normal faults with displacements of kilometers to tens of kilometers) are widely
described in the literature and currently accepted by most earth scientists as
fundamental tectonic elements (e.g., Lister and Davis, 1989; Abers, 1991; Rigo
et al., 1996; Chiaraluce et al., 2007; Bidgoli et al., 2015). However, they are prob-
lematic, not only from a mechanical point of view, but also from the point of
view of historical seismicity, which is dominated by slip on planes steeper than
30° (e.g., Jackson and White, 1989; Wernicke, 1995; Elliott et al., 2010; Styron
and Hetland, 2014). Thus, despite general acceptance, the very existence of low-
angle normal faults continues to be challenged, in some cases even on geologi-
cal grounds (e.g., Miller et al., 1999; Anders et al., 2006; Wong and Gans, 2008).

A frequently cited example of an upper-crustal normal fault that both initi-
ated and slipped at low angle (20°-25°) throughout its evolution is the middle
Miocene Mormon Peak detachment of southern Nevada (USA), which local-
ized near the frontal thrust ramp of the Cretaceous Sevier fold-and-thrust belt
(Figs. 1 and 2; Wernicke et al., 1985; Wernicke and Axen, 1988; Axen et al., 1990;
Wernicke, 1995; Axen, 2004; Anderson et al., 2010). This interpretation has
been challenged by several workers who contend that the hanging wall of the
detachment constitutes one or more large-scale landslide or rock avalanche
deposits (e.g., Carpenter et al., 1989; Anders et al., 2006; Walker et al., 2007).

Because the detachment is superimposed on the frontal ramp of a décolle-
ment fold-and-thrust belt, numerous potential structural markers provide con-
straints on both the initial dip and net displacement along the detachment. The
most important of these include (1) the axial surfaces of the frontal ramp syn-
cline and anticline, (2) footwall cutoffs of Paleozoic and Mesozoic stratigraphic
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Figure 1. (A) Map showing the trace of the Sevier orogenic front (western USA) and location
of B. (B) Shaded relief map showing the surface traces (solid) and subsurface projections
(d d) of the positi of sel del of the frontal Sevier thrust fault in southern
Nevada and environs, and the location of Figures 2 and 3. MZ—Mesozoic; Ariz.—Arizona.

units by the ramp zone, and (3) stratigraphic mismatch between the footwall
and hanging wall of the detachment. Although some of these features were
previously described in detail from the footwall of the detachment in the Mor-
mon Mountains and Tule Springs Hills area (Fig. 1; Wernicke et al., 1985; Axen
et al., 1990), potential offset counterparts in the Meadow Valley Mountains,
immediately to the west of the Mormon Mountains, have to date only been
mapped in reconnaissance (Tschanz and Pampeyan, 1970; Pampeyan, 1993).
These maps depict a large-scale, monoclinal flexure in Paleozoic and Meso-
zoic strata overlain in angular unconformity by a succession of mid-Tertiary
lacustrine and volcanic strata. Based on the regional geology of the frontal
Sevier ramp zone in southern Nevada (Longwell et al., 1965; Burchfiel et al.,
1974, 1982, 1997; Carr, 1983; Axen, 1984), the monoclinal flexure constrains the
geometry of the frontal thrust ramp that generated it (e.g., Axen et al., 1990). In
this paper, we present new 1:24,000-scale mapping, cross-sections, and struc-
tural reconstructions of the central Meadow Valley Mountains, targeted toward
documenting the heretofore poorly constrained geometry of the frontal ramp
zone above the detachment. We then examine these data in light of previous
structural and thermochronological studies in the Mormon Mountains and Tule
Springs Hills and explore implications for the existence, geometry, and kine-
matics of the Mormon Peak detachment as a typical low-angle normal fault.

B GEOLOGIC SETTING

The Sevier front in the southern Nevada region (Fig. 1) is primarily ex-
pressed by a décollement thrust formed in Middle Cambrian dolostones,
which can be traced along a strike length of >200 km (Fig. 1; Burchfiel et al.,
1982; Bohannon, 1983; Axen et al., 1990). In the northern 50 km of exposure,
the thrust trace is comparatively straight, striking NNE (Fig. 1), except where
strongly overprinted by Miocene fault systems, such as the Mormon Peak de-
tachment and other normal faults (Fig. 2). The most readily identifiable struc-
tural element along the entire trace of the thrust is the frontal ramp, where the
thrust cuts upsection in the footwall from lower Paleozoic to Jurassic strata.
The ramp zone is variably accompanied by a footwall syncline and thin duplex
slices. The hanging wall of the thrust is invariably detached within a restricted
stratigraphic interval within Middle Cambrian dolostones, near the boundary
between the Papoose Lake and Banded Mountain Members of the Bonanza
King Formation (Burchfiel et al., 1982; Bohannon, 1983; Wernicke et al., 1985;
Axen et al., 1990).

The three structural elements of Sevier age that are most useful as poten-
tial offset markers along the Miocene detachment are (1) the base of the ramp
and associated ramp syncline; (2) the intersection of the ramp and the top of
footwall Mississippian strata; and (3) the top of the ramp and associated ramp
anticline (Fig. 3). Based on previous mapping, the positions of the first two
of these elements is well known. The top of the ramp in the footwall of the
detachment is also well exposed, but the corresponding ramp anticline in the
hanging wall of the detachment had not been recognized (Fig. 3).
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Figure 3. Map of the same area in Figure
2A showing locations of the Sevier ramp
syncline (white line), thrust truncation
of the top of Mississippian strata in the
footwall (pink line), and the ramp anticline
(thick black line). The three lines in north-
western corner of the map are above the
detachment; lines in the central and east-
ern part of the map are below the detach-
ment. Lines are dotted where projected.
Thin black lines show major post-detach-
ment normal faults. Dashed lines show
offsets of structural features along the
Mormon Peak detachment slip direction.
Inset shows a schematic cross-section of
a thrust ramp, showing positions of the
offset thrust ramp features. Colors: Olive,
Proterozoic basement; browns, Cambrian-
Ordovician; lavender and blues, Devonian-
Permian; greens, Mesozoic; purples and
orange, Tertiary; yellow, Quaternary.
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The Paleozoic and Mesozoic strata involved in thrusting lie along the east-
ern margin of the Cordilleran miogeocline. The hanging wall of the frontal
thrust contains a section transitional between thin cratonic facies to the east
and thick continental shelf deposits to the west (e.g., Burchfiel et al., 1974).
Among a number of systematic across-strike stratigraphic features near the
thrust ramp, the westward erosive pinchout of some 400 m of Permian car-

bonates (Toroweap and Kaibab Formations), below an unconformity at the
base of the Lower Triassic Virgin Limestone Member of the Moenkopi Forma-
tion, is the most conspicuous (Burchfiel et al., 1974; Tschanz and Pampeyan,
1970). The pinchout occurs within the west-facing monoclinal flexure formed
by the ramp and is best exposed in the central Meadow Valley Mountains and
the Spring Mountains to the southwest.
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The Mormon Mountains are a topographic and structural dome, veneered
by klippen of the Mormon Peak detachment (Fig. 2). It is geometrically similar
to a Cordilleran metamorphic core complex, except the level of footwall exhu-
mation has not unroofed metamorphic rocks to the surface (Wernicke et al.,
1985; Bidgoli et al., 2015). The footwall geology of the detachment is a 6-8-km-
thick, variably east-tilted crustal section through the frontal thrust ramp zone.
Below the detachment, the structurally deeper, western part of the Mormon
Mountains exposes autochthonous Proterozoic basement and nonconform-
ably overlying Cambrian through Mississippian strata. In the central part of
the range, Middle Cambrian strata of the Cretaceous Mormon thrust plate (as
distinct from the Tertiary Mormon Peak allochthon, described below) are thrust
over Mississippian strata. In the eastern part of the range, the thrust ramps
upward at an angle of 30°-40° relative to bedding in the autochthon (Fig. 2).
Both the thrust and the Mormon Peak detachment are rotated eastward and
cut by a younger set of west-dipping normal faults, known as the Tule Springs
detachment system, described further below (Axen et al., 1990; Axen, 1993).

The hanging wall of the Mormon Peak detachment, hereafter referred to
as the Mormon Peak allochthon, is composed of moderately to strongly tilted
imbricate normal fault blocks (Fig. 2). The fault blocks are composed primarily
of Cambrian through Pennsylvanian carbonates, all derived from the Mormon
thrust plate. Along the northern flank of the range, the Pennsylvanian carbon-
ates are concordantly overlain by interstratified gravels, rock avalanche de-
posits, and volcanic strata of Tertiary age, locally as much as 2000 m thick but
generally much thinner (Anderson et al., 2010). Most of these strata are coeval
with eruption of the middle Miocene Kane Wash Tuff (ca. 14-15 Ma), but lo-
cally, strata as old as the late Oligocene Leach Canyon Member of the Condor
Canyon Formation (ca. 24 Ma) are preserved in the Tertiary section (Anderson
et al., 2010). Apatite and zircon (U-Th)/He ages indicate that the footwalls of
both the Tule Springs and Mormon Peak systems were unroofed primarily in
middle Miocene time (ca. 14 Ma), contemporaneous with the extrusion of the
Kane Wash tuffs and emplacement of rock avalanche deposits in the hanging
wall of the Mormon Peak detachment (Bidgoli et al., 2015).

Stratal tilt directions within the Mormon Peak allochthon form a systematic
pattern. The eastern and northern part of the allochthon contains blocks tilted to
the east or northeast, and the westernmost part contains blocks tilted to the west
or southwest (Figs. 2 and 4). Where the boundary between the east- and west-
tilted domains intersects the northwest boundary of the Mormon Mountains,
Tertiary strata are disconformable on Bird Spring Formation strata and exhibit
both east and west tilts along with the underlying Paleozoic strata. Therefore,
the difference in tilt directions within the allochthon in the Mormon Mountains
is primarily a consequence of Miocene deformation (Anderson et al., 2010).

The Meadow Valley Mountains, immediately to the west of the Mormon
Mountains (Figs. 1, 2 and 5), are separable into two distinct structural domains
on the basis of the age of the youngest strata below the basal Tertiary un-
conformity. In the southern part of the range, the ramp syncline is cored by
folded upper Paleozoic strata no younger than the Permian Kaibab Formation,
overlain in angular unconformity by the Kane Wash Tuff (Pampeyan, 1993).

Swanson and Wernicke | Mormon Peak detachment

Farther north, strata as young as the Jurassic Kayenta Formation are preserved
beneath the Tertiary unconformity, suggesting at least a 1500 m difference in
Mesozoic structural level near the axis of the syncline. In the northern area
(central Meadow Valley Mountains), strata on the east limb of the syncline
are overlain in angular unconformity by the Leach Canyon Member and
younger strata. Toward the east, the sub-Tertiary unconformity progressively
cuts downsection to the Bird Spring Formation of late Paleozoic age. Tertiary
strata in the easternmost Meadow Valley Mountains lie in mild angular uncon-
formity on the Bird Spring Formation. Still farther east in the northern Mormon
Mountains, this same relationship (Oligocene unconformable on Bird Spring
strata or overlying Permian red beds) holds for all exposures of Tertiary strata
(Anderson et al., 2010).

B METHODS

Geologic mapping of part of the Meadow Valley Mountains was done
during the spring of 2011 and spring of 2012, using 1:12,000-scale base maps
(Fig. 5). The following source geologic maps and unpublished field mapping
were compiled and digitized in ArcGIS software: Meadow Valley Mountains
mapping from this report (Fig. 5), Wernicke et al. (1985), Axen et al. (1990),
Axen (1991, 1993), Taylor (1984), Ellis (1985), Olmore (1971), Skelly (1987), and
Anderson et al. (2010); unpublished mapping in the northeastern Mormon
Mountains (G. Axen, M. Skelly, and B. Wernicke, 1987); and unpublished map-
ping in the northwestern Mormon Mountains (B. Wernicke, B. Ellis, and W. Tay-
lor, 1983). Stereograms of bedding and foliations within the field areas were
prepared using the freeware Stereonet 8 program (Cardozo and Alimendinger,
2013; Allmendinger et al., 2013).

B STRUCTURES

Faults within the mapped areas of the Meadow Valley Mountains (Fig. 5)
are predominantly NNE- to NNW-trending high-angle normal faults with mod-
erate offsets (tens to hundreds of meters). Tertiary volcanic units are truncated
by these faults, indicating a Tertiary age. There is a tight, pre-Tertiary anticline
with a northwest trend in the central part of the mapped area. Subvertical ori-
entations of the Permian strata in the core of the anticline directly underlie
subhorizontal Tertiary strata.

The general orientations of strata within the southwestern half of the map
area are different from those in the northeastern half, with the transition oc-
curring across a zone of north-south-trending faults located in the middle of
the map area (Fig. 5). The Paleozoic and Mesozoic units in the southwestern
half form a homocline that on average dips ~40°NW, overlain by subhorizontal
Tertiary strata. In the northeastern half, dips of pre-Tertiary strata are more vari-
able but average 10°-20°NE. Tertiary strata generally dip 25°-50°NE, somewhat
more steeply than underlying pre-Tertiary strata.
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Figure 4. Map showing representative orientations of hanging-wall strata of the Mormon Peak detachment, with stereograms showing all measurements, grouped by areal
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DESCRIPTION OF SYMBOLS USED

Strike and dip of bedding for sedimentary units.
Also used to show layers indicated by flattened
pumice fragments in volcanic units.

Approximate strike and dip of bedding for sedi-
mentary units. Also used to show layers indicat-
ed by flattened pumice fragments in volcanic
units.

Horizontal bedding

Measured dip direction on fault or contact
Fault: Dashed where approximately located,
dotted where inferred or concealed, ball and

bar on downthrown side

Contact: Dashed where approximately located,
dotted where inferred or concealed

Marker bed, limestone

Contact between individual flows within a unit

Unconformity

Unconformity

Unconformity

Unconformity

[imk]

Unconformity?

=
[Fes]
Unconformity?

Unconformity

Unconformity

MAPPED UNITS

Quaternary alluvium
Tertiary alluvium

Kane Wash Tuff, Unit 2
Kane Wash Tuff, Unit 1
Trachyte

Kane Wash Tuff, Unit W
Kane Wash Tuff, Unit O

Amygdaloidal Basalt
Hiko Tuff

Harmony Hills Tuff
Basalt Breccia

Leach Canyon Tuff
limestone, conglomerate

Moenave and Kayenta

Chinle, Petrified Forest
Chinle, Shinarump

Moenkopi (br=breccia)

Kaibab
Toroweap

Red beds 5
Red beds 4
Red beds 3
Red beds 2
Red beds 1
Bird Spring 3
Bird Spring 2
Bird Spring 1

Axial trace of anticline (left), syncline (right)

Swanson and Wernicke

Mormon Peak detachment

Figure 5. Geologic map of the Meadow
Valley Mountains. All units are stratified,
with ages indicated using standard North
American symbols; see Appendix for unit
descriptions. See Figure 2 for location.
Cross-sections are shown in Figure 6.
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The oldest exposed Tertiary units are assigned to the lower Quichapa Group
(Leach Canyon and Bauers Members of the Condor Canyon Formation), locally
overlying basal Tertiary conglomerate or lacustrine limestone (Pampeyan,
1993, and references therein). Leach Canyon tuffs overlie northwest-tilted Tri-
assic and Jurassic formations in the west and cut downsection to the middle
of the Permian red beds in the east. In the northeastern corner of the mapped
area (Fig. 5), the Leach Canyon and Harmony Hills tuffs directly overlie Bird
Spring strata, but it is unclear whether the contact is depositional or faulted.
There appears to be a slight angular unconformity beneath and within Kane
Wash units in the north-central part of the mapped area, suggesting that some
tilting may have occurred between individual flows, but the difference in dip is
too slight to be definitive.

Two cross-sections drawn perpendicular to the strike of Tertiary bedding
(Figs. 6A and 6C) show the increase in Tertiary-age tilting toward the east.
Reconstructions that untilt Tertiary strata and restore Tertiary fault offsets
(Figs. 6B and 6D) show an eastward decrease in angle between the pre-Ter-
tiary and Tertiary strata from west to east. Thus the area records the forma-
tion of a WNW-facing monoclinal flexure prior to deposition of the Tertiary
section (Figs. 6B and 6D). After deposition, the flexure was overprinted by a
NNW-trending extensional rollover structure, imparting an ENE dip onto the
initial shallow west dip of the pre-Tertiary flexure. The pre-Tertiary monoclinal
flexure is better shown by a cross-section, C-C’, drawn perpendicular to the
strike of the monoclinal section (Fig. 6E). The section and its reconstruction
(Fig. 6F) show the true dips of the Paleozoic and Mesozoic section before and
after Tertiary tilting. They also reveal that the structural relief of the monocline
is at least 4100 m, discussed in more detail below.

As noted above, orientations of bedding in the hanging wall of the Mor-
mon Peak detachment show an abrupt transition from predominantly east dips
to predominantly west dips in both the Meadow Valley Mountains and the
Mormon Mountains (Fig. 4). The boundary between the two domains has an
apparent separation of ~5 km left-laterally across a narrow swath of alluvial
cover in Meadow Valley Wash (Fig. 4). The strike of bedding in fault blocks on
the northwestern edge of the Mormon Mountains, closest to Meadow Valley
Wash, is more westerly than in the interior of the Mormon Mountains, with the
dip direction transitioning gradually between the two areas (Fig. 4).

As a potential proxy for the slip direction on the detachment, we compiled
Tertiary tilt directions in the Mormon Peak allochthon, subdivided into eight
domains (including the eastern domain in the Meadow Valley Mountains), with
each domain denoted with variously colored and numbered enclosures in Fig-
ure 4. We do not include dips of hanging-wall strata in the western domain
in the Meadow Valley Mountains, because these strata lie in sharp angular
unconformity below subhorizontal Tertiary strata, and therefore their dips do
not record the Tertiary tilt direction of fault blocks. In contrast, as mentioned
earlier, west-dipping strata in the Mormon Mountains do contain Tertiary strata
that are as strongly tilted westward as the underlying Paleozoic strata, and
hence these are included in the compilation. Each klippe of the detachment
is shown separately, except those with <20 measurements, which were com-

bined with nearby klippen. Stereograms showing a total of 717 attitudes of
bedding define a fabric in tilt directions oriented ENE-WSW. The main excep-
tion to this overall pattern is the strong east to ESE tilt in the northernmost
Mormon Mountains (domain 8, Fig. 4).

The pre-Tertiary monoclinal flexure is apparent not only in the restorations
of cross-sections through the Meadow Valley Mountains (Figs. 6B, 6D, and 6F),
but also in stereographic restoration of Tertiary tilting of pre-Miocene strata in
the greater hanging-wall area of the Mormon Peak allochthon (Fig. 7). Domains
7 and 8 (Fig. 4) in the northern Mormon Mountains, and the northeastern and
southwestern portions of the Meadow Valley Mountains (domain 6 and the un-
numbered area, respectively, in Fig. 4), all have Tertiary strata in depositional
contact with underlying Paleozoic units. We calculated the mean Tertiary atti-
tude in each domain and used it to estimate attitudes of bedding in Paleozoic
and Mesozoic units in each domain prior to Tertiary deposition (Fig. 7). These
restored dips define a northwest-facing monocline, with dips shallowing to a
subhorizontal orientation in the northwestern Mormon Mountains (domain 7,
Fig. 4). Restored dips in the westernmost Meadow Valley Mountains average
~35°NW, in the eastern Meadow Valley Mountains ~20°NW, and in the north-
western Mormon Mountains <10°. The reconstructed dips from the northern-
most Mormon Mountains (domain 8) vary from this pattern, dipping ~25°S. Re-
gardless of this complexity, the observation that the Tertiary section typically
rests on the lower part of the Bird Spring Formation throughout the northern
Mormon Mountains suggests limited overall pre-Tertiary structural relief east
of the monoclinal flexure.

We can reconstruct offset on the Mormon Peak detachment at the latitude
of the study area by relating the footwall and hanging-wall structural cutoffs
(Fig. 3). The footwall cutoffs are exposed at the surface in the Mormon Moun-
tains, and the location of hanging-wall cutoffs may be estimated by the down-
ward projection of structural elements in the cross-sections in the Meadow
Valley Mountains (Fig. 8). The geology of the Mormon Mountains and Tule
Springs Hills in the footwall of the Mormon Peak detachment is modified from
Axen et al. (1990), and the Meadow Valley Mountains geology is based on
structural cross-sections from this study.

H DISCUSSION

Transport Direction and Timing of Emplacement of
the Mormon Peak Allochthon

Tilt Directions

Because the offset features are planar and therefore only permit an esti-
mate of fault separation, proxies for the direction of displacement are neces-
sary in order to estimate the net offset across the Mormon Peak detachment.
The average of a number of independent proxies for slip direction suggests
that the transport direction is ~S77°W (Table 1). The first proxy is Tertiary tilt
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Figure 6. Cross-sections through the Meadow Valley M ins, and i to early Mi structural geometries. See Figure 5 for cross-section locations and legend. (A) Cross-section
along line A-A'. (B) Reconstruction of A-A’. (C) Cross-section along line B-B'. (D) Reconstruction of B-B'. (E) Cross-section along line C-C'. (F) Reconstruction of C-C'. Dashed lines indicate projected

position of base of Tertiary volcanic section. No vertical exaggeration. Thin dashed lines near point C’ indicate positi of late Pal ic units proj d onto the cross section.

directions within the Mormon Peak allochthon, based on the compilation of  and for the transport direction on underlying detachments, assuming bedding
717 attitudes of bedding within the hanging wall of the detachment that in-  was subhorizontal at the onset of extension.

dicate the tilt directions within the Mormon Peak allochthon (Fig. 4). Studies The tilt directions reveal a strong preferred orientation. Figure 9A shows
of imbricate normal fault blocks suggest that the mean tilt direction tends to  the modern orientations of pre-Tertiary strata that were subhorizontal prior
parallel slickenlines and other transport indicators (e.g., Anderson, 1971; Davis  to extension (i.e., excluding units from the Sevier thrust ramp in the south-
et al., 1980; Davis and Hardy, 1981). Thus, the tilt direction of bedding is often  western Meadow Valley Mountains). The density contours and maximum
used as a proxy for maximum elongation direction in extensional allochthons,  density of these data show a well-defined ENE-WSW trend, with the best-fit
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Figure 7. Restored poles to bedding in pre-Tertiary strata, taken from areas where Tertiary strata
are exposed in the Mormon Peak allochthon. From west to east, these areas include the western
Meadow Valley M ins ( ), d in 6 from Figure 4 (purple), domain 7 from Figure 4
(brown), and domain 8 from Figure 4 (black). Attitudes were restored by rotating nearby Tertiary
units to the horizontal about the strike of bedding. The larger circles are the average orientation
within each group, with the circle diameters scaled to the scatter within the data set. Data
define a northeast-trending anticlinal flexure. Sources: this study (purple and magenta groups),
B.P. Wernicke et al. (unpub. data; brown group), and Anderson et al. (2010; black group).
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circle through them oriented 251°/86° (first number indicates azimuth of dip
direction or plunge direction; second number indicates dip or plunge) (Fig.
9B), suggesting a maximum elongation direction and slip direction along the
detachment of S71°W (azimuth 251°). In addition, the averages for each spa-
tial domain (Fig. 4) define an array that also aligns along an ENE-WSW trend
of S65°W (245°), excluding domain 8. Domain 8 is at the extreme northern
edge of the Mormon Mountains. It contains a larger proportion of syntectonic
strata and may have experienced complex vertical-axis rotations due to Ter
tiary strike-slip faulting and/or folding, as suggested by Anderson et al. (2010)
and discussed further below.

In Figure 9C, poles to bedding for 90 attitudes measured in Tertiary units in
the Mormon Peak allochthon are plotted, along with domainal averages (Fig. 4).
A unimodal maximum in poles to bedding occurs at S69°W 60° (239°/60°), cor-
responding to a mean bedding attitude of N31°W, 30°NE. This implies an exten-
sion direction and transport of the allochthon of S59°W (239°) (Fig. 9D).

Fault Striations and the Radial Sliding Model

Twenty-six (26) striation measurements on or near the detachment plane,
broadly distributed over the surface trace of the Mormon Peak detachment
in the Mormon Mountains, are shown on Figure 10 (Walker, 2008). The
east-plunging determinations were all measured on the east-dipping trace of
the detachment in the eastern Mormon Mountains. As noted above, the de-
tachment there was rotated eastward in Miocene time along imbricate normal
fault blocks of the Tule Springs detachment system (Axen et al., 1990; Axen,
1993). The Tule Springs system faults cut, and are therefore slightly younger
than, eastern exposures of the Mormon Peak detachment.

NE

0 km

Figure 8. Regional reconstruction of pre-Tertiary structures in the Meadow Valley Mountains, Mormon Mountains, and Tule Springs Hills, drawn parallel to the WNW-ENE extension direction. Blue
line is the Mormon thrust; red line is the Mormon Peak detachment. The thrust ramp shown with apparent dip of 32°; true WNW dip is 40°. Hanging-wall geology is based Figures 6B and 6F. De-

tach t footwall g ry modified from Axen et al. (1990).
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TABLE 1. SUMMARY OF SLIP DIRECTION PROXIES,
MORMON PEAK DETACHMENT

Data type Inferred slip direction
Tilt direction in hanging-wall Paleozoic strata 251°
Tilt direction in hanging-wall Tertiary strata 239°
Mean trend of striations on fault surface 270°
Obtuse bisectrix, footwall conjugate fault fabric 260°
Intersecting fault offset direction 262°
Long axis of dome in detachment 250°

Walker et al. (2007) suggested that each of the individual klippen of the
Mormon Peak allochthon represents an individual rock avalanche or surficial
gravity slide mass that moved at a different time radially off of the modern
dome, defined by the topography and by structural contours of the Mormon
Peak detachment. They based their hypothesis on the claim that the striations
everywhere indicate motion of the klippen down the modern dip direction of
the detachment.

Across the eastern half of the topographic and structural dome, the sub-
strate of the detachment is the Mormon thrust plate. The radial gravity slide
hypothesis of Walker et al. (2007) is readily falsified by the observation that
the oldest strata at the base of the fault blocks across the eastern half of the
dome are everywhere younger than strata in the footwall of the detachment.
Across this area, the detachment is a footwall décollement within the Bonanza
King Formation, 100-200 m stratigraphically below the base of the Dunder-
berg Shale Member of the Upper Cambrian Nopah Formation (see Axen
[1993] for stratigraphic nomenclature). The east-tilted normal fault blocks
above the detachment across the eastern two-thirds of the Mormon Moun-
tains are predominantly composed of Ordovician through Pennsylvanian
strata, unconformably overlain by Tertiary volcanic and sedimentary strata,
with only local preservation of the upper part of the Nopah Formation in some
of the fault blocks, mainly in the westernmost blocks well to the west of the
range crest (Fig. 11). The detachment level at the base of the hanging-wall
blocks is thus stratigraphically at least 100-200 m above the basal beds of
“unit €bb4” (the black marker horizon in the upper part of the Banded Moun-
tain Member of the Bonanza King Formation, as defined in Wernicke [1982],
Wernicke et al. [1985, 1989], Axen et al. [1990], and Axen [1993]), ruling out
derivation of any of these blocks to the west of their present location, as re-
quired by the gravity-slide model. The footwall décollement in unit €bb4 can
be confidently traced on geologic maps from the northeasternmost Mormon
Mountains across the East Mormon Mountains and Tule Springs Hills to Jum-
bled Mountain (Axen et al., 1990; Axen, 1991, 1993). In the Tule Springs Hills,
a few kilometers east of the Jumbled Mountain exposure, the detachment is
observed to cut rapidly upsection in its footwall, from its unit €bb4 décolle-
ment upward across the Dunderberg Shale Member and into Upper Cambrian
and younger strata (Axen, 1993).

Hence, basic palinspastic constraints define a simple stratigraphic sepa-
ration across the detachment, independent of arguments based on offset
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structural markers of Sevier age. This stratigraphic separation constraint in-
dicates that the pre-detachment substrate of fault blocks in the Mormon Peak
allochthon lies in the Tule Springs Hills, east of the footwall cutoff of the Dun-
derberg Shale. This constraint requires the allochthon in its entirety to have
been displaced westward, not radially off the crest of the present structural
and topographic dome in the Mormon Mountains. The dome lacks a substrate
that is compatible for the restoration of the hanging-wall blocks, precluding the
top-east motions required by the radial model.

This simple “stratigraphic separation” argument is supported by the ob-
servations that (1) the tilted fault blocks in the eastern Mormon Mountains
are bounded by faults that cut the Mormon Peak detachment, restoring its
initial trajectory to dip uniformly westward (Wernicke et al., 1985; Axen et al.,
1990); (2) the structural continuity between the northwest Mormon Moun-
tains and the Meadow Valley Mountains, both of which are composed of
ENE-tilted fault blocks of Kane Wash Tuff and older Tertiary strata resting
unconformably on the lower part of the Bird Spring Formation (Figs. 3, 4, 5,
and 6); (3) all of the blocks in the Mormon Peak allochthon, which are contin-
uously exposed across the northern flank of the range and do not contain any
thrust repetitions, are derived from the hanging wall of the Mormon thrust,
as noted above; (4) the overall structural continuity of >700 measurements
of stratal rotations in the allochthon form a coherent fabric traceable across
all of the klippen (Figure 4); and (5) in both hanging wall and footwall, the
structural and stratigraphic position of the detachment descends monotoni-
cally to the west.

A further difficulty with the surficial sliding model is the presence of a
~2000-m-thick Tertiary section within the Mormon Peak allochthon in the
northernmost Mormon Mountains and southern Clover Mountains (Fig. 1;
Anderson et al., 2010). This section is steeply tilted to the east and contains
within it interstratified rock avalanche deposits. The unlikely implication of
the gravity slide model is, therefore, that a slide block near the crest of the
dome was, at first, a kilometer-scale depocenter receiving scarp breccias.
Then at some later time it was uplifted and then slid into a newly developed
depression.

The radial sliding model is also inconsistent with the recent thermochrono-
metric data. These data indicate that the footwall of the detachment in the core
of the dome was near the base of the partial retention zone for helium in zircon
at ca. 14 Ma (~180 °C) and subsequently unroofed from paleodepths of 5-7 km
(Bidgoli et al., 2015), depending on the geothermal gradient. This estimate of
paleodepth confirms the cross-sectional reconstructions of Axen et al. (1990).
The fault blocks in the allochthon represent at most the uppermost 2 km of the
crust in pre-extension, middle Miocene time (e.g., Wernicke, 1995). Any model
in which unroofing occurs by intra-range motion of putative slide masses
therefore does not account for the magnitude of unroofing.

Against these straightforward kinematic and thermochronological argu-
ments, the only evidence cited in support of radial gravity sliding are the 26
slickenline data, of which ~11 measurements (about 40% of the data collected,
mainly along the northwestern flank of the range) plot in the northwest or
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Figure 9. Equal-angle stereograms of ori-
entations of strata within the hanging
wall of the Mormon Peak detachment.
(A) Poles to bedding of Paleozoic units
(small black dots); squares are averages
by domain, colored as in Figure 4. Circles
show the relative spread of data within
each subset. (B) Density contours of all
points in A, and best-fit plane of 251/86,
S$71°W (azimuth 251°), 86°NW. (C) Poles
to bedding of Tertiary units (small black
dots); squares are averages by domain,
colored as in Figure 4, with the addition
of magenta for the western Meadow
Valley Mountains. Circles show the rela-
tive spread of data within each subset.
(D) Density contours of points in C, with
center plunging S59°W61° (azimuth 239°).

southeast quadrant of a stereogram (Fig. 10B). As elaborated further below, ern hemisphere of the stereogram. Neglecting the effect of post-detachment
this evidence is best interpreted as supporting arguments based on palinspas- tilt along the eastern flank of the range, we interpret the western-hemisphere
tic constraints and the coherence of the structural fabric within the allochthon.  polarity of each of the measured striations to reflect the slip direction. A his-

Commensurate with the palinspastically constrained westward displace- togram of the western polarities (Fig. 10A) indicates that the striations define
ment of the allochthon relative to its substrate, we assume that all of the stri- a unimodal population with the peak oriented east-west (270°), with an esti-
ations plotted on Figure 10 reflect upper-plate displacement toward the west- mated standard deviation of +37°.
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Other Indicators

Additional lines of evidence for the maximum elongation direction during
extensional deformation in the Mormon Mountains (Wernicke et al., 1985) in-
clude (1) the observation that two intersecting normal faults in the footwall of
the detachment do not offset each other, implying that both have a slip direction
along or near the trend and plunge of their intersection, which is S82°W, 25°
(262/25); (2) the trend of the obtuse bisector between two sets of syn-detach-
ment, small-displacement high-angle faults in the footwall of the detachment
interpreted to be conjugate fractures suggests that the least principal stress
direction along the crest of the structural dome during fracture was S80°W

Swanson and Wernicke
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(260°); and (3) the long axis of structurally domiform detachments is generally
a reliable proxy for the extension direction along detachment faults (e.g., Davis
and Coney, 1979; Spencer and Reynolds, 1991; Livaccari et al., 1993). The orien-
tation of the long axis of the structural dome defined by the detachment is also
approximately WSW (~S70°W [250°]); e.g., Walker et al., 2007, their figure 1).

A summary of all available slip direction indicators is presented in Table 1.
The mean orientation of these proxies is S77°W (257°). This extensional slip di-
rection is oblique (~40°) to the dip direction of the thrust ramp (N62°W [298°]),
requiring caution in interpreting two-dimensional cross-sections depicting the
interaction between Sevier-age and Miocene tectonic elements (e.g., Fig. 8).
Below, given an overall WSW displacement direction for the Mormon Peak
allochthon, we present data bearing on the fault separation of Mesozoic
features by the detachment in map view (Fig. 3), so as to better assess the
three-dimensional complexities of structural restoration.

Locations of Three Offset Sevier-Age Structural Markers
Above the Mormon Peak Detachment

The geometry of the Sevier-aged thrust ramp is defined by the west-facing
monocline in the western part of the mapped area (Figs. 2 and 5). At the level
of the basal Tertiary erosion surface, the monoclinal section between the axial
surfaces of the bounding folds ranges from the lower Bird Spring Formation
(Pennsylvanian) to the Moenave Formation (Jurassic). The reconstruction of
a section perpendicular to the Sevier structure (Fig. 6F) shows the base of the
MPb2 unit being 4100 m structurally higher at C' than at C (see Fig. 5 for loca-
tion). This provides a minimum amount of structural relief on the ramp. The
total structural relief would be larger by the thickness of Bird Spring that is
involved, something that is not readily measureable within the Tertiary fault
blocks that are currently exposed in the area. The minimum amount of unit
MPb (Bird Spring Formation) involvement would be 200 m, given the thick-
nesses exposed. The maximum would be 700-1000 m (Pampeyan, 1993; Axen,
1993). Thus, we estimate the total structural relief on the ramp to be between
4300 m and 5100 m.

Structural relief of 4300-5100 m on the monocline accords well with the
value predicted by the structural relief on the frontal Sevier thrust ramp ex-
posed in the detachment footwall, which is simply the thickness of the Middle
Cambrian through Jurassic section exposed beneath the ramp. According to
footwall cross-sections from the Tule Springs Hills and Beaver Dam Mountains
to the east, the section is ~5000 m thick (e.g., Axen, 1993, his plate 1; Hintze,
1986, his plate 2A). A value near 5000 m is inconsistent with placing the base
of the frontal thrust ramp in Mississippian strata, as depicted in the recon-
struction of Axen et al. (1990). This placement predicts structural relief of only
3000 m in the hanging wall of the thrust. Their reconstruction was based on the
occurrence of a Cambrian-on-Mississippian décollement segment of the thrust
exposed in the central Mormon Mountains, which is cut off by the detachment.
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Figure 11. Map showing distributions of
Cambrian Bonanza King Formation and
Nopah Formation strata in the hanging
wall and footwall of the Mormon Peak de-

h ludi hth strata.
West limit of footwall Nopah strata is
presently 22 km east of the easternmost
hanging-wall Nopah strata, defining a
22 km separation across the fault.

Mormon Peak allochthon
I:l Ordovician-Tertiary

I:l Cambrian Nopah

|:| Cambrian Bonanza King

Mormon thrust plate
I:l Ordovician-Tertiary

- Cambrian Nopah

- Cambrian Bonanza King

- Mormon thrust footwall

+ —+-36°45'N

114°30'W

114°15'W

30 Kilometers

The exposed décollement segment is only ~2 km wide in the thrust transport
direction. In the northern part of the range, the Mississippian décollement seg-
ment may die out altogether. A narrow footwall décollement segment within
the Mississippian, however, appears to be useful as a structural marker, be-
cause it predicts significant structural effects in the hanging wall of the thrust,
as elaborated on below.

A northward pinchout of a footwall décollement segment in Mississippian
strata is supported by a change in the exposed structural level that occurs
between the southern Meadow Valley Mountains and the area mapped in this
study, as described in the Geologic Setting section. Along strike to the south of
the area of Figure 5, the sub-Tertiary unconformity, rather than resting on strata

Swanson and Wernicke
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as young as Jurassic, instead rests on strata only as young as the Permian
Kaibab Limestone. This difference in stratigraphic position suggests a 1500 m
difference in total structural relief on the ramp to the south, from about 4500 m
to 3000 m. This difference is readily explained by a lateral ramp in the thrust,
where a décollement riding on top of the Mississippian structurally descends
to the Middle Cambrian to the north, dropping the structural level of the thrust
plate toward the north by 1500 m, about the stratigraphic difference both be-
tween the Kaibab and Jurassic strata in the hanging wall, and between the
Banded Mountain Member and the upper Mississippian strata in the footwall.

Given these constraints, the first structural marker is delineated by the west-
ern edge of the monocline (ramp syncline; Fig. 3). The west-dipping section
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above the ramp is complicated by the “East Vigo thrust” and other structural
complexities identified by Pampeyan (1993), but it is clear that the structural
low is defined by a narrow outcrop belt of Jurassic strata (point C, Fig. 5). The
match in structural relief exposed in the central Meadow Valley Mountains and
the relief on the footwall ramp also suggests that the axial trace of the syncline
is located near the westernmost exposures of Jurassic strata (also near point
C on Fig. 5), because a location further west would require more structural
relief on the ramp than could be generated by the entire Cambrian through
Jurassic section. Additional structural relief would require somehow building
up structural relief in the footwall with additional thrusts or other structures,
which are not observed in extensive exposures of footwall rocks in the region.
Therefore we interpret the ramp syncline to be located at the western edge of
the Moenave Formation exposures mapped here, near point C.

The second structural marker, which constitutes the most significant compli-
cation in the otherwise homoclinal section from lower Bird Spring to Moenave
strata, is a relatively tight backfold that affects the central part of the section,
which may have a relationship with the structures below the detachment.

The third structural marker, the trace of the ramp anticline, is located at the
top of the ramp where the dip of the reconstructed pre-Tertiary units shallows
from 40° to subhorizontal. Within the Meadow Valley Mountains, reconstructed
pre-Tertiary units shallow eastward from 40° to 15°, but do not reach 0°, indi-
cating that the anticline is located just east of the easternmost Meadow Val-
ley Mountains exposures (Fig. 6). Consistent with this hypothesis, the stereo-
graphic plot of reconstructed dips in pre-Tertiary strata discussed above (Fig. 7)
indicates that the hinge of the anticline is located between the Meadow Valley
Mountains and the westernmost Mormon Mountains (Figs. 4 through 8).

Below the Mormon Peak Detachment

In the footwall, the first structural marker is the base of the ramp, i.e.,
the intersection of the axial surface of the ramp syncline with the Mormon
thrust. It can be constrained only by its easternmost possible position, be-
cause the detachment mainly cuts downward across the thrust autochthon
and into Proterozoic basement (Wernicke et al., 1985). The map-view posi-
tion of the undisturbed, autochthonous base of the Middle Cambrian Banded
Mountain Member of the Bonanza King Formation (the detachment horizon
for the thrust décollement) marks the easternmost possible position of the
base of the ramp (Fig. 3).

The second Sevier-age structural marker below the detachment is the loca-
tion of the westward cutoff of footwall Mississippian strata by the thrust ramp
(Figure 3). As described above, the thrust fault remains within the Mississip-
pian for at least 2 km across strike, and is cut off by the Mormon Peak detach-
ment (Figs. 2 and 8). In the hanging wall, we infer that the narrow Mississip-
pian décollement segment of the thrust served as a nucleation point for the
relatively tight anticlinal backfold within hanging-wall Permian strata (Fig. 5),
as indicated by the reconstruction in Figure 8.

Swanson and Wernicke | Mormon Peak detachment

The third marker below the detachment is the top of the thrust ramp, which
is well exposed in the Tule Springs Hills near Jumbled Mountain. To the west
of it, the décollement ramps at a moderate angle across upper Paleozoic and
lower Mesozoic strata. To the east, the thrust plate is everywhere thrust over
the Jurassic Kayenta Formation (Axen, 1993).

Offset Estimates

Offset along the detachment is, in part, based on the six positions of the
three Sevier-age structural markers described above, and summarized in Fig-
ure 3. Above the detachment, they are the axial traces of the ramp anticline
and ramp syncline and the axial trace of a small backfold we infer to be genet-
ically related to the narrow décollement segment of the thrust. Below the de-
tachment, they are the base and top of the thrust ramp, and the intersection or
cutoff of Mississippian strata along the thrust ramp. In present geometry, the
anticline at the east edge of the Meadow Valley Mountains is 24 km away, as
measured along the detachment slip direction, from the top of the thrust ramp
at Jumbled Mountain (easternmost thick black line, Fig. 3). This includes the
combined offset of (1) the Mormon Peak detachment and (2) younger faults in
the footwall of the Mormon Peak detachment, predominantly the Tule Springs
detachment system of Axen et al. (1990) and Axen (1993). Axen et al. (1990)
estimated 11 km of slip on these faults based on restoration of cross-sections.
Subtracting that figure from the 24 km of total separation of the ramp anticline
leaves 13 km of horizontal component of slip on the Mormon Peak detachment.

The ramp syncline in the hanging wall is 12 km WSW of the east limit of
its possible position in the footwall (Fig. 3). There may be minor strike-slip
offset along Meadow Valley Wash, but this is at high angle to the detachment
slip direction. Therefore, based on this marker alone, we estimate a maximum
of 12 km of horizontal displacement on the detachment at this location. The
position of the truncation of the Mississippian by the Sevier thrust and its nar-
row ramp zone, and its counterpart projected in the subsurface in the Meadow
Valley Mountains, also suggests ~12 km of slip on the detachment.

Independent of any considerations of thrust ramp geometry, Anderson
et al. (2010) proposed a 10-15 km of offset across the northern part of the Mor
mon Mountains, which they attribute to displacement on an inferred strike-slip
fault. Within the Kane Wash section, they documented scarp breccias derived
from both Cambrian- and Jurassic-aged bedrock. They noted that the near-
est location where such disparate ages of source material could have been
simultaneously exposed to a fault scarp is in the Tule Springs Hills, 10-15 km
to the east-northeast. These landslides and interbedded Kane Wash volcanics
both dip 70° to the east, a direction that would be expected from block rotation
above the Mormon Peak detachment.

Independent of these structural markers, as mentioned above in regard
to the uniform displacement direction of the detachment, the stratigraphic
offset of the Dunderberg Shale Member of the Nopah Formation is defined
by the east limit of Nopah Formation exposures above the detachment and by
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the truncation of the Dunderberg below the detachment (Fig. 11). The strati-
graphic separation in the direction of transport is at least 22 km. Again, sub-
tracting 11 km of offset along the younger Tule Springs detachment system,
the net horizontal offset along the Mormon Peak detachment is at least 11 km.

Given these offsets, the scaling between displacement and fault length of
the Mormon Peak detachment is comparable to one of the best known ex-
amples of an active low-angle normal fault, the Alto Tiberina fault of central
Italy, which has a strike length of at least 70 km and net offset of 10 km (e.g.,
Mirabella et al., 2011).

Initial Dip of the Detachment

The initial dip of the detachment may be estimated by comparing its ori-
entation with those of various elements in the thrust system, as well as its
reconstructed angle with respect to the basal Tertiary unconformity in the
area, which pre-dates formation of the detachment (e.g., Wernicke, 1995). In
the central Mormon Mountains, the detachment makes an angle of 17° with
respect to the autochthonous stratigraphy, based on a restored section ~20 km
along strike to the south of our sections (Wernicke et al., 1985, their figure 15).
Assuming a gentle west dip of the stratigraphy at the time of initiation of the
detachment, then an initial dip of the detachment of 20°-25° is indicated.

Along our sections, the best datum for estimating the initial dip of the de-
tachment is the thrust ramp and its relationship to the sub-Tertiary unconfor-
mity. Paleozoic units thrust over the ramp should correspond fairly closely to
the dip of the ramp, assuming a simple reconstruction (Fig. 8). Bedding within
the western Meadow Valley Mountains dips an average of 40°NW relative to
the subhorizontal Tertiary units that overlie it. The base of the thrust ramp is
not unambiguously exposed in the footwall in the Mormon Mountains, indicat-
ing that it has been (largely or) wholly excised by the detachment, which cuts
directly into autochthonous basement in the westernmost Mormon Mountains
(Wernicke et al., 1985; Axen et al., 1990). Whatever the case in the central and
southern Mormon Mountains where most of the detachment footwall is ex-
posed, relief across the monocline in the Meadow Valley Mountains demands
that the ramp cut upward more or less uninterrupted from Middle Cambrian
through Jurassic strata in the northernmost Mormon Mountains and south-
ern Clover Mountains, where this area palinspastically restores (Figs. 3 and 8).
Hence, if the Mormon Peak detachment is parallel to the ramp, then the initial
dip of the Miocene detachment in this area should be ~40°. The reconstruction
in Figure 8, oriented parallel to section A-A’ (Figs. 5 and 6), depicts the fault
and ramp with a dip of 30°, accounting for apparent dip correction between the
WSW extension direction and the WNW dip direction of the ramp.

This estimate is 15° steeper than the 20° to 25° initial dip proposed for
the central Mormon Mountains (e.g., Wernicke et al., 1985; Wernicke, 1995).
Hence, if we presume that the detachment tends to follow the thrust ramp
to the north, its initial dip must steepen by 15° along strike toward the north,
from 25° to 40°. A steeper detachment to the north, especially at uppermost
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crustal levels (<2 km; Fig. 8), would also tend to promote the creation of void
space for a deep supradetachment basin, and promote the generation of scarp
breccias, as observed in the northernmost Mormon Mountains. Our map com-
pilation indicates that the detachment fault within the northernmost Mormon
Mountains is closely parallel to the thrust ramp there. For at least 6.6 km in the
inferred transport direction, the detachment is parallel to the ramp section,
localized within the lower part of unit €bb4 of Wernicke et al. (1985).

As noted above, the 1500 m difference in structural relief between the cen-
tral and southern Meadow Valley Mountains suggests a lateral ramp in the
thrust, between an extensive Cambrian flat to the north and a significant Mis-
sissippian flat to the south. This lateral ramp would occur between the central
and northern Mormon Mountains, and may have influenced the initial dip of
the detachment, with a steeper dip of 40° to the north (consistent with the
reconstruction in Fig. 8 and the detachment-ramp angle) and shallower dip to
the south (consistent with the reconstruction of Axen et al. [1990] and the de-
tachment-autochthon angle). Whereas the shallower, southern segment of the
detachment would have had nearly pure dip slip at 25°, the northern segment
would have had a strong component of left-oblique slip plunging 30° along a
fault plane that dips 40°.

In addition to probable variations in initial dip for the detachment along
strike, there may also be significant variation in the dip of the detachment and
thrust as a function of depth. The 42° dips within the Moenkopi and Chinle may
reflect a steeper, lower part of the thrust ramp, while the 30° dips of the Permian
red beds and Bird Spring Formation may reflect a shallower upper ramp.

Post-Miocene Faulting

There is the potential for a few kilometers of left-lateral strike-slip motion
to have been accommodated by a fault or faults buried within Meadow Valley
Wash between the Meadow Valley Mountains and Mormon Mountains. This
is suggested by (1) 5 km apparent offset of the boundary between east- and
west-dipping strata noted earlier (Fig. 4) and (2) the apparent sinistral vertical-
axis rotation in the dip direction of strata at the northwesternmost edge of the
Mormon Mountains, closest to the Meadow Valley Wash. Possible right-lateral
faulting in the northernmost Mormon Mountains is suggested by apparent
dextral drag folding along an east-west-trending fault concealed beneath al-
luvium. The existence and timing of motion of these faults is speculative, as
none of them have been identified in the field, but other north-trending, left-
lateral faults, active after regional Miocene normal faulting, have been identi-
fied in the region. These include the Kane Wash fault on the western edge of
the Meadow Valley Mountains, and the Tule Corral fault in the central part
of the Tule Springs Hills (e.g., Axen, 1993; Anderson and Barnhard, 1993). As-
suming one or more sinistral faults exist beneath Meadow Valley Wash, they
do not have significant vertical offsets, because blocks on either side of their
putative traces lie at the same structural level. On both sides of the wash, Ter-
tiary volcanic rocks rest unconformably on the Bird Spring Formation.
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Other Interpretations of the Mormon Peak Detachment

Some researchers have questioned, firstly, whether the Mormon Peak
detachment is a “rooted” crustal fault, as opposed to a system of landslide
deposits, as noted above (e.g., Anders et al., 2006; Walker et al., 2007); and
secondly, whether all of the apparent thinning of the Mormon Peak allochthon
is due to faulting, or alternatively, to large-scale dissolution of carbonate rocks
(Anderson et al., 2010).

In addition to the stratigraphic and structural arguments against radial
sliding described above, several other lines of evidence indicate that the
detachment is rooted into the crust and accommodates regional extension.
First, stable isotopic data on fault rocks on the detachment (Swanson et al.,
2012) indicate that rapid circulation of significant volumes of warm mete-
oric fluids occurred during motion, from a depth of at least 4 km, too deep
to explain with a landsliding mechanism. Second, the 2-km-thick section of
multiple rock avalanche deposits interbedded with the Kane Wash Tuff in the
hanging wall and their 70° dip toward the east (see Anderson et al., 2010)
are suggestive of gradual syntectonic deformation at ca. 14 Ma, and remain
poorly explained by catastrophic gravity sliding. Third, the stratigraphy and
structural style of the easternmost Meadow Valley Mountains, ENE-tilted nor-
mal fault blocks of Bird Spring Formation unconformably overlain by Tertiary
tuffs, is the same as that in the nearby Mormon Peak allochthon in the Mor-
mon Mountains, and highly dissimilar to the exposed basement rocks below
the detachment. Interpreting the Meadow Valley Mountains block as part of
the detachment footwall, a consequence of the radial sliding model, requires
the existence of two faults for which there is no evidence: (1) the base of the
slide, which would oddly exhibit the same stratigraphy and structural style
as its substrate in the runout zone, and (2) a pre-existing high-angle fault with
kilometers of structural relief, presumably buried beneath the slide (Walker,
2008). Both putative structural boundaries would be fortuitously concealed
beneath the ~2 km width of alluvial cover between the nearest approach of
the two ranges (Fig. 4) without resulting in any significant contrast in stratig-
raphy, structural level, or structural style.

Evidence in favor of the detachment being a rootless fault, as noted above,
mostly hinges on the radial orientations of a small number of fault striations
measured on or near the detachment (Walker et al., 2007). However, such a dis-
tribution of slip directions, even assuming they are representative of a much
larger population, does not preclude the detachment from being a rooted fault.
Singleton (2013) described kinematic indicators on corrugations of the Buck-
skin-Rawhide detachment in west-central Arizona showing a radial pattern,
which he interpreted as a reflection of a late-stage compressional event per-
pendicular to the extension direction, promoting flexural slip along the detach-
ment plane. As argued in Wernicke et al. (1985) and Anderson and Barnhard
(1993), the north-south component of bending of the Mormon dome resulted
from regional north-south shortening during extension and emplacement of
the Mormon Peak allochthon, which would promote north or northwest-trend-
ing flexural slip along the northern flank of the dome.
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The determination of the amount of displacement and thinning accom-
modated by slip on the detachment, versus dissolution of the hanging wall
(e.g., Anderson et al., 2010; Diehl et al., 2010), is more difficult to address di-
rectly with our data. Our approach is to present here a kinematic model based
on reconstruction of the dismembered Mesozoic thrust system and does not
depend on structural reconstruction of individual fault blocks in the Mormon
Peak allochthon. Thus, although we acknowledge the central importance of
fluid-assisted deformation in the development of the Mormon Peak and other
carbonate allochthons (e.g., Swanson et al., 2012, 2016), it is beyond the scope
of this paper to address this important issue.

B CONCLUSIONS

Based on the mapping of structures within the Meadow Valley Mountains
and a regional compilation of geologic data in the neighboring Mormon Moun-
tains, East Mormon Mountains, and Tule Springs Hills, we correlate Sevier-age
contractile structures across the Mormon Peak detachment and provide a new,
independent estimate of 12-13 km of horizontal displacement at the latitude
of the central Meadow Valley Mountains-northern Mormon Mountains. Ac-
counting for a 30° plunge in the slip vector, net slip on the fault is estimated to
be 14-15 km. This estimate is in the interpreted slip direction of S77°W (257°),
which is based on multiple lines of structural evidence (Table 1).

The observations presented here are broadly consistent with the model of
Axen et al. (1990), where a Sevier-age thrust flat-ramp-flat is overprinted and
distended by the Mormon Peak detachment as well as by structurally lower,
younger detachments. However, our data indicate several significant modifi-
cations to their geometric and kinematic model of the detachment. First, struc-
tural relief indicates that the flat at the base of the ramp is in Cambrian, not
Mississippian strata, within the northernmost Mormon Mountains. Second,
the total displacement on the Mormon Peak detachment is significantly less
than the estimate of 20-22 km as indicated in the earlier reconstruction, but
consistent with recent estimates based on thermochronological data (Bidgoli
et al., 2015). Third, assuming the detachment initiated near the thrust ramp, it
would have steepened northward from a dip of 20°-25° in the Mormon Moun-
tains to a dip of 40°, over an along-strike distance of 10-20 km to the north.
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APPENDIX. DESCRIPTION OF MAP UNITS

Descriptions of map units (Fig. 5) are heavily modified from Pampeyan (1993). All potassi-
um-argon (K-Ar) ages cited have been recalculated using the decay constants presented by Steiger
and Jager (1977), resulting in ages 2.7% older than the original published data. Color terminol-
ogy used in the following descriptions is from the National Research Council Rock Color Chart
(Goddard et al., 1948).
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Qal: Alluvium (Holocene)—Unconsolidated stream-channel and fan deposits of clay to cobble size.
Commonly less than a few meters thick but probably exceeds 10 m in major washes.

Tal: Alluvium (Pleistocene? and Tertiary)—Mildly consolidated stream-channel and coarse basin
deposits of sand to cobble size, crudely stratified. Commonly present on former drainage terrace
surfaces or perched on older alluvial or lacustrine deposits. Thickness is 100 m at the mouth of
Vigo Canyon, but typically thinner.

KANE WASH TUFF (Miocene)—Ash flows are subdivided, from youngest to oldest, into unit 2, unit
1, unit W, and unit O. Adularescent sanidine is diagnostic of this tuff.

Tku2: Unit 2—Thin blue-gray to blue-green devitrified tuff ~1 m thick overlain by brownish-gray-
weathering, devitrified ash-flow tuff. Lithic component is mostly flattened pumice. Ranges from a
few meters to ~90 m thick. K-Ar age, 14.1 Ma (Novak, 1984).

Tku1: Unit 1—Cliff-forming, crystal-rich, rhyolitic to trachytic ash-flow tuff grading upwards from
densely welded, reddish-brown to less welded, brownish-gray lithic-crystal tuff. Contains flattened
pumice fragments as large as 2.5 by 15 cm. Sanidine crystals as long as 10 mm, many of them
adularescent, decrease in size, but increase in abundance, upwards. K-Ar age, 14.1 Ma (Novak,
1984). May be as thick as 120 m in an escarpment along Kane Springs Wash.

Tt: Trachyte (Miocene)—Black to grayish-purple, blocky-weathering trachyte lavas with a micro-
crystalline to glassy matrix that locally shows flow banding. In this map area, it is defined by the
very hard layer that crops out in an otherwise poorly exposed slope. Flow is ~5 m thick in its only
exposure in the mapped area. This flow is not considered part of the Kane Wash Tuff, but is found
between units Tkw and Tku1.

Tkw: Unit W—Pinkish-gray, pale-yellowish-brown-weathering, rhyolite ash-flow tuff. Lower four-
fifths of the unit is lithic tuff with non-compacted pumice fragments as much as 15 cm across,
cavities, and few crystals; upper one-fifth of the unit is pink to pale-violet, moderately to densely
welded cliff-forming devitrified lithic tuff. Thickness ranges from 137 m to zero. K-Ar age, 14.7 Ma
(Novak, 1984).

Tko: Unit O—Largely moderate-brown to reddish-brown, densely welded, rhyolite ash-flow tuff
easily recognized as forming a thin dark cliff under a thick light-colored slope. Eutaxitic structure
is unique to most of this unit, and the flattened pumice fragments can be used for dip measure-
ments. Maximum thickness of the unit is ~79 m in the Kane Springs Wash scarp decreasing to zero
along south edge of the volcanic terrane. K-Ar age, 15.6 Ma (Novak, 1984).

Tb1: Amygdaloidal basalt (Miocene)—Dark-gray to grayish-black, brownish-black-weathering
olivine basalt in compact to amygdaloidal flows. Single(?) aphanitic flow as much as 4 m thick
exposed in the vicinity of Hackberry Canyon lies between the Hiko Tuff (unit Th) and crystal tuff
of the Kane Wash Tuff (unit Tku). This basalt locally is coarsely amygdaloidal with epidote- and
quartz-lined amygdules up to 1 cm long.

Th: Hiko Tuff (Miocene)—Pinkish- to brownish-gray, brown-weathering, moderately welded
vitric-crystal to crystal ash-flow tuff, becoming slightly less welded toward the top of the
unit. Basal 10-15 m, where exposed, is white to pale greenish-yellow and light-gray, partially
welded, punky lithic-crystal tuff. In the upper half of the section there are local lenses of coarse
impure sandstone or wacke as thick as 3 m. Maximum thickness is 43 m near Vigo. Hiko
Tuff has yielded K-Ar ages of 18-20 Ma (Armstrong, 1970; Noble and McKee, 1972; Marvin
et al., 1970).

Thh: Harmony Hills Tuff (Miocene)—Brownish-gray to pale yellowish-brown, reddish-brown-
weathering, crystal-rich, biotite ash-flow tuff. Abundance and size of biotite crystals are diagnos-
tic characteristics as the unit contains more euhedral biotite than any other ash-flow tuff in this
region, usually in books as much as 3 mm in diameter and 1-2 mm thick. Total thickness of the
Harmony Hills Tuff is ~81 m in Hackberry Canyon, where it rests on a basalt flow breccia (unit Tbb).
Radiometric analyses of the Harmony Hills Tuff from the surrounding region yielded an average
age of 21 Ma (Armstrong, 1970; Noble and McKee, 1972; Marvin et al., 1970).

Tbb: Basalt breccia (Miocene)—Thick, dark-purple, red, and black, monolithologic basalt flow
breccias and flows. Well exposed in Hackberry Canyon and along the south edge of the volcanic
terrane. The thickness of this unit is highly variable, with a maximum thickness reported by Cook
(1965) of 289 m in an area 3 km west of Vigo; average thickness is closer to 100 m, thinning to zero
away from Hackberry Canyon.

LEACH CANYON AND CONDOR CANYON FORMATIONS (Miocene)—In this area, consists of
Leach Canyon Formation and Bauers Tuff (undivided), lacustrine limestone, and conglomerate.

Tlc: Leach Canyon Formation and Bauers Tuff, undivided (Miocene)—Bauers Tuff is a pale purple,
highly welded tuff up to 8 m thick, but is too thin to show separately and is included with the
underlying Leach Canyon Formation (Tlc). Leach Canyon Formation consists of a pale-lavender
ash-flow tuff. The Leach Canyon consists of two cooling units locally separated by lenses of light
gray, orange-mottled lacustrine limestone up to 5 m thick. Total thickness of unit is ~74 m west of
Vigo. Age of the Leach Canyon Formation, based on K-Ar analyses of samples from the surround-
ing region, is ca. 24.6 Ma (Armstrong, 1970; Rowley et al., 1975).

TI: Lacustrine limestone (Oligocene?)—Light-gray freshwater limestone in beds 10-30 cm thick,
commonly containing algal structures. Thickness ranges from 5 to 30 m; typically 20 m thick.
Occurs at the base of the volcanic section, resting unconformably on pre-Tertiary sedimentary
rocks, and locally on, or interlayered with, prevolcanic conglomerate (unit Tc). Age is considered to
be late Oligocene inasmuch as strata underlie lower Miocene tuffs (Ekren et al., 1977).

Tc: Conglomerate (Tertiary)—Reddish-orange- to reddish-brown-weathering, poorly sorted, syn-
orogenic(?) conglomerate occurring in isolated patches filling low areas on the pre-volcanic ero-
sion surface. Appears to interfinger locally with lower lacustrine limestone (unit Tl). Mainly well-
rounded cobbles in a silty to coarse sandy matrix, but pebble- to small boulder-size clasts are
present, all consisting of Paleozoic carbonate rocks, quartzite, and some chert. Thickness ranges
from 0 to ~50 m.

MOENAVE AND KAYENTA FORMATIONS (Jurassic)

Jmk: Moderate-red to dark-red, fine-grained, nonmarine, silty sandstone and shaley sandstone
present in poorly exposed, scattered outcrops along south edge of volcanic terrane.

CHINLE FORMATION (Upper Triassic)—Consists of Petrified Forest and Shinarump Members.

Rep: Petrified Forest Member—Moderate-red to dusky-red, fine-grained, nonmarine, silty sand-
stone and shaley sandstone present in scattered outcrops along the south edge of the volcanic
terrane. Thickness is 365 m.

Res: Shinarump Member—Grayish-red, dark-brown-weathering, ridge-forming, fine-grained
sandstone and chert-pebble conglomerate. Some sandstone is cross-bedded and quartzitic. Fossil
wood common elsewhere in the Shinarump was not seen here, and the overall texture of the
member is finer than in exposures farther east. The Shinarump Member is observed to be 40 m
thick in its sole outcrop within the map area.

’m and br: Moenkopi Formation (Middle? and Lower Triassic)—Predominantly gray, pale-brown,
and yellowish-brown, grayish-yellow- to grayish-orange-weathering, even-bedded, dense marine
limestone, with interbedded red, orange, and brown silty and shaley limestone giving large out-
crops a color-banded aspect. Moenkopi rests with slight angular discordance on a variety of units,
including br, Pk, and Pt, and locally lies directly on unit Pr5. Unit br is a dark-brown-weathering,
chert-rich, sedimentary or karst breccia that is locally present in lenses along the base of the Moen-
kopi. Upper contact with the Shinarump Member of the Chinle Formation (unit kcs) is poorly
exposed in an isolated outcrop, but 985 m of Moenkopi is present in the homoclinal section 5 km
west of Vigo.

Pk: Kaibab Limestone (Lower Permian)—Gray limestone with ~50% brown-weathering chert. Chert
is commonly bedded, but can occur as elongate nodules. Thickness ranges from 40 m to zero.

Pt: Toroweap Formation (Lower Permian)—Pinkish-gray to light gray, cliff-forming limestones with
minor chert. Minimum thickness of 60 m lies unconformably between the Moenkopi Formation
(unit Rm) and Permian red beds (unit Pr 5).

RED BEDS (Lower Permian)—Red sandstone unit, subdivided here into units 1-5. Complete red
bed section is exposed, with a total thickness of ~552 m. This unit correlates approximately with
strata mapped as Coconino Sandstone, Queantoweap Sandstone, and Pakoon Limestone of Mc-
Nair (1951) in the Beaver Dam Mountains to the east (Reber, 1952; Langenheim and Larson, 1973).

Pr5: Unit 5—Slope-forming, even-bedded, red, coarse-grained sandstone and silty sandstone.
Lower contact is drawn at the base of a prominent gray carbonate marker bed that is overlain by
yellow sandstone beds. Upper contact is drawn at the discordant contact with either overlying
chert breccia of the Toroweap Formation and Kaibab Limestone (units Pt and Pk) or carbonate beds
of the Moenkopi Formation. Unit is ~123 m thick.

Pr4: Unit 4—Upper 90 m is red, slope-forming, coarse-grained sandstone containing some inter-
layered red siltstone layers, as well as minor resistant beds of gray, fossiliferous limestone. These
beds are darker red and more resistant than the sandstone beds of unit Pr5, and have significantly
less carbonate that unit Pr3. The lower part of this unit consists of badland-weathering, contorted

SE ROA 37830

Swanson and Wernicke | Mormon Peak detachment 1251

JA_ 9336


http://geosphere.gsapubs.org
http://geosphere.gsapubs.org

GEOSPHERE

Volume 13

Number 4

beds of red and yellow shaley sandstone and siltstone with interlayered beds of gypsum. Gypsif-
erous beds up to 6 m thick occur in an area ~1100 m long by 305 m wide (Jones and Stone, 1920)
and appear to represent deformed evaporite basin deposits. The thickness of this unit is ~242 m.

Pr3: Unit 3—Even-bedded, pink, white, and gray sandstone and shale, with lesser gray limestone
and sandy limestone and cross-bedded pale-brown sandstone. Contains more pink beds and
fewer carbonate beds than units Pr1 and Pr2. The upper contact is defined at the top of the highest
carbonate bed. This unit is ~90 m thick.

Pr2: Unit 2—Pink, white, and gray sandstone, gray limestone and sandy limestone, cross-bedded
pale-brown sandstone, pinkish shale, sandstone, and sandy limestone, with calcareous beds in-
creasing downwards. This unit contains a higher percentage of gray carbonate beds than units Pr1
and Pr3. Thickness is ~50 m.

Pr1: Unit 1—Even-bedded, pink, white, and gray sandstone, gray limestone and sandy limestone,
and cross-bedded pale-brown sandstone, with lesser pinkish shale, sandstone, and sandy lime-
stone. This unit has more carbonate beds than units Pr2 and Pr3, and is more pink in color than
unit Pr2. Basal contact is drawn at the lowest red sandy bed. Thickness is ~45 m.

BIRD SPRING FORMATION (Pennsylvanian to Mississippian)—Divided into units 1-3.

MPb3: Unit 3—Light to dark-gray limestone, with very little chert. Looks very similar to the top of
unit MPb1, and is often distinguished solely on stratigraphic position. Thickness is ~30 m.

MPb2: Unit 2—Very fine-grained, brown-weathering sandy limestone. Well exposed in Meadow
Valley Wash near Galt. Thickness is 30-45 m.

MPb1: Unit 1—Interlayered beds of light- to dark-gray limestone, pinkish-gray cherty limestone,
reddish-brown sandy, calcareous, and dolomitic limestone, and white to reddish-brown, fine-
grained sandstone. Limestone is fine to medium crystalline, thin to medium bedded, and fossilif-
erous. Sandy beds, some of which are quartzitic, form brownish- to reddish-weathering ledges in
even-bedded step-like outcrop. Upper limestone and cherty limestone are middle Wolfcampian in
age. The lowermost limestones and cherty limestones are Morrowan in age. A complete continu-
ous section is not exposed anywhere in the Meadow Valley Mountains, but the unit was previously
estimated to be ~1310 m thick (Tschanz and Pampeyan, 1970); however, it may be closer to 2000 m
thick in the southern Meadow Valley Mountains.
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Determining the Flow of Comal Springs at New Braunfels, Texas

By Kenneth L. Wahl! and Tony L. Wahl?

Abstract

A computerized base-flow separation method based on 2-day local minimums
(the minimum discharge within each 2-day interval) was used to estimate springflow
for Comal Springs from daily discharges for the Comal River at New Braunfels,
Texas, for the 1933-93 water years. These estimates were compared to the historic
estimates (manual separation). The annual springflow from the computer separation
averaged about 0.4 percent less than manually-separated values. Daily estimates of
springflow were also in good agreement. Thus, the computerized separation inethod
appears to be a viable and objective method of defining the springflows from tte river
discharges. The study results also show that the water levels in the Comal County and
Bexar County index wells are closely related (correlation coefficient of 0.98), and that
it is possible to estimate the base flow of the springs from water levels in either well.
The Comal County well, however, gave the better result (standard error of estirate of
about 16 ft3/s above 623 ft elevation and about 8 ft*/s below).

ntr ion

The Edwards aquifer is an important source of water for south-central Texcas. In
addition to providing water for agriculture, San Antonio and other cities in the area
rely on the aquifer as a principal source of their municipal water supplies. Recharge
occurs along the outcrop of the Edwards and associated limestones (fig. /); streams
that cross the outcrop lose much of their flow to the aquifer (Puente, 1978; Mac.ay and
Land, 1988). Many studies of the geology and hydrology of the Edwards aquifzr have
been made. The report by Maclay and Land (1988) summarizes these stud:es and
provides an overview of the interconnection of the aquifer and the springs that rise
along faults between San Antonio and San Marcos.

I Hydrologist, U.S. Geological Survey, Lakewood, CO
2 Hydraulic Engineer, U.S. Bureau of Reclamation, Lakewood, CO
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The largest of those springs, /N
Comal Springs at New Braunfels, / Havs ™
Texas, is the largest group of springs in / N
Texas (Harden, 1988, p. 26) and one of "
the largest in the southwestern United
States.  In addition to providing
agricultural and municipal water,
Comal Springs supports a regional
recreation and tourism industry and
provides critical habit for the fountain
darter (Estheostoma fonticola), an
endangered fish that occurs at Comal
Springs as well as in parts of the Comal

Braunfels

. EXPLANATION

AY-68-37-203 o

l -
and San Marcos Rivers. The U.S. Fish ' O -/ Q 5;3@;
and Wildlife Service has determined ,I S // ®  Grount-water well
that flows of less than 150 f’/s from L // -t (C;::':,H:,:I:,:df:fe
Comal Springs will place the fountain S~ / B Edwads aquifer
darter in jeopardy (Moore, 1994). As ~~ 0 PP s
springflows approach this level, users : | S S

of water from the aquifer will be
affected by aquifer management
strategies designed to maintain the

springflows.

Figure 1. Location map of the study area.

Because Comal Springs rises in numerous orifices, some of which are submnerged
in pools, direct measurement of the discharge of Comal Springs is not feasible.
Historically, estimates of daily springflow have been derived from the daiy flow
record for the U.S. Geological Survey (USGS) streamflow gaging station on the Comal
River at New Braunfels (08169000) using manual methods of base-flow separation.
About 95 percent of the time, all flow in the Comal River is derived from Comal
Springs. Thunderstorms occasionally produce direct runoff to the river, which has a
surface drainage area at the gaging station of 108 mi2. The direct runoff is included in
the gaged river discharge and must be subtracted from the total flow in order to arrive

at the base flow derived from the springs.

There are now two somewhat separate needs for springflow data. Data are
needed to define the long-term flow rates of the springs for archival purposes. In
addition, there is a need to be able to estimate the real-time (present) flow of the
springs. Base-flow separation methods can provide the data for archival purposes, but
it is unlikely that those methods can provide real-time estimates of the springflow
except during periods of no direct runoff. Therefore, alternative methods are needed,
perhaps using local ground-water levels. The present study was undert:ken to
determine (1) whether computerized base-flow separation methods can provide the
daily flow records needed for documentation and archival purposes, and (2) whether
real-time estimates of the discharge of the springs during periods of direct ruroff can
be derived from ground-water levels.
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Computerized Base-Flow Separation (BFI Program)

Manual base-flow separation methods are labor intensive and are generally not
objective; different analysts given the same data would probably arrive at somewhat
different values for base flow.

To overcome the lack of objectivity in manual base-flow separation methods, the
Institute of Hydrology (1980a,b) proposed a set of procedures in which the warer year
is divided into 5-day increments, and the minimum flow during each 5-day period is
identified. Minimums are then compared to adjacent minimums to determine turning
points on the base-flow hydrograph. If 90 percent of a given minimum is less than
both adjacent minimums, then that minimum is a turning point. Straight lines drawn
between turning points (on semilogarithmic paper) define the base-flow hydrograph;
the area beneath the hydrograph is an estimate of the volume of base flow for the
period. The ratio of this volume to the total volume of streamflow for the period is
defined as the base-flow index. Although these prodedures may not yield the true base

“flow of the stream, tests in Great Britain (Institute of Hydrology, 1980b), Canada
(Swan and Condie, 1983), and the United States (Wahl and Wahl, 1988) suggest that
the results are consistent and indicative of the base flow. The procedure is only
appropriate for unregulated streams, and thus often cannot be applied to large
watersheds.

In contrast to most manual procedures, computerized methods of base-flow
separation can handle large amounts of data with relative ease and are objective. A
FORTRAN program, BFI (Base Flow Index) that implements the Instiute of
Hydrology method was initially written for studies of base flow trends in the
Oklahoma Panhandle (Wahl and Wahl, 1988) and has been further developed since
that time.

How the BFI Program Works

The BFI program accepts data in USGS WATSTORE 2- and 3-card (80-column)
format (Hutchinson, 1975) and can process multiple years of data from one or more
gage sites. The program produces a table that includes the base flow, total strezmflow,
and the base-flow index for each water year, as well as summary statistics.

Several refinements have been made to the program to increase its usefulness
and provide flexibility. To allow analysis of streams with zero-flow periods, the
program uses a linear base-flow recession rather than the standard semilogarithmic
relation if a base-flow turning point falls on a zero-flow day. The program can also
process contirtuously through consecutive years so that data near the beginning and
end of each water year are not excluded from the analysis. The program checks for
errors in the input data, and although it will only calculate a base-flow index for years
with complete data, all turning points, daily streamflow and base-flow values can be
output to a file for further analysis.
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The algorithm proposed by the Institute of Hydrology uses 5-day minimum
streamflows and a factor of 0.9 for the test to identify base-flow turning points. Both
of these parameters can be varied in the BFI program to permit tuning the algorithm
for different watersheds or to match other base-flow separation methods. These
parameters are termed N (number of days) and f(turning point test factor). If the year
cannot be evenly divided into N-day periods, the last period in the year is lengthened
to include the remaining days.

In some cases the method may estimate daily base flows that exceed the actual
streamflow. This is often the result of random errors in reported streamflow discharge
for streams dominated by base flow. The program makes no adjustments for this
situation in its calculations of total annual base flow. However, the daily base-flow
values printed in the output file are checked and limited to the actual daily strezmflow.

Determining N and f

Tuning of the BFI program is accomplished by varying N and f. The parameter
N has the most dramatic effect in most cases. As N is increased, higher-flow days are
excluded, and the base flow estimated by the program is reduced. Figure 2 shows the
relation between the base-flow index and N for the Comal River at New Braunfels for
each of the 1986-88 water years and for the
1933-93 average. The curves show two
different behaviors. For 1988, a year with
little direct runoff, the relation between
BFI and N is basically linear. For the
remaining curves, however, increasing N
causes a dramatic drop in the estimated
base flow as direct runoff is being
eliminated. When a critical value of N is
reached, all direct runoff has been
eliminated, and the drop in estimated base
flow becomes less pronounced and
essentially linear with increasing N; any
further increase of N causes the method to
cut into base flow. Thus, the point of slope
change indicates an appropriate value for

1.00

0.98

Averag?2,

/ 1933-93

0.96 -

BF!, RATIO OF BASE FLOW TO TOTAL FLOW

094 J/ :
&"‘n 1986 \;

N. For the Comal River at New Braunfels " oo ]
= ~g~-Q
the slope change occurs at N = 2 days. 1657 .
This is consistent with the observation that R aa |
. .y 0.92
direct runoff generally ceases within 1-2 0 5 10

days following a storm. N, DAYS, USED TO SELECT MIN IMUMS

The effect of the f parameter is less  Figure 2. Relation between base ficw (BFI)

definite. If the interval in days between and number of days (V) used o select
each potential turning point - (N-day minimums.
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minimum) were a constant, the value of f associated with a given N woulc. define
limiting rising and recession slopes for the base-flow hydrograph. However, since
minimum flows can occur anywhere within each N-day period, the interval between
any two N-day minimums can vary from 1 to (2N-1), producing a wide range of slope
- limits imposed by f within the course of a single application of the program. In
practice, the value of 0.9 seems appropriate in most applications for which the BFI
method is suitable.

Comparison with Historic Springflow Estimates

The program was used to compute base-flow estimates for the Comal Eiver at
New Braunfels for water years 1933-1955 and 1958-1991, using an N of 2 days and an
JSof 0.9. Water years 1956 and 1957 were excluded because the Comal Springs went
dry during these years, and the river flow was supplemented by ground-water
pumping, which has not been excluded from the reported daily streamflow. The
percentage differences between annual base-flow volumes estimated using the BFI
program and the historic estimates based on manual-separation methods are shown in
figure 34 and 3B. The annual results compare very favorably, with BFI prcducing
about 0.4 percent less springflow, on average, than was estimated through the historic
manual separation. While the annual differences average only about 0.4 percent, the
differences appear to be systematically larger from the late 1970's to about 1992
(fig. 34). These differences are independent of the magnitude of the annual discharge
of the river (fig. 3B). This implies a difference in the manual base-flow separation
method used to estimate springflow for that period.
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Figure 3. Percent difference between historic springflow estimates (manual separation
o method) and BFI results using N=2 aysgas a function (of (A) tim%, and
(B) Discharge of the Comal River.
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500 T

Daily base-flow estimates produced .
Line of agreement

by the BFI program for water years
1986-90 are compared with
manually-separated values in figure 4.
The 1986-90 period was selected as a
sample representative of the period of
record. The correspondence between
daily values is only approximate,
confirming previous observations that the
method may not yield the true base flow,
but provides a consistent indication of
longer-term base-flow variations. There
is, of course, no assurance that the
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manually-separated base flows are the 0 100 200 300 400 500
true springflows. HISTORIC SPRINGFLOW, FT3/S;

. Figure 4. Comparison of daily springflow from
Relations b tw. n Ground-Water the BFI program with historic estimztes from
Levels and Springflows manual separation, water years 1986-90.

The flow of the springs has long been recognized to be directly related to the
water levels in the Edwards aquifer. Maclay and Land (1988, p. 20) described the
general movement of ground-water in the Edwards aquifer and noted that "Most of the
flow in Comal Springs is sustained by ground water along the downthrown side of the
Comal Springs fault." Espey (1988) showed the relation between river flows and base
flows, and Harden (1988) described the general relation between water level in the
aquifer and elevations of the principal springs that issue from the aquifer. However, the
relations shown by both Espey (1988) and Harden (1988) were qualitative; no specific
estimating relations were shown.

Puente (1976) defined regression relations between water levels in several index
wells in the area as well as defining the relations between those water levels and
springflow amounts. Among the wells he used were the Comal County index well
(DX-68-23-302) located about 300 feet west of Comal Springs and the Bexar County
index well (AY-68-37-203) located about 25 mi southwest of Comal Springs.

For the present study, regression relations were defined between the historic
springflows (from base-flow separation) and the water-surface elevations of both the
Comal County and Bexar County index wells. The Comal County well is nearby and
would serve as a convenient index to the springflow. Although this well is near the
springs, the well was completed on the upthrown side of the Comal Springs fault
(George Ozuna, U.S. Geological Survey, written commun., 1994), and the springs are
sustained by ground water along the downthrown side of the fault (Maclay and Land,
1988, p. 20). In addition, the head variation in the Comal County well (about 11 ft) is
much less than in upgradient wells that are more distant from the fault and springs.
Thus, a relatively small change in water-level elevation in the well could effect a

6 ‘Wahl and Wahl
SE ROA 37838

JA 9344



relatively large change in springflow. The Bexar County well is a widely used index
well with a larger range in water-level elevation (about 80 ft), but is located about
25 mi from the springs. The Bexar County well, however, is known to be influenced
by development in the San Antonio area (Harden, 1988). Because of this
development and the distance to the springs, the Bexar County well may not
accurately reflect the hydraulic head driving Comal Springs.

The Relation Between Well Levels

Water-level data are available in computer files of the USGS for both the Comal
County well and the Bexar County well. Several wells have served as the Bexar
County index well since about 1911; water levels in the USGS computer files
represent well AY-68-37-203 only since the spring of 1963. Thus, the current analysis
of water levels for the Bexar County index well used data only aftér 1963.

Puente (1976) developed a linear regression relation between the monthly mean
depths (in ft) to water below land surface in the Comal County (D¢) and in the Bexar
County (Dp) index wells. The elevations of the land-surface datums are 642.7 ft and
730.81 ft, respectively. A similar relation was developed in the present study using
2,016 daily water-level readings for calendar years 1964-1993. Those relations as well
as the equivalent present relation using water-level elevations (Ec and Eg) of the wells
are shown in Table I.

Table 1: Regression relations between water levels in the Comal County and
Bexar County index wells.

Variable Equation R? Standard Sal.nple Daa used
error, ft size
Monthly mean depthto | Do =8.46 +0.13 Dg 0.98 0.22 81 19€4-73
water (Puente, 1976)
Daily depth to water Dc=848+0.1316 Dg 97 .39 2,016 19€4-93
Daily water-level eleva- | Ec=538.1+0.1316 Eg 97 .39 2,016 19¢4-93
tion

The relations between the water-level elevation data are shown in figure 5. The
excellent agreement between Puente’s relation and those defined in the present study
using more frequent readings and a longer period of record attest to the stability of the
relation between these wells.

Relation between Springflow and Ground-Water Levels
Puente (1976) defined regression relations between the flow of Comal 3prings
and the ground-water levels in the Comal and Bexar County index wells. Daily and

monthly flows were related to the Comal County well, and monthly and annual flows
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were related to the Bexar County well. Although his data covered the normal ranges
of the variables, the daily-flow relations were based on a relatively small set of data
(33 days). Puente concluded that springflow could be estimated accurately by a set of
empirical equations. These wells were also used in the present study.

The elevation of Comal Springs is commonly given as 623 ft. That elevation,
however, is for the topmost orifice. The springs went dry in 1956 as the watzr-level
elevation in the Comal County well neared 619 fi; the springs remained dry while the
water level in the well remained below about 619 ft. Therefore, the elevations of the
various orifices of the springs can be assumed to cover a range of about 4 ft. The
relation between the water levels in the well and springflow will change as the various
orifices cease to flow over a water-level range of about 4 ft. Therefore, separate
relations were developed depending on whether the water-level elevation in the Comal
County well was above or below 623 ft. The corresponding elevation at the Bexar
County well is 645 ft.

Daily springflow discharges (Q) determined from base-flow separation were
related to the water levels in both the Comal County and Bexar County wells. Those
relations are shown in Table 2 and the data and relations for the Comal County well
are shown in figure 6. The lower relation for the Comal County well shows the springs
to be dry when the water level in the well falls below about 619.3 ft and should not be
used below that elevation. The Comal County well produced the better relations,
probably by virtue of its proximity to the springs. The relation between the flow from
Comal Springs and the Comal County well is good, but there appears to bz some
minor seasonal fluctuation in some years. That fluctuation may be a result of the
response of the well to pumping in the vicinity of the well or to changes in thz water
level in Landa Lake, which would affect the head difference between the aquifer and
the spring orifices.

Table 2: Regression relations between the average daily flow of Comal Springs
and water-surface elevations in the Comal County and Bexar Courty
index wells.

Equation Conditions R? Esrtrf:j;rgs S:;r;lz;;le
Q=136.82 +36.96 (E¢ - 619) Ec> 623 0.94 16.13 813
Q=-17.03 + 50.5 (Ec - 619) 6193 >E-<623 .97 7.92 114
Q=5231+4.932(Eg- 619) Eg > 645 .92 19.22 813
Q=ll.63+6'.51(EB-619) 619 > Eg < 645 93 1252 114

Puente (1976) presented a relation between the daily springflow and ths depth
below land surface in the Comal County index well that was based on 33 daily values.
His relation, recast in the form of the equations in Table 2 was
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Figure 5. Relation between the water-level elevations Figure 6. Relation between water level in Comal County
in the Bexar and Comal County index wells (1964-93). index well and flow from Comal Springs (1977-91).

Q=12.72 + 44.4 (Ec - 619). That equation produces comparable results to those in
Table 2 for Ec = 623 ft; for Ec = 630 ft, Puente’s equation gives about 13 percerit more

springflow.
Summary and Conclusions

The study shows that the springflows that have traditionally been computed by
manual separation of the base flow from the daily discharges of the Comal River can
be reproduced using a computerized method. The annual percentage differences
between the model-produced results and the historic values averaged about 0.4
percent. The computerized method has advantages over the manual method in that the
computerized method is fast and objective; that is, given the same set of input data,
different analysts would produce the same base-flow (springflow) estimates using the
model. There is some evidence that in the past, the methodology used in performing
the manual separation has undergone some subtle changes that, while producing
relatively small differences, could cause the results to suggest changes that may in fact
be artifacts of the changes in methodology. The computer-based separated values do
not show this feature.

The study results also show that it is possible to estimate the base flow of the
springs from water levels in either the Comal County or the Bexar County index wells.
The Comal County well gave the better result (standard error of estimate of about 16
ft3/s above 623 fi elevation and about 8 ft>/s below). Using the well record could be
particularly useful when the rates of springflow are needed during periods of direct
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runoff to the river. During such periods, base-flow separation techniques, both manual
and computerized, are ineffective until the river has returned to base-flow conditions.

A possible procedure that could be used to determine springflows in the future
would be to (1) use the computerized method (N=2 days) to derive the springflows for
archival purposes, and (2) use the relation with the water levels in the Comal County
index well to estimate the flow in real time during periods of direct runoff. These
latter values would be recognized as estimates that could be available immediarely for
management purposes, but that would be revised and replaced in the database with
values from the computer model once the river flow had receded to base-flow
conditions.
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Appendix E - BFI

Determining the Flow of Comal Springs at New Braunfels, Texas

By Kenneth L. Wahl
Hydrologist, U.S. Geological Survey, Lakewood, CO
and Tony L. Wahl
Hydraulic Engineer, Bureau of Reclamation, Lakewood, CO

Abstract

A computerized base-flow separation method based on 2-day local minimums (the minimum discharge within each 2-day interval) was used to
estimate springflow for Comal Springs from daily discharges for the Comal River at New Braunfels, Texas, for the 1933-93 water years. These
estimates were compared to the historic estimates (manual separation). The annual springflow from the computer separation averaged about 0.4
percent less than manually-separated values. Daily estimates of springflow were also in good agreement. Thus, the computerized separation method
appears to be a viable and objective method of defining the springflows from the river discharges. The study results also show that the water levels in
the Comal County and Bexar County index wells are closely related (correlation coefficient of 0.98), and that it is possible to estimate the base flow
of the springs from water levels in either well. The Comal County well, however, gave the better result (standard error of estimate of about 16 ft3/s
above 623 ft elevation and about 8 ft 3/s below).

Introduction

The Edwards aquifer is an important source of water for south-central Texas. In addition to providing water for agriculture, San Antonio and other
cities in the area rely on the aquifer as a principal source of their municipal water supplies. Recharge occurs along the outcrop of the Edwards and
associated limestones (fig. 1); streams that cross the outcrop lose much of their flow to the aquifer (Puente, 1978; Maclay and Land, 1988). Many
studies of the geology and hydrology of the Edwards aquifer have been made. The report by Maclay and Land (1988) summarizes these studies and
provides an overview of the interconnection of the aquifer and the springs that rise along faults between San Antonio and San Marcos.

The largest of those springs, Comal Springs at New Braunfels, Texas, is the largest group of springs in Texas (Harden, 1988, p. 26) and one of the
largest in the southwestern United States. In addition to providing agricultural and municipal water, Comal Springs supports a regional recreation and
tourism industry and provides critical habit for the fountain darter (Estheostoma fonticola), an endangered fish that occurs at Comal Springs as well
as in parts of the Comal and San Marcos Rivers. The U.S. Fish and Wildlife Service has determined that flows of less than 150 ft3/s from Comal
Springs will place the fountain darter in jeopardy (Moore, 1994). As springflows approach this level, users of water from the aquifer will be affected
by aquifer management strategies designed to maintain the springflows.

Figure 1. Location map of the study area.

Because Comal Springs rises in numerous orifices, some of which are submerged in pools, direct measurement of the discharge of Comal Springs is
not feasible. Historically, estimates of daily springflow have been derived from the daily flow record for the U.S. Geological Survey (USGS)
streamflow gaging station on the Comal River at New Braunfels (08169000) using manual methods of base-flow separation. About 95 percent of the
time, all flow in the Comal River is derived from Comal Springs. Thunderstorms occasionally produce direct runoff to the river, which has a surface
drainage area at the gaging station of 108 mi2. The direct runoff is included in the gaged river discharge and must be subtracted from the total flow in
order to arrive at the base flow derived from the springs.

There are now two somewhat separate needs for springflow data. Data are needed to define the long-term flow rates of the springs for archival
purposes. In addition, there is a need to be able to estimate the real-time (present) flow of the springs. Base-flow separation methods can provide the
data for archival purposes, but it is unlikely that those methods can provide real-time estimates of the springflow except during periods of no direct
runoff. Therefore, alternative methods are needed, perhaps using local groundwater levels. The present study was undertaken to determine (1)
whether computerized base-flow separation methods can provide the daily flow records needed for documentation and archival purposes, and (2)
whether real-time estimates of the discharge of the springs during periods of direct runoff can be derived from groundwater levels.

Computerized Base-Flow Separation (BFI Program)

Manual base-flow separation methods are labor intensive and are generally not objective; different analysts given the same data would probably
arrive at somewhat different values for base flow.

To overcome the lack of objectivity in manual base-flow separation methods, the Institute of Hydrology (1980a,b) proposed a set of procedures in
which the water year is divided into 5-day increments, and the minimum flow during each 5-day period is identified. Minimums are then compared to
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adjacent minimums to determine turning points on the base-flow hydrograph. If 90 percent of a given minimum is less than both adjacent minimums,
then that minimum is a turning point. Straight lines drawn between turning points (on semilogarithmic paper) define the base-flow hydrograph; the
area beneath the hydrograph is an estimate of the volume of base flow for the period. The ratio of this volume to the total volume of streamflow for
the period is defined as the base-flow index. Although these prodedures may not yield the true base flow of the stream, tests in Great Britain (Institute
of Hydrology, 1980b), Canada (Swan and Condie, 1983), and the United States (Wahl and Wahl, 1988) suggest that the results are consistent and
indicative of the base flow. The procedure is only appropriate for unregulated streams, and thus often cannot be applied to large watersheds.

In contrast to most manual procedures, computerized methods of base-flow separation can handle large amounts of data with relative ease and are
objective. A FORTRAN program, BFI (Base Flow Index) that implements the Institute of Hydrology method was initially written for studies of base
flow trends in the Oklahoma Panhandle (Wahl and Wahl, 1988) and has been further developed since that time. How the BFI Program Works

The BFI program accepts data in USGS WATSTORE 2- and 3-card (80-column) format (Hutchinson, 1975) and can process multiple years of data
from one or more gage sites. The program produces a table that includes the base flow, total streamflow, and the base-flow index for each water year,
as well as summary statistics.

Several refinements have been made to the program to increase its usefulness and provide flexibility. To allow analysis of streams with zero-flow
periods, the program uses a linear base-flow recession rather than the standard semilogarithmic relation if a base-flow turning point falls on a zero-
flow day. The program can also process continuously through consecutive years so that data near the beginning and end of each water year are not
excluded from the analysis. The program checks for errors in the input data, and although it will only calculate a base-flow index for years with
complete data, all turning points, daily streamflow and base-flow values can be output to a file for further analysis.

The algorithm proposed by the Institute of Hydrology uses 5-day minimum streamflows and a factor of 0.9 for the test to identify base-flow turning
points. Both of these parameters can be varied in the BFI program to permit tuning the algorithm for different watersheds or to match other base-flow
separation methods. These parameters are termed N (number of days) and f (turning point test factor). If the year cannot be evenly divided into N-day
periods, the last period in the year is lengthened to include the remaining days.

In some cases the method may estimate daily base flows that exceed the actual streamflow. This is often the result of random errors in reported
streamflow discharge for streams dominated by base flow. The program makes no adjustments for this situation in its calculations of total annual base
flow. However, the daily base-flow values printed in the output file are checked and limited to the actual daily streamflow.

Determining N and f

Tuning of the BFI program is accomplished by varying N and f. The parameter N has the most dramatic effect in most cases. As N is increased,
higher-flow days are excluded, and the base flow estimated by the program is reduced. Figure 2 shows the relation between the base-flow index and
N for the Comal River at New Braunfels for each of the 1986-88 water years and for the 1933-93 average. The curves show two different behaviors.
For 1988, a year with little direct runoff, the relation between BFI and N is basically linear. For the remaining curves, however, increasing N causes a
dramatic drop in the estimated base flow as direct runoff is being eliminated. When a critical value of N is reached, all direct runoff has been
eliminated, and the drop in estimated base flow becomes less pronounced and essentially linear with increasing N; any further increase of N causes
the method to cut into base flow. Thus, the point of slope change indicates an appropriate value for N. For the Comal River at New Braunfels the
slope change occurs at N = 2 days. This is consistent with the observation that direct runoff generally ceases within 1-2 days following a storm.

Figure 2. Relation between base flow (BFI) and number of days (N) used to select minimums.

The effect of the f parameter is less definite. If the interval in days between each potential turning point (N-day minimum) were a constant, the value
of fassociated with a given N would define limiting rising and recession slopes for the base-flow hydrograph. However, since minimum flows can
occur anywhere within each N-day period, the interval between any two N-day minimums can vary from 1 to (2N-1), producing a wide range of
slope limits imposed by f within the course of a single application of the program. In practice, the value of 0.9 seems appropriate in most applications
for which the BFI method is suitable.

Comparison with Historic Springflow Estimates

The program was used to compute base-flow estimates for the Comal River at New Braunfels for water years 1933-1955 and 1958-1991, using an N
of 2 days and an f of 0.9. Water years 1956 and 1957 were excluded because the Comal Springs went dry during these years, and the river flow was
supplemented by groundwater pumping, which has not been excluded from the reported daily streamflow. The percentage differences between
annual base-flow volumes estimated using the BFI program and the historic estimates based on manual-separation methods are shown in figure 3A
and 3B. The annual results compare very favorably, with BFI producing about 0.4 percent less springflow, on average, than was estimated through
the historic manual separation. While the annual differences average only about 0.4 percent, the differences appear to be systematically larger from
the late 1970's to about 1992 (fig. 3A). These differences are independent of the magnitude of the annual discharge of the river (fig. 3B). This implies
a difference in the manual base-flow separation method used to estimate springflow for that period.
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Daily base-flow estimates produced by the BFI program for water years 1986-90 are compared with manually-separated values in figure 4. The 1986-
90 period was selected as a sample representative of the period of record. The correspondence between daily values is only approximate, confirming
previous observations that the method may not yield the true base flow, but provides a consistent indication of longer-term base-flow variations.
There is, of course, no assurance that the manually-separated base flows are the true springflows

Figure 4. Comparison of daily springflow from BFI program with historic estimates from manual separation, water years 1986-1990.
Relations between groundwater Levels and Springflows

The flow of the springs has long been recognized to be directly related to the water levels in the Edwards aquifer. Maclay and Land (1988, p. 20)
described the general movement of groundwater in the Edwards aquifer and noted that "Most of the flow in Comal Springs is sustained by ground
water along the downthrown side of the Comal Springs fault." Espey (1988) showed the relation between river flows and base flows, and Harden
(1988) described the general relation between water level in the aquifer and elevations of the principal springs that issue from the aquifer. However,
the relations shown by both Espey (1988) and Harden (1988) were qualitative; no specific estimating relations were shown.

Puente (1976) defined regression relations between water levels in several index wells in the area as well as defining the relations between those
water levels and springflow amounts. Among the wells he used were the Comal County index well (DX-68-23-302) located about 300 feet west of
Comal Springs and the Bexar County index well (AY-68-37-203) located about 25 mi southwest of Comal Springs.

For the present study, regression relations were defined between the historic springflows (from base-flow separation) and the water-surface elevations
of both the Comal County and Bexar County index wells. The Comal County well is nearby and would serve as a convenient index to the springflow.
Although this well is near the springs, the well was completed on the upthrown side of the Comal Springs fault (George Ozuna, U.S. Geological
Survey, written commun., 1994), and the springs are sustained by ground water along the downthrown side of the fault (Maclay and Land, 1988, p.
20). In addition, the head variation in the Comal County well (about 11 ft) is much less than in upgradient wells that are more distant from the fault
and springs. Thus, a relatively small change in water-level elevation in the well could effect a relatively large change in springflow. The Bexar
County well is a widely used index well with a larger range in water-level elevation (about 80 ft), but is located about 25 mi from the springs. The
Bexar County well, however, is known to be influenced by development in the San Antonio area (Harden, 1988). Because of this development and
the distance to the springs, the Bexar County well may not accurately reflect the hydraulic head driving Comal Springs.

The Relation Between Well Levels

Water-level data are available in computer files of the USGS for both the Comal County well and the Bexar County well. Several wells have served
as the Bexar County index well since about 1911; water levels in the USGS computer files represent well AY-68-37-203 only since the spring of
1963. Thus, the current analysis of water levels for the Bexar County index well used data only after 1963.

Puente (1976) developed a linear regression relation between the monthly mean depths (in ft) to water below land surface in the Comal County (DC)
and in the Bexar County (DB) index wells. The elevations of the land-surface datums are 642.7 ft and 730.81 ft, respectively. A similar relation was
developed in the present study using 2,016 daily water-level readings for calendar years 1964-1993. Those relations as well as the equivalent present
relation using water-level elevations (EC and EB) of the wells are shown in Table 1.
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The relations between the water-level elevation data are shown in figure 5. The excellent agreement between Puente's relation and those defined in
the present study using more frequent readings and a longer period of record attest to the stability of the relation between these wells.

Figure 5. Relation between the water-level elevations in the Bexar and Comal County index wells (1964-93).
Relation between Springflow and groundwater Levels

Puente (1976) defined regression relations between the flow of Comal Springs and the groundwater levels in the Comal and Bexar County index
wells. Daily and monthly flows were related to the Comal County well, and monthly and annual flows were related to the Bexar County well.
Although his data covered the normal ranges of the variables, the daily-flow relations were based on a relatively small set of data (33 days). Puente
concluded that springflow could be estimated accurately by a set of empirical equations. These wells were also used in the present study.

The elevation of Comal Springs is commonly given as 623 ft. That elevation, however, is for the topmost orifice. The springs went dry in 1956 as the
water-level elevation in the Comal County well neared 619 ft; the springs remained dry while the water level in the well remained below about 619
ft. Therefore, the elevations of the various orifices of the springs can be assumed to cover a range of about 4 ft. The relation between the water levels
in the well and springflow will change as the various orifices cease to flow over a water-level range of about 4 ft. Therefore, separate relations were
developed depending on whether the water-level elevation in the Comal County well was above or below 623 ft. The corresponding elevation at the
Bexar County well is 645 ft.

Daily springflow discharges (Q) determined from base-flow separation were related to the water levels in both the Comal County and Bexar County
wells. Those relations are shown in Table 2 and the data and relations for the Comal County well are shown in figure 6.

Figure 6. Relation between the water level in the Comal County index well and flow from Comal Springs (1977-91).
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The lower relation for the Comal County well shows the springs to be dry when the water level in the well falls below about 619.3 ft and should not
be used below that elevation. The Comal County well produced the better relations, probably by virtue of its proximity to the springs. The relation
between the flow from Comal Springs and the Comal County well is good, but there appears to be some minor seasonal fluctuation in some years.
That fluctuation may be a result of the response of the well to pumping in the vicinity of the well or to changes in the water level in Landa Lake,
which would affect the head difference between the aquifer and the spring orifices.

Puente (1976) presented a relation between the daily springflow and the depth below land surface in the Comal County index well that was based on
33 daily values. His relation, recast in the form of the equations in Table 2 was Q = 12.72 + 44.4 (EC - 619). That equation produces comparable
results to those in Table 2 for EC = 623 ft; for EC = 630 ft, Puente's equation gives about 13 percent more springflow.

Summary and Conclusions

The study shows that the springflows that have traditionally been computed by manual separation of the base flow from the daily discharges of the
Comal River can be reproduced using a computerized method. The annual percentage differences between the model-produced results and the
historic values averaged about 0.4 percent. The computerized method has advantages over the manual method in that the computerized method is fast
and objective; that is, given the same set of input data, different analysts would produce the same base-flow (springflow) estimates using the model.
There is some evidence that in the past, the methodology used in performing the manual separation has undergone some subtle changes that, while
producing relatively small differences, could cause the results to suggest changes that may in fact be artifacts of the changes in methodology. The
computer-based separated values do not show this feature.

The study results also show that it is possible to estimate the base flow of the springs from water levels in either the Comal County or the Bexar
County index wells. The Comal County well gave the better result (standard error of estimate of about 16 ft3/s above 623 ft elevation and about 8
ft3/s below). Using the well record could be particularly useful when the rates of springflow are needed during periods of direct runoff to the river.
During such periods, base-flow separation techniques, both manual and computerized, are ineffective until the river has returned to base-flow
conditions.

A possible procedure that could be used to determine springflows in the future would be to (1) use the computerized method (N=2 days) to derive the
springflows for archival purposes, and (2) use the relation with the water levels in the Comal County index well to estimate the flow in real time
during periods of direct runoff. These latter values would be recognized as estimates that could be available immediately for management purposes,
but that would be revised and replaced in the database with values from the computer model once the river flow had receded to base-flow conditions.
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Summary

A software tool was created in Fiscal Year 2010 (FY11) that enables multiple-regression correction of
well water levels for river-stage effects. This task was conducted as part of the Remediation Science and
Technology project of CH2M-HILL Plateau Remediation Company (CHPRC). This document contains
an overview of the multiple regression convolution/deconvolution methodology and is intended to be a
user’s manual for the Multiple Regression in Excel (MRCX) v.1.1 software. This document contains a
step-by-step tutorial that shows users how to use MRCX to correct river effects in two different wells.

This report is accompanied by an enclosed CD that contains the MRCX installer application and files
used in the tutorial exercises.
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1.0 Introduction

It has long been observed that water levels in groundwater wells fluctuate in response to changes in
river stage or ocean tides (e.g., Ferris, 1952 and 1963; Erskine, 1991; Barlow and Moench, 1998). River-
stage effects can obscure well/aquifer responses due to pumping or other hydraulic testing and require
removal prior to successful analysis. The multiple-regression convolution/deconvolution method used to
correct barometric effects on well water levels (Rasmussen and Crawford 1997, Spane 1999, 2002) has
been extended similarly and applied in removal of river-stage effects from well response (Vermeul et al.,
2009; Spane and Mackley, 2010).

This user’s guide documents recent efforts during Fiscal Year 2010 (FY10) to develop a software tool
within Microsoft Excel that facilitates river-level correction using the multiple-regression techniques.
Multiple Regression Correction in Excel (MRCX) is a user-friendly tool that provides functionality to
perform river correction in a single software environment.

This document is meant to serve as a user’s guide to MRCX. Basic theory and correction
methodology will be introduced in the following document; however, the reader is directed to Spane and
Mackley (2010) for a more complete discussion on river-aquifer/well response and using multiple-
regression convolution/deconvolution. A tutorial example of using MRCX to correct river-stage effects at
two field sites is included to help end users become familiar with the user interface and illustrate technical
aspects and guidelines for effective and defensible river correction using this multiple regression
technique. Basic guidance and technical details of river correction using convolution/deconvolution
within the MRCX software environment will be included for the benefit of the end user. It was intended
to make a useful and analytically-straightforward correction technique available to a wide technical
audience within the familiar software environment of Excel. However, it is the user’s ultimate
responsibility to apply the functionality in MRCX appropriately to their specific site conditions and data.

1.1 Groundwater Response to Changes in River Stage

Changes in river stage impart transient pressure groundwater responses within a hydraulically-
connected aquifer system (Figure 1.1). The topic of fluctuations and boundary effects of rivers and
oceans has been examined by workers in the time and frequency domain for over half a century
(e.g., Jacob, 1950; Ferris, 1952 and 1963; Erskine, 1991; Gilmore, 1991; Barlow and Moench, 1998;
Zlotnik and Huang, 1999). Refer to and Barlow and Moench (1998) and Spane and Mackley (2010) for a
more complete technical discussion and literature review on river/tidal fluctuation and boundary effects.

As note in Spane and Mackley (2010), river response effects in wells are a function of aquifer
hydraulic properties, inland distance, well effects, degree of river/aquifer intersection (e.g., fully versus
partially penetrating), and the harmonics of the river-stage input stress signal. Based upon derivations of
classical heat-flow equations by Ferris (1952, 1963), groundwater responses to cyclical river-stage
fluctuations are predicted to be attenuated in magnitude and lagged in time with increasing distance to the
river. An example of attenuated and lagged well responses to river-stage changes is illustrated in
Figure 1.1.
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Transient river-stage effects can often mask or overshadow hydraulic test responses, making it
difficult to estimate aquifer hydraulic properties or evaluate the effectiveness of remediation attempts.
The next section explains methods used to remove (deconvolve) these effects.
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Figure 1.1. River-Stage Effects on Well 399-1-21A

1.2 Multiple-Regression Correction

Correction of river-stage effects from well water levels using multiple-regression
convolution/deconvolution is an extension of a removal technique developed for barometric effects.
Rasmussen and Crawford (1997) described a multiple-regression technique for removing barometric
pressure responses with convolution in the time domain using impulse response functions discussed in
Furbish (1991). Although this removal technique was specifically applied in the context of barometric
effects, similar and variant regression, multivariate, and convolution techniques have also been used
extensively in applications of data forecasting. Associated statistical methods of note include:
autoregressive integrated moving average (ARIMA) techniques (Box et al., 2008), distributed-lag transfer
functions (Pankratz, 1991), and/or the combinations of these methods; all of which may also produce
satisfactory barometric or river-stage correction results.

The multiple regression convolution/deconvolution technique for barometric correction originally
presented in Rasmussen and Crawford (1997) involves using linear regression of time-lagged input
stresses and observed well water levels to predict well response (convolution). Predicted well responses
can then be removed from the observed well responses (deconvolution) to produce a corrected time series.
This multiple-regression technique has been used successfully by others (e.g., Spane, 1999 and 2002;
McDonald, 2007) to correct for barometric effects.

1.2.1  Application to River-Stage Effects

Recently, the multiple-regression convolution/deconvolution method has been used to identify and
correct river-stage fluctuations from affected well water levels (Vermeul et al., 2009; Spane and Mackley,
2010). Since associated groundwater responses to river-stage fluctuations are time-lagged and attenuated
(see Ferris 1952, 1963 for mathematical relationship discussion), the multiple regression method of
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Rasmussen and Crawford (1997) has direct technical application to river correction. The multiple
regression technique implemented in MRCX and applied to river-stage correction involves these four
basic steps:

1. Use multiple linear regression to model the time-dependant relation between well water level (W;) and
river stage (R;) for a specified maximum number of time lags (n). In MRCX, users can choose to run
the multiple regression using either a) the original data, or b) the first differences of the original data
(change in water level between successive time steps). Rasmussen and Crawford (1997) suggested
using the original time series data in the multiple regression correction; however, subsequent workers
have chosen to use differenced data (change in water level) in correcting barometric (Spane, 1999 and
2002; Toll and Rasmussen, 2007) and river effects (Vermeul et al., 2009; Spane and Mackley, 2010).

MRCX allows users to select running the regression as either the original or the differenced data,
depending upon their preference (see discussion in Section 3.3.2 on the merits of both methods).
Equations for both methods are included:

a. Original Data Option:

Wt :a+ﬂ0Rt +ﬂlRt—1+IB2Rt—2 +"‘+ﬂnRt—n t+é&

(1a)
where W, = well water level
R: = river stage
Rt = river stage one time step (lag) previously
Ren = river stage n time steps (lags) previously
n = maximum lag (indexed at 0)
a = regression intercept (offset term)
o ... pn= regression coefficients corresponding to time lags of 0 to n
€ = residual error term
b. Differenced Data (Change in Water Level) Option:
AW, = a + B, AR, + B AR, + B, AR, +...+ B, AR, + ¢ (1b)
where AW, = change in well water level = W; — Wy,
AR; = change in river stage = Ry — Ry.1
ARy; = change in river stage one time step (lag) previously
ARy, = change in river stage n time steps (lags) previously
n = maximum lag (indexed at zero)
o = regression intercept (linear trend term)
Po ... fn=regression coefficients corresponding to time lags of 0 to n
€ = residual error term

The regression intercept term (o) in Equation 1b incorporates the background linear trend (i.e., slope)
over the model estimation period. There may be situations where it is desirable to ignore the
background trend in the training time series (e.g., training and correction periods have different
background linear trends). MRCX can be configured to omit the linear trend term (o = 0) in Equation
1b. In contrast, the regression intercept term in Equation 1a represents the constant offset term in the
multiple regression model — it should never be omitted. The residual error term in both equations
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accounts for the inability of the model to fit the observed well water levels with lagged river input.
For a more thorough discussion of residual analysis in multiple or dynamic regression see Pankratz
(1991).

MRCX uses ordinary-least squares (OLS) linear regression to solve the regression intercept () and
the coefficients () using matrix operations described in Stevens (1996). This is accomplished in
MRCX using VBA code that calls up functions within a dynamic-link library (.dll) reference
developed using C#. The.dll reference utilizes statistical functions contained in the commercially-
available code library FoundaStat Pro (FoundaStat 2008).

Calculate the cumulative river response function (RRF) as the sum of the individual regression
coefficients (f;) estimated from the multiple regression model. The RRF is calculated the same way
regardless which data type is chosen (original or differenced data) according to:

n
RRF, =Y A
i=0
)
where RRF, = river response function for n number of time lags
bi = regression coefficients corresponding to time lags of 0 to n

RRF’s are diagnostic indicators of the nature of the river influence on the well water levels. The RRF
illustrated in Figure 1.2 shows about a 0.9 unit increase in well water level after 480 hours (20 days)
for a unit increase in river stage for well 399-1-21A (320 meters inland). It is worth mentioning again
that the controlling factors for river response function include aquifer hydraulic properties, inland
distance, well effects, degree of river/aquifer intersection (e.g. fully vs. partially penetrating), and the
harmonics of the river-stage input stress signal. River response functions would need to be
normalized for inland distance in order to make direct comparisons between wells — this involves
plotting RRF’s against the distance-normalized time lag where (time lag divided by the square of the
inland distance).

River Response Function (RRF)
(Manual Lag Option)

1.0 4
0.9 -
0.8 -
0.7
0.6 -
0.5 -
0.4 -
0.3 -
0.2
0.1 -
0.0 T T 1

0 200 400 600

Cumulative Response

Lag
Figure 1.2. River Response Function (RRF) for Well 399-1-21A
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Rasmussen and Crawford (1997) suggest increasing the maximum lag term (n) to a value sufficiently
high to incorporate long-term responses. Others (Spane, 1999 and 2002; Toll and Rasmussen, 2007)
recommend increasing the number of lags until the response function stabilizes. In practice, this is
observed as an asymptotic approach in the cumulative response to some maximum response value.

3. Calculate the predicted well water levels (Py). The process for calculating the predicted water levels
for the original data is more straightforward than it is for differenced data. For the original data,
summation of the right side of Equation 1a provides the predicted well water levels (Py). The first
water level that can be predicted with Equation 1a occurs n+1 records into the original time series
data, since the maximum lag, n, indexes (starts) at zero.

For the differenced data, the regression model (Equation 1b) predicts the change in water level (AP;),
rather than the actual water level (W;). The predicted water levels at a given point in the time series
(Py) for differenced data are calculated according to:

m
Pt = Wo + ZAPt—i 3)
i=0
m
where D AP =APR + AP +AP_, +...+AP_,
i=0
and
Py =  predicted water level at a given point in the time series
Wo = initial water level (n+1 records into original time series)
m = number of records in original water level time series
APy =  predicted change in water level from Equation 1b
AP =  predicted change in water level at previous time step
AP¢n =  predicted change in water level m time steps previously

Equation 3 defines the predicted water level (Py) as the initial water level (W,) plus the cumulative
sum change in water level predicted up to that point in time. The initial water level (W,) term in
Equation 3 is the observed water level that occurs n+1 records into the time series, since the
maximum lag (n) indexes (starts) at zero. The first water level that can be predicted occurs n+2
records into the original water level time series, since differencing removes the first value in the
time series.

4. Calculate the river-corrected well water levels (C) according to:

C,=W,+W,-R) (4)
where C; = river-corrected well water level at a given point in the time series
W, = initial water level (n+1 records into original time series)
W, = observed water level at a given point in the time series
P = predicted water level at a given point in the time series
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Equation 4 states that the corrected well water level at a given point in time (C,) after the initial water
level (W) is the residual difference between the observed (W;) and predicted (P;) value at that point in
time.

Figure 1.3 illustrates the observed, predicted, and corrected water level results for well 399-1-21A
(located about 320 meters inland) when using the differenced data option and a maximum lag (n) of
480 hours.
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Figure 1.3. Observed, Predicted, and Corrected Water Level Results for Well 399-1-21A

1.2.2  Multiple-Regression Models Issues

There are a number of assumptions and limitations related to multiple regression. Those that are
more relevant and obvious are discussed briefly here. The reader is directed to statistical textbooks
covering this topic (e.g., Pankratz, 1991) for a more in-depth and comprehensive discussion of multiple
regression, its assumptions, and limitations. In multiple regression it is assumed that 1) the input (stress)
variables are not perfectly auto correlated with each other and independent from the dependant (response)
variable, 2) the regression residuals are normally distributed with a mean of zero, have constant variance,
and are not auto correlated/collinear (Pankratz, 1991; Stevens, 1996). It is inevitable that river-stage and
well water levels will lack complete independence, due to the open, hydraulically communicative
exchange between surface and groundwater. It also expected that the time-lagged input river-stage data
are going to have a degree of autocorrelation. Violation of these assumptions does not necessarily
preclude the use of multiple regression for the application of river or barometric correction or invalidate
the regression estimates (intercept and coefficients); however, it does call into question statistical
hypothesis testing. The statistical parameters can be used diagnostically to guide end users in determining
the optimum maximum time lag for prediction and correction applications, but they should not be used to
signify statistical significance. The well-established conceptual and analytical basis for time-lagged river-
stage effects, with responses often requiring extended period of time (e.g., days to months) to become
fully manifested in distant, inland wells supports the use of multiple-regression
convolution/deconvolution as valid method for identifying and removing their effects (Spane and
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Mackley, 2010). However, caution needs to be exercised on the part of the analyst not to put too much
confidence in the statistical metrics such as R? or p-values when the above-mentioned assumptions are
violated.

The goodness-of-fit metrics reported by MRCX include the R?, adjusted R?, and the MAE of the
regression model. Of the three, the MAE is considered the least biased indicator of the goodness-of-fit,
with lower values indicating improved model fit. All three serve as diagnostic indicators of the ability of
the predictions from the regression model to fit the observed data, but none of them should be used to
quantitatively test for statistical significance, due to the above-mentioned assumption violations.

Lastly, it should be reiterated that there may be other frequency-based or time-series techniques in
addition to the established method of Rasmussen and Crawford (1997) that could also be used to predict
river-stage effects on well water levels. ARIMA (Box et al., 2008) or distributed-lag transfer functions
(Pankratz, 1991) might also be effective. Examining and comparing the efficacy of different forecasting
techniques, although out of the scope of this task, is a worthwhile research objective.
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2.0 Software Installation and Configuration

The Multiple Regression Correction in Excel (MRCX v.1.1) software tool is distributed as a single
.MSI Windows Installer file (MRCX_v1.1.MSI). The .MSlI installer program installs a collection of
dynamic link library (.DLL) files that contain the compiled statistical and processing functions as well as
the Excel 2007 macro-enabled workbook template (MRCX_v1.1.xIsm). The installation of the MRCX
Windows Installer files is discussed below, followed by instructions for opening of the Excel macro-
enabled workbook file.

2.1 Installing the MRCX v.1.1 Software Files

The first step is to install the .MSI Windows Installer file. This will install a collection of .dll files
that perform the highly-computation portion of the multiple-regression and place a local copy of the
MRCX Excel worksheet template file on your computer. The steps for installing MRCX with the .MSI
Windows Installer file are:

1. Remove any previous versions of MRCX using the Add or Remove Programs within the Control
Panel in Windows.

Exit out of Microsoft Excel prior to attempting the install.

Double-click on the MRCX_v1.1.MSl install file. This will bring up Setup Wizard.
Click on Next to proceed.

Select the installation folder path for the MRCX files.

Click on Next. This will bring up the confirmation screen.

Click on Next to finish the install.

© N o g &~ w DN

When the program is successfully installed, click on Close to exit the Setup Wizard.

Although you do not need full administrator privileges on the computer you are installing MRCX on,
some level of program installation permissions are needed.

2.2 File Saving and Renaming

The MRCX_v1.1.xIsm workbook contains a default data entry and model configuration template and
Visual Basic for Applications (VBA) code for performing the river-correction process. Users are
encouraged to re-save and rename the template as desired. However, you must save each renamed
instance of the MRCX template workbook as an Excel 2007 macro-enabled workbook (.xIsm file format)
or the full MRCX river-correction functionality will be lost.

The MRCX Excel software tool will be referred to by its original name (MRCX_v.1.1.xIsm) in this
document for consistency. As noted above, you can resave the workbook under a different filename. The
guidance and information content herein applies equally to renamed instances of the MRCX workbook as
long as the structural contents of the original MRCX_v1.1.xIsm workbook template are retained. The
filename does not affect the functionality of the MRCX VBA code.
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2.3 Configuring the MRCX Workbook Template

The MRCX_v1.1.xIsm file will be installed into the user-selected folder during the installation
described above. This file is an Excel 2007 macro-enabled workbook. It designed to enable the end user
the functionality to perform the river correction process within a single software environment. It interacts
with the library of .dll files using VBA.

2.3.1 Enabling the MRCX VBA Macro in Excel 2007

Since the Excel template workbook contains VBA code, it is considered a macro-enabled workbook
and has the .xIsm file extension. The macro security settings in Excel may need to be adjusted in order to
enable the VBA code in the MRCX _v1.1.xIsm file to function, depending upon the user’s current
settings. Excel 2007 has the following Macro Security Setting Options:

1. Disable all macros without notification

2. Disable all macros with notification

3. Disable all macros except digitally signed macros
4

Enable all macros (not recommended; potentially dangerous code can run)

If the macro security is set to option 1, you will not be able run any type of macro. The other three
macro security options allow macros to be enabled either on a case-by-case basis or permanently. Macro
security option 2 disables macros from running initially unless the user manually enables the specific file
— this is the temporary macro enable option described below. Option 3 restricts all macros except those
containing digitally-signed certificates — this is not an option since the MRCX Excel workbook file is not
digitally signed. Option 4 allows all macros to be enabled and is not recommended.

If you have your macro security settings configured to option 2 (Disable all macros with notification),
Excel will initially disable the MRCX code from running when the workbook file is opened. It places a
notification in the Excel toolbar Ribbon (Figure 2.1). For instructions on configuring your Excel 2007
macro security settings set to option 2 see the help file in Excel. Once you have set Excel to macro
security option 2, you are ready to open the MRCX workbook file and enable temporary access to the
MRCX VBA code. To enable temporary access to the VBA code in MRCX, follow the steps below each
time you open the workbook:

1. Open the MRCX_v1.1.xIsm workbook file.

2. Click on the Options button on the Security Warning notification on the Excel toolbar ribbon
(Figure 2.1)

3. Select the Enable this content option (Figure 2.2) to temporarily enable the MRCX VBA macro.

Figure 2.1. Macro Security Warning Notification on the Excel 2007 Toolbar Ribbon
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Microsoft Dffice Security Dptions 2|

@ Security Alert - Macro

Macro
Macros have been disabled, Macros might contain viruses or other security hazards. Do
not enable this content unless you trust the source of this file.

Warning: It is not possible to determine that this content came from a
trustworthy source. You should leave this content disabled unless the
content provides critical functionality and you trust its source.

More information
File Path:  C:WRCXIMRCX_Rev1. Lxlsm

@ Help protect me from unknown content (recommended)

> Enable this content

Open the Trust Center Cancel 4

2

Figure 2.2. Enabling Temporary Macro Permission
4. Click on OK to save and close the macro settings.

The Security Warning notification will no longer be visible on the Excel toolbar ribbon and the
MRCX VBA macro should be enabled. You will need to follow the steps listed above every time you
open a MRCX macro-enabled workbook.
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3.0 User Interface

The MRCX Excel workbook template (MRCX_v1.1.xIsm) was designed as a software tool for a
broad audience of end users to perform river correction of well water levels within a single user
environment. It contains a collection of worksheets for input data, model configuration, and output
results. There are drop-down lists and command buttons that allow the user to configure the multiple-
regression convolution/deconvolution correction settings with flexibility.

As noted above, the original MRCX workbook file can be resaved under a different name as desired,
with the imposed restriction that it is saved as an Excel 2007 macro-enabled workbook (.xIsm file
format). This section introduces the general features and functionality of the MRCX workbook template
components. Instructions for utilizing the features of the MRCX software tool then discussed in order of
the river-correction process.

3.1 General Overview

The MRCX software tool is a single workbook template organized into four worksheets, organized by
workflow process. These include Input Data, Model Config, Training Results, and Correction Results.
They contain a mixture of locked and editable cells.

It is important to reiterate that the structural form (rows and columns) is directly tied to the
functionality of the VBA code, particularly for the Input Data and Model Config worksheets. Changes to
the structural form (e.qg., inserting/deleting a column) will alter cell mapping between the worksheets and
the VBA code, resulting in loss of functionality or erroneous results. The general workflow process for
river correction in MRCX v.1.1 is depicted in Figure 3.1.
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Input training and correction data

Figure 3.1. Generalized MRCX Workflow Process Diagram

The MRCX workbook can be viewed at any zoom level within Excel; however, the drop-down lists
and graphs were sized to be viewed at about 85% zoom level on a 19-inch monitor configured to display
at 1280 by 1024 dpi resolution. You may need to adjust the zoom level to your particular monitor screen
size and resolution.
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3.2 Input Data

The Input Data worksheet contains place holders for the data that will be used in the river-correction
process (Figure 3.2). It is organized into Training and Correction ranges. The two time series of data are
distinguished from each other in order to extend the flexibility and capability of the MRCX software tool.
It is often desirable to “train” the multiple regression convolution/deconvolution model using one set of
data, and then make river-level correction on another set of data. For example, you can use several
months of water level data preceding a hydraulic test as the training data. The RRF generated from the
training data can then be used to correct the data collected during a hydrologic test.
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Figure 3.2. Input Data Worksheet

There are three command buttons embedded into the Input Data worksheet for convenience. The ‘Set
Correction Data Equal to Training Data’ command button will copy the data from the training to the
correction input range. The “Clear Training Data’ and “Clear Correction Data’ command buttons reset
and clear the corresponding input data ranges in the worksheet.

3.2.1 Copy Paste Special-Values

The MRCX workbook template is designed for users to make changes to the values in the data input
and model parameter cells as part of the workflow process (Figure 3.1); however, changes to the row and
column structure and cell formulas will impact the functionality of MRCX.
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It is essential that you use the Copy Paste Special-Values command in Excel when copying the
training and correction data into the Data Input worksheet. This will ensure cell formatting remains
intact. As noted above, changes to the structural format of the MRCX workbook will cause the program
to either fail completely or produce erroneous results. This can easily be avoided by utilizing the Copy
Paste Special-Values feature in Excel (refer to the help files in Excel if you are unfamiliar with using this
feature).

3.2.2  Training Data

The input data in the Training Dataset range are used to “train” the multiple regression
convolution/deconvolution model and generate a RRF that will be used to calculate predicted and
corrected well water levels under the influence of river-stage effects. Entering the training data is the first
step in the river-correction workflow process within MRCX (Figure 3.1). As mentioned before, these are
the primary data used to create the RRF used to predict (convolution) and remove (deconvolution) river-
stage effects.

3.2.3 Correction data

The MRCX interface allows users to enter different time-series of data in the Correction Dataset
section of the Input Data worksheet. This feature was included to allow greater flexibility with training
versus correction periods. The RRF is generated by the training data and can then be extended for use to
the separate correction data. The primary difference between the training and correction data is that the
correction data can and often do contain groundwater responses from sources other than the river
(e.g., pumping test). The response of these non-river input stresses is often obscured in the water level
data due to river-stage effects.

Unlike the training data, the correction data does not need be entered into the Input Data worksheet
prior to generating the RRF function. It needs to be added prior to running the ‘Run Multiple Regression
Model on Correction Data’ command button on the Model Config worksheet (discussed below).

3.2.4  Input Data Requirements

The river-correction method and the code in the MRCX assume the input data meet structural,
formatting, and technical requirements. For the MRCX code to work properly, the following general
format requirements for the training and correction data sets should be met:

1. Data must be continuous — that is, there are no data gaps or missing intervals of data

2. Data must be chronologically sequenced at a constant interval (e.g., entire time series is on hourly
interval)

3. Date values need to be in MM/DD/YYYY HH:MM format (e.g., 01/01/2010 15:00)

4. River stage and well water levels need to be in a number format with values no more than ten decimal
places (e.g., 115.215)

5. The number of records (rows) for each time series cannot exceed 32,000. (note: To clarify: this
restriction is for each input data type — in other words, the training and correction data can each have
32,000 records i.e.,, rows)
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Additionally, the training and correction data need to meet technical assumptions in order to generate
effective and scientifically defensible river correction:

1. Have similar well hydrologic conditions between the training and correction data (e.g., saturated
aquifer thickness, magnitude and frequency of river-stage changes)

2. Collected in a similar manner (e.g., consistent source of water level data)

3. Training data contain or is of a sufficient time period to adequately capture associated, long-term
river-stage responses influence.

4. The maximum lag value must be less than 0.5 times the number of input data records minus two time
units. For example, if the input data contains 1,000 hourly-spaced records. The maximum lag value
must not exceed 498 hours. This is a technical requirement imposed by the multiple regression
function specifically used by MRCX in order to reach a solution for the model estimates.

3.3 Model Configuration

The Model Config worksheet contains the main user interface for MRCX (Figure 3.3). It contains a
pre-generated collection of drop-down lists, input cells, command buttons, and diagnostic plots for setting
model parameters and running the multiple regression deconvolution/convolution method for river
correction. Note: users can add/modify the existing plots (e.g. scale on axes). Unlike the Input Data
worksheet, no copying or pasting of data values is necessary in the Model Config worksheet. However,
similar to the other MRCX worksheets, changing the structural format of the worksheet will prevent the
VBA code from running properly (e.g., inserting/deleting rows or columns).

Figure 3.3. Model Config Worksheet
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The use of the model configuration features and command buttons will be discussed below in the
context of the river-correction workflow process outlined in Figure 3.1. Additional application of these
features is contained in the Tutorial Example section.

3.3.1 Time Filtering

It may be desirable to focus on a particular time period of the input data during model training and
correction (Figure 3.4). Typically, the training period should consist of a time when well water-level
responses are known to be solely responding to river-stage fluctuations and not subjected to other
interfering extraneous effects (e.g., pumping activities). The available time range (start and end
data/time) is displayed. The input data for both the training and the correction data can be filtered to a
customized time range by entering a filter start and end date. The start and end dates must fall within the
available time range or an error message will be displayed.

The Reset Filter command buttons above the training and correction time filter options will reset the
start and end date/time to the minimum and maximum available values available, respectively. Note:
remember to reset the time filtering options each time you copy new data to the Input Data worksheet —
they do not automatically reset.

Keep in mind, that you need to set the start date n or n+1 time units previously to the date/time you
want the output from the regression model to begin, when using the Original Data and First Differences
data options, respectively (where n is the maximum time lag). For example, if you want the river
correction results to start on 05/01/2010 0:00 using the Differenced Data option and a maximum lag (n) of
480 hours, you would set the start date to 04/10/2010 23:00 (482 hours previously).

Reszet Fitter | Reset Fitter |
Training Correction
Available Filtered Available Filtered
Start Date/Time 1/1/08 0:00 1/1/08 0:00 1/1/09 0:00 1/1/09 0:00
End Date/Time 12/31/08 23:00| 12/31/08 23:00] 10/19/09 7:00| 10/19/09 7:00

Figure 3.4. Time Filtering Settings

3.3.2 Data Value Option

MRCX give users the option to run the multiple model using either the original data or first
differences of the original data (i.e., changes in river stage and well water level between successive time
periods). Rasmussen and Crawford (1997) reported better success with using original data in the
regression deconvolution correction of barometric effects. However, others have chosen to use the first
differences instead for barometric (Spane 1999 and 2002; Toll and Rasmussen 2007) and river correction
(Vermeul et al., 2009; Spane and Mackley, 2010).

Differencing is a common transformation technique used in time-series analysis to minimize
systematic changes in the mean (trend) and create a more stationary (constant mean and variance) data set
(Pankratz, 1991). One of the advantages to running the model on the first differences is that this method
is consistent with the concept that it is the changes in river stage and not the actual river-stage elevations
themselves that creates the time-lagged and attenuated well water level responses.
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The inherent correlation of river-stage and well water elevations might cause the OLS regression
model to be less stable when using the original data. However, this has not been fully evaluated by the
authors. An advantage of using the original data in the regression is that you can achieve a “rough”
prediction and correction using fewer lags, although the response function is less stable and the overall
goodness-of-fit is typically lower. Fewer lags means that the training period can be shorter since the
training period must have slightly more than two times the number of records as the lag term in order for
the regression model to run properly. Both methods may have application depending upon the existing
well/aquifer/river communicative conditions. Further evaluation and comparison of the two methods
beyond the scope of the development of this software tool is needed to better understand the relative
effectiveness of one method over the other. MRCX allows both data options as a means of providing a
higher degree of model functionality.

To select the data option, click inside the Data Option cell and select one of the two options from the
drop-down list (Figure 3.5).

Figure 3.5. Data Value Type Option Configuration Setting

3.3.3 Lag Option

MRCX allows two different lag options for running multiple regression on the specified training data
set, Manual and Batch mode. In Manual lag mode, the regression model is run for a single, specified,
maximum time -lag value. This is the default mode in MRCX. Alternatively, in Batch lag mode, users
can create a list of maximum lag values, and a separate regression model will be run for each lag. In the
Batch mode, model results are saved in a separate Excel workbook, with results for each regression model
run saved in individual worksheets. The Batch lag option was included in MRCX to allow users to
compare regression results for the same training data for varying maximum time-lag values.
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MRCX may require up to several minutes to process results for a single multiple-regression model for
large data sets and lag values. Processing times will also vary as a function of performance capabilities of
the individual computer system running MRCX code. The Batch mode option also allows users to
process a large batch of regression training models for various maximum lag values and outputs the
regression results into a single external Excel workbook file. This may be preferable to individually
changing the maximum time-lag value and comparing regression results in a trial-and-error fashion using
the Manual option within the Model Config worksheet.

To select the lag option, click inside the Lag Option cell and select one of the two options from the
drop-down list (Figure 3.6).

Figure 3.6. Lag Option Configuration Setting

3.3.4 Maximum Number of Lags

The maximum number of time lags (n) to be used in the multiple regression model is specified by
entering a value into the Lags input box (Figure 3.7). Maximum lag values are restricted to a single
integer value between 0 and 10,000. The lag units are the same as the interval units for the records in the
input data. For example, if the training and correction data consist of hourly river-stage and water level
measurements, units for the lags will be hours.

As discussed in Section 1.2.1, the maximum number of lags should be increased until either the RRF
asymptotically approaches a maximum cumulative response value or there is no major improvement in
the model results (Rasmussen and Crawford, 1997; Toll and Rasmussen, 2007; Spane and Mackley,
2010). In practice, maximum lags of several hundred hours or more may be necessary to adequately
capture the full river-stage effects in water levels in wells located several hundred meters from the river
(e.g., Vermeul et al., 2008; Spane and Mackley, 2010).
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Figure 3.7. Maximum Lag Configuration Setting

3.3.5 Trend Adjustment

River-stage and well water-level time series data may contain background trends. Although the river-
stage and groundwater levels for a hydraulically-connected aquifer will usually have similar general
trends, the trend magnitudes may vary (Figure 3.8). Trend adjustment is less of an issue when using the
original data in the regression model. However, when using the first differences of the data (changes in
river-stage and well water level), the linear trend is represented by the inclusion of the additional linear
trend term (regression intercept, o) in Equation 1b. The linear trend term adjusts the predicted change in
water level (AP,) by a constant value (a) at each time step in the time series. The summation of these step
adjustments over the entire time series applies a linear trend adjustment to the predicted water levels
(Equation 3). In practice, this generally results in an increased goodness-of-fit between the predicted and
the observed well water levels (Figure 3.9). However, it may be useful to see the predicted and corrected
results without the trend component included (e.g., when transducer data are suspected to suffer from
instrument drift or when hydrologic conditions are different between the training and correction time
periods).

Although the river response function (regression coefficients) from the training data are used in the
prediction and correction of the correction data, MRCX does fit a separate multiple regression model to
the correction data for the purpose of estimating a unique linear trend (regression intercept, o) for the
correction data. The correction-data linear trend term is then used in Equation 1b in place of the linear-
trend term from the training data. This is helpful when the background linear trends in the training and
correction data are significantly different.

To change the linear trend adjustment option in the multiple regression model, click in the Trend
Adjust cell in the Model Config worksheet and choose from the drop-down list (Figure 3.10). Note: the
Trend Adjust option is set to “Yes’ automatically when the multiple regression model is run with original
data.
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Figure 3.9. Linear Trend Adjustment on Predicted Well Water Levels
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Figure 3.10. Linear Trend Adjustment Configuration Setting

3.4 Command Buttons

There are five command buttons added to the Model Config worksheet that initiate VBA code
operations. Click with the left-mouse button on the command buttons to run the corresponding command.

341 Reset Filter

There are two ‘Reset Filter’ filter command buttons near the top of the worksheet that will reset the
Start and End Date/Time values in the filtering option cells to the minimum and maximum date/time
values in the Input Data worksheet.

3.4.2 Run Multiple Regression on Training Data

The two main command buttons located to the right of the RRF plot in the Model Config worksheet
initiate the multiple regression models for the training and correction data. As noted above, the training
data can be run in batch or manual lag option modes. If the lag option is set to ‘Manual’ (default), you
can simply click on the ‘Run Multiple Regression on Training Data’ to run the regression model for the
training data (steps 1 through 4 in Section 1.2.1). The RRF plot, the training data results plot, and the
results worksheet for the training data will be updated automatically once the model processing steps are
complete.

If the lag option is set to “Batch’ mode, an additional user dialog menu will pop up once the ‘Run
Multiple Regression Correction on Training Data’ is clicked (Figure 3.11). Create a range of maximum
lag (n) values by entering an integer number into the starting and ending input boxes. When you have
specified the starting and ending values, set the interval spacing within the range of lag values by
selecting one of the spacing values in the drop-down list. This list will automatically update each time the
values in the starting and ending input boxes changes. The list is populated with even multiples of the lag
range. When the interval spacing has been selected, click on the ‘Update List” command button to refresh
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the list in the frame on the right side of the menu. Users have the option to output the predicted and
corrected results in addition to the summary results by check the option box in the dialog box. Click on
the ‘Run Model’ command button to begin the multiple regression for the batch of maximum lags listed.
In batch mode, the results will be saved in a new external Excel workbook file. The workbook file
contains a summary worksheet and separate worksheets for each maximum lag value in the batch list. Be
patient while the batch of regression models is processed — this can take several minutes or longer. The
Windows “hour glass” cursor will show while the batch regression is processing. When it is complete, a
message box will appear with “Finished Running Batch-Mode Multiple Regression on Training Data.”

It is also possible that your computer will run out of memory and return and error if your batch list is
long, the number of records in the input data is large, the maximum lag values are large, and/or you have
limited memory resources available on your computer. If this happens, the easiest solution is to decrease
the number of maximum lag values in the batch list — in other words, split up your batch list into multiple
batches then run them separately.

Multiple Lag Options x|

— Maxinum Lag Range Max Lag Lisk
. : 1]

Skarking Ending 100
| 0 | 500 200
300
Inkerval Spacing 400
=]

I 100 vl

Cukput Predicted and
v Corrected Yalues

Run Maodel

Figure 3.11. Batch (Multiple) Lag Option Dialog Menu

Once the RRF has been generated from the training data, you can click the ‘Run Multiple Regression
Model on Correction Data’ command button to run the regression model on the correction data. The
correction data results plot and the correction results worksheets will then be automatically updated.
Note: the batch maximum lag option is not available for the correction data regression model.

3.5 Results

The results from the multiple regression model are displayed in plots within the Model Config
worksheet and stored in worksheets within the MRCX workbook. The observed, predicted, and corrected
well water levels for the training and correction data are shown in separate plots in the Model Config
worksheet. The RRF generated from the training data is also included for diagnostic purposes. Users are
free to customize the plot properties within the Model Config worksheet.

The model results for the training and correction data are automatically output to the corresponding
result worksheets in the MRCX workbook. You can quickly clear the results by clicking on the *Clear
All Results’ command button on the Model Config worksheet.
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The individual and cumulative regression coefficients (B;’s) for each lag (0 to n) from the multiple
regression model are included in the results worksheets. The MRCX code is designed to utilize the
regression coefficients from the respective training results worksheet when processing the predicted and
corrected water levels for the correction data.

Goodness-of-fit statistics and model configuration settings are also included in the model summary
section of the results worksheet. The R?, adjusted R? and the MAE provide an indication on the ability of
the multiple regression model to explain well water levels with time-lagged input from the river. As
previously discussed, they should be used as diagnostic indicators and not as quantitative metrics for
establishing statistical significance due to non-standard model conditions (e.g., stationarity, collinearity,
autocorrelation, etc.).

The results worksheet also contains the river stage, observed, predicted, and corrected well water
level time series. Note: the predicted and corrected water levels contain a large number of decimal
places. These do not reflect the precision of the model. Keep in mind the goodness-of-fit statistics from
the model when interpreting these values and round them to appropriate significant figures.
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4.0 Tutorial Examples

This section includes examples of the multiple regression technique from two different Hanford Site
field settings. It is written in tutorial form for users to follow step-by-step instructions. It assumes that
the user has already successfully installed MRCX v.1.1 onto their local computer and has opened the
MRCX workbook in Excel. See Section 2.1 above for instruction on installing MRCX.

The first Hanford Site example is for a test well (399-1-21A) completed in the Hanford formation and
exhibits excellent hydraulic communication and high aquifer diffusivity. River-stage effects for this well
are easily identified and removed. In contrast, the second Hanford Site example is for a well completed in
the lower permeability Ringold Formation and is in close proximity to extraction wells used within the
100-K Area pump-and-treat system. This example demonstrates the difficulties in removing river-stage
effects from well response records which may be significantly impacted by extraneous stress effects
(i.e., surrounding pumping). The difficulty centers on finding a baseline well record not adversely
impacted by extraneous stress effects so that a representative data record can be used as part of the
MRCX training analysis for developing an associated river response function. The motivation for
including a problematic data set such as this is that end users are likely to encounter similar challenges
and need to be aware of the complications associated with such “noisy” data sets and the limitations for
removing river-stage effects in wells such as this one.

4.1 Example 1: Well 399-1-21A

The first tutorial example involves removal of river-stage effects for well 399-1-21A, in the 300 Area
of the Hanford Site. It is located about 323 meters from the river and is completed in the permeable
Hanford formation (Figure 4.1). It provides an excellent example of a well with a highly associated river
response behavior (RRF > 0.8), sufficient to allow for good river correction of well water levels. Spane
and Mackley (2010) used this well as a demonstration example of the multiple-regression correction
methodology. The following steps will guide you through the process of correcting river-stage effects
for this well and highlight some of the different MRCX user options.

‘}N\*\ 399-2-2|
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1399-1-21A

|®
ﬁﬂ \ IFRC Well

300 Area Study-Site

I
= i IE

i \
IE? 105)\—11_l ] . ﬁver Gage
P e———m | {p i} /

Figure 4.1. Site Map of 300 Area Wells

4.1
SE ROA 38109

JA_9391



4.1.1 Entering the Input Data

The first step is to enter the river-stage and well water level data into the MRCX workbook. The

time-series data for the 300-Area river gage and well 399-1-21A is located in the \Tutorial subfolder in
the MRCX folder created during the initial installation of MRCX.

Open the 300_Area_Example_InputData.xIsx workbook file from the C:\MRCX\Tutorial\ subfolder.
This workbook contains the hourly river gage and well data.

Select the entire three-column data range (excluding the header).

Select Copy (Ctrl + C) from the Excel Home Ribbon tab.

Switch back to the MRCX workbook file.

Click on cell B4 in the Input Data worksheet to set this as the destination location for the next step.

Select Paste > Paste Values from the Excel Home Ribbon tab (Figure 4.2). This will paste the input
values into the three Training Dataset columns. The Training Data time-series plot now be updated,
showing river and well elevations.

Figure 4.2. Paste Values Option in Excel

Click on the *Set Correction Data Equal to Training Data’ command button above the time-series
plots in the Input Config worksheet. This will copy the data in the Training Dataset section into the
Correction Dataset section. The plots for the training and correction data should be similar in
appearance (Figure 4.3).
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4.1.2

Figure 4.3. Well 399-1-21A Input Data Worksheet

Activate the Model Config worksheet.

Click on the ‘Reset Filter’ command buttons, located at the top of the Model Config worksheet, for
both the training and correction time periods. It is important to reset the time filters each time you
enter new data into the Input Data worksheet. This will ensure the filter start/end dates are within the
valid date range of the input data.

Configuring the Multiple Regression Model

Leave the filter start date default of 1/1/08 0:00 for the training data (cell D5).

Set the filter end date for the training data to 12/31/08 23:00 (cell D6). This will restrict the training
range to only use data from 2008.

Set the filter start date for the correction data to 1/1/09 0:00 (cell F5).

Leave the filter end date default of 10/19/09 7:00 for the correction data (cell F6) (Figure 4.4).
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Reset Fitter | Reset Fitter |
Training Correction
Available Filtered Available Filtered
Start Date/Time 1/1/08 0:00 1/1/08 0:00 1/1/08 0:00 1/1/09 0:00
End Date/Time 10/19/09 7:00] 12/31/08 23:00| 10/19/09 7:00] 10/19/09 7:00
[ Dataoption [ Lagoption | Lags [ TrendAdjust |
I I

Figure 4.4. 399-1-21A Config Options
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o Set the model configuration options to:
— Data Option (cell B9): First Differences
— Lag Option (cell C9): Manual
— Lags (cell D9): 100
— Trend Adjust (cell E9): Yes

o Click on the ‘Run Multiple Regression Model on Training Data’ command button to run the multiple
regression model. You should see the following results (Figure 4.5):
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Figure 4.5. Well 399-1-21A Training Data Regression Results 1 (Lag = 100 hrs)

4.1.3 Varying the Maximum Lag Term

The RRF shows a smooth trend when using a maximum time lag of 100 hours; however it only
attains a cumulative value of about 0.58. As a general rule of thumb, satisfactory river correction results
are achieved when RRF values are > 0.8. Additionally, the MAE is 0.143 meters, as reported in the
model summary section of the Training Results worksheet. The low RRF and relatively high MAE
suggest that the maximum lag needs to be increased in order to better capture long-term river responses.

o Set the maximum lag value (cell D9) to 480, and then click on the ‘Run Multiple Regression Model
on Training Data’. The plots will update, and you should see the following results (Figure 4.6):
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Figure 4.6. Well 399-1-21A Training Data Regression Results 2 (Lag = 480 hrs)

The increase of the lag to 480 hours results in a much improved match between the predicted and the
corrected data. The RRF approaches a maximum value of 0.88, and the MAE equals 0.031 meters. This
suggests a valid model fitting for the training data, consisting of the data for the entire year of 2008. The
model does show under-prediction in the well water levels during the high river-stage period of 2008.
There may be a storage effect of the water table increasing on a seasonal time scale that is not fully
captured in the average river response function with a maximum time lag of 480 hours.

4.1.4  Different Training and Correction Time Periods

Often, it is will be desirable to focus on a particular time period for the correction rather than for the
entire data set. In the next step, the objective is to correct river effects during the first four months of
2009. You can use data from the same time period to train the model; however, a more robust application
of the correction method is to train the model with data from a different time period than will be
corrected. To be representative, the training period should have similar river-stage, well water elevation
relationship, and hydrologic conditions as the correction time period. In the next step, data from the first
four months of 2008 will be used to train the model and develop the RRF for correction for the first four
months of 20009.

o Verify the model configuration options are still set to:
— Data Option (cell B9): First Differences
— Lag Option (cell C9): Manual
— Lags (cell D9): 480
— Trend Adjust (cell E9): Yes
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o Set the start and end dates on the training period to 1/1/08 0:00 and 4/30/08 0:00, respectively (cells
D5 and D6).

o Set the start and end dates on the correction period to 12/11/08 23:00 and 4/30/09 0:00, respectively
(cells F5 and F6). Remember, you need to set the start date n+1 time units previously to the date/time
when you want the regression model results to begin if you are using the First Differences (change in
water levels) option.

o Create the RRF and the predicted and corrected results for the training data by clicking on the ‘Run
Multiple Regression Model on Training Data’ command button.

¢ Predict and correct the well water levels for the correction period by clicking on the ‘Run Multiple
Regression Model on Correction Data’ command button. The Model Config will update the RRF and
time-series plots (Figure 4.7):

Figure 4.7. Well 399-1-21A Training and Correction Data Regression Results (Lag = 480 hrs)
e Compare the model summary results in the Training and Correction results worksheets.

The river response for well 399-1-21A during the first four months of 2008 appears to be
representative of the river response a year later based on the model results. The mean MAE for the
correction data is 0.019 meters.

415 Batch Lag Mode

If you would like to run the multiple regression model for a list of maximum lags (n) rather than a
single value manually one at a time, you can use the batch mode option in MRCX. This is helpful for
comparing the model results for different values of n. To run a batch list of regression results for a list n
values:
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e Set the Lag Option (cell C9) to Batch using the drop-down list prior to running the regression model

Multiple Lag Dptions

Maximurn Lag Range

Starking Ending
I a I 500

Interval Spacing

I 100 vl

Oukput Predicted and
W Corrected Yalues

Max Lag List

Run Model |

for the training data. This will bring up a dialog box containing additional user input options
(Figure 4.8).

Figure 4.8. Batch Lag Menu

X

Microsoft Excel

Finished Running Batch-Mode Multiple Regression on Training Data.

Select one of the Interval Spacing items in the drop-down list.

Set the Starting and Ending values for the range of maximum lag values to 0 and 500, respectively.

Click on the “Update List’ command button to display the list of maximum lag values that will be run
in batch mode.

— Click in the box next to the ‘Output Predicted and Corrected Values’ to include the full
results in the output workbook. Disabling this option will output just the summary results for
the batch correction.

Click on the ‘Run Model’ command button to initiate the batch mode. Note: if the list is long and the
maximum lag values are large, the batch regression results can take several minutes to process. When
complete, a message box will appear letting you know the processing is complete (Figure 4.9).

x|

Figure 4.9. Batch Lag Menu

In batch mode, MRCX creates a new workbook file containing individual worksheets for each item in

the batch list of maximum lag values. The result worksheets are named according to the corresponding

lag value.

4.2 Example 2: Well 199-K-112A

— Click on the ‘Summary” worksheet to view a table showing a summary of the regression
results for each of the values in the maximum lag list.

e Click on each worksheet to compare the results for varying maximum lag values.

This example will involve using various regression options in MRCX while correcting water level

data for well 199-K-112A. As noted above, this well was chosen to highlight the challenges and
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limitations of river-stage correction when dealing with a complicated data set that includes extraneous
influences such as nearby pumping wells.

Well 199-K-112A is located 115 meters inland from the river shoreline in the 100-K area of the
Hanford Site and is screened in the Ringold Formation (Figure 4.10). The Ringold Formation has a
relatively lower permeability than the Hanford formation, so the river response might be expected to be
more lagged and attenuated than the response observed in the first example for well 399-1-21A. On the
other hand, well 199-K-112A is almost three times closer to the river than well 399-1-21A (323 m
inland). The river response function would need to be normalized for inland distance to make direct
comparisons between wells — this involves plotting RRF’s against the distance-normalized time lag where
(time lag divided by the square of the inland distance). We will not do that in this exercise, but you might
want to explore the comparison on your own.

Figure 4.10. Site Map of 100-K Wells

Well 199-K-112A is located 5 meters away from the pump-and-treat extraction well 199-K-129 (also
screened in the Ringold Formation) and within a few hundred meters of several other extraction wells.
During the 2008 and 2009 time period of interest, well 199-K-129 was mostly running, but experienced
intermittent shut-down events. These shut-down events created recovery responses in well 199-K-112A.
However, river-stage effects make these recovery responses less obvious and obscure their overall
magnitude. This example will illustrate the difficulty in correcting river-stage effects with data that
contain non-river input signals.

4.8
SE ROA 38116

JA_9398



4.2.1 Input Data

The time-series data for the 100-K river gage and well 199-K-112A is located in \Tutorial subfolder
in the MRCX folder created during the initial installation of MRCX.

¢ Open the 100K_Area_Example_InputData.xlsx workbook file. This workbook contains the hourly
river gage and well data in a worksheet named “‘Elev Data’. It also contains pumping flow rate data
for the adjacent extraction well in a worksheet named ‘Flow Data’.

e Open a new instance of the MRCX workbook template, and clear the results and the input data using
the command buttons in MRCX if needed.

o Follow the steps outlined in Section 1.1.1 for copying the river-stage and well water level from the
source workbook to the target cells in the Input Data worksheet in the MRCX workbook file.

o Use the “Set Correction Data Equal to Training Data’ command button in the Input Data worksheet to
copy the data from the training section to the correction sections.

You are now ready to configure the multiple regression model settings in the Model Config
worksheet.

4.2.2 Establishing a Suitable Training Period and Maximum Lag Combination

As noted above, the presence of the intermittent pumping of the adjacent extraction well creates
additional complexity to the correction process (Figure 4.11). In the following steps, we will attempt to
look for a suitable training period that can be used to generate a river response function to correct a select
period of time in 2009 when a major shut down even occurred (04/29/08 to 05/17/09). River-stage effects
obscure the recovery response to the extraction well shut down. The objective is to remove or minimize
river-stage effects in order to better evaluate the recovery response.

12

10

pumping rate [gpm]
an

2

0

¢ F & @ F F @ F @ PP d P e @

\.\N\ m\\’\ 4;\\’\ 'b-\\’\ %\N\ G(\’\ '\\\'\ %‘:\)\ q\x\ @¢ .\’&\ ;\)\A \'.\N\ '1.\\’\ o;\w\ h\?} %\\:\ b\N\
Date

Figure 4.11. Average Daily Pumping Rates Data for Extraction Well 199-K-129

Typically, the ideal scenario would be to train the response function during a period when the
extraction well has been shut down for an extended period of time. Unfortunately, the longest shut down
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period is only about 40 days (06/5/08 to 07/14/08), which is too short of a time period to adequately
incorporate longer-term (e.g., seasonal) river-stage influences. This will become apparent in the results
generated in the next steps. To begin:

o Activate the Model Config worksheet, and verify the following options:
— Data Option (cell B9): First Differences
— Lag Option (cell C9): Manual
— Lags (cell D9): 150
— Trend Adjust (cell E9): Yes
o Set the time filter options to:
— Training start date: 6/5/08 0:00
— Training end date: 7/14/08 0:00
— Correction end date: 4/1/09 0:00
— Correction start date: 6/15/09 0:00
¢ Run the multiple regression model on the training data period to generate the RRF.

¢ Run the multiple regression model on the correction data period.

\ D10 - ( e |
A B C D E F 8 H 1 J K L 1] N 0 3 Q
2 Reset Fiter Reset Fiter
3 Training Correction
4 Available Filtered Available Filtered
5 Start Date/Time 1/1/08 0:00 6/5/08 0:00 1/1/08 0:00 4/1/09 0:00
6 End Date/Time 7/1/09 0:00 7/14/08 0:00 7/1/09 0:00 6/15/09 0:00 120.60
; Data Opti Lag Opii L Trend Adjust 120:50
8 ata ion ai ion ags ren S
- — = - _ 120.40
. First Differences Manual 150 Yes £ 12030
i 5 120.20
g River Response Function (RRF) ) 120,10
= 0s (ianuzl 28 Getion] Run Multiple Regression b 120,00
14 i Model on Training Data 3
o . JE—— 119.30
16 g 04 119.80
e 2 o3 Run Multiple Regression :
- T 03 Model on Correction 6/6/08 6/11/08 6/16/08 6/21/08 6/26/08 7/1/08 7/6/08 7/11/08 7/16/08
z 0.
w | £z _ Dam | Date
S | 2 02
§§ S 01 Clear All Results Correction Data Results
5 0.1
25 0.0 +
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= 0 50 100 150 200 118,90
28
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30 = liz80
3 8 11860
2 £
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33| Multipls Regression Caorrection in Excel (MRCX) v.1.1 5
- 2 11820
35 3§ 118.00
36 W 117.80
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3 117.40
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o 117.20
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43

Figure 4.12. Well 199-K-112A Regression Results 1 (Lag = 150 hours)

The river response function has a typical shape; however, it only reaches a maximum response of
about 0.4 (Figure 4.12). This indicates either the well has a relatively weak river-stage effect or the
maximum lag needs to be increased in order to incorporate longer-time scale river effects. Furthermore,
the recovery response in April-May 2009 still contains noticeable river effects.
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e Change the Lags (cell D9) value to 300 hrs, and re-run the regression models for the training and

correction data.

1 Reset Fiter Reset Fiter
5 Training Correction Training Data Results
4 Available Filtered Available Filtered
5 Start Date/Time 1/1/08 0:00 6/5/08 0:00 1/1/08 0:00 4/1/09 0:00
6 End Date/Time 7/1/09 0:00 7/14/08 0:00 7/1/09 0:00 6/15/09 0:00 120.50
7
5 Dala Option Lag Option Lags Trend Adiust 120.40
First Differences Manual 300 Yes = 7 100
oy E 12020
5
il River Response Function (RRF) 2 120.10
12 - Gotion
- s (1znus L8 Cption) Run Multiple Regression % 120.00
1 Model on Training Data
119.50
15 v 0.5
1? E_ 0.4 Run Multiple Regression 113.80
13 g Model on Correction 6/16/08 6/21/08 6/26/08 7/1/08 7/6/08 7/11/08 7/16/08
=
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24
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Figure 4.13. Well 199-K-112A Regression Results 2 (Lag = 300 hours)

The RRF increased to 0.46 but now has a less-stable pattern, and the correction of the recovery
response in April-May 2009 did not improve (Figure 4.13).

e Try changing the Lags (cell D9) value to 400 (hrs), and re-run the regression models for the training

and correction data.
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Figure 4.14. Well 199-K-112A Regression Results 3 (Lag = 400 hours)

Although there is a very strong match of the predicted and the observed water levels for the training
period, the correction of the recovery response is worse than it was when using 150 or 300 hours for the
lag Figure 4.14). Increasing the maximum lag to 400 hours resulted in a very unstable and non-
characteristic pattern in the river response function. It suggests that the maximum lag term is too large for
the short training period.

A different approach is to train the model on the entire 2008 and 2009 data set, lumping river and
non-river influences in the response function. The advantage to this is that the longer training period can
incorporate any longer-term river-stage effects that were absent in the 40-day training period. However,
the obvious drawback to this approach is that the response function will contain non-river effects such as
the intermittent pumping of well 199-K-129. Normally, this approach would be avoided. However, in
the next step we will use all of the available data to train the RRF, and use it for correcting the April-May
2009 shut down recovery response. The caveat is that the river response function will be highly skewed
by the extraneous (non-river) influences and should be interpreted with caution. To proceed:

o Verify the model configuration options are still set to the following:
— Data Option (cell B9): First Differences
— Lag Option (cell C9): Manual
— Lags (cell D9): 400
— Trend Adjust (cell E9): Yes
o Click the “Reset Filter’ command button for the training data in order to set the options to:
— Training start date: 1/1/08 0:00
— Training end date: 7/1/09 0:00
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o Verify the correction start and end times are still set to the following:
— Correction end date: 4/1/09
— Correction start date: 6/15/19

¢ Re-run the regression models for the training and correction data to generate new results.
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Figure 4.15. Well 199-K-112A Regression Results 4 (Lag = 400 hours)

The RRF increased to a higher value of 0.61 and the correction of the 2009 data improved
(Figure 4.15). Although the RRF is still relatively low (indicating a relatively weaker river influence),
and there are still residual river-stage effects present in the corrected data for April-May 2009, the
recovery response pattern does have a more characteristic pattern. The apparent drop in the observed
water levels around 5/6/09, due to a river-stage decrease, is now almost entirely removed.

4.2.3 Linear Trend Adjustment

MRCX allows the option to include or omit a background linear trend coefficient in the regression
model. Thus far, we have included the background trend in all the regression models. To see the effect
of leaving out the linear trend adjustment on the previous results:

e Change the Linear Adjustment option (cell E9) to No by clicking in drop-down list.

¢ Re-run the training and correction regression models.

The result of leaving out the background trend adjustment in the model is that the predicted values
progressively deviate from the observed water levels with time (Figure 4.16). The corrected data for the
2009 recovery response has a slightly more positive trend compared to the previous results that included
the trend adjustment. Although, the difference is small in this instance it may be more significant in other
situations. The use of the trend adjustment option is highly dependent upon the situation — it is
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recommended that you typically run the model with and without the trend adjustment and compare the
results, especially when there is a very noticeable background trend in the observed well water level data.

Figure 4.16. Well 199-K-112A Regression Results with Linear Trend Adjust Turned Off
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Abstract

. Analysis of data from 60 wells in and around the Nevada Test Site,
including 16 in the Yucca Mountain area, indicates a thermal regime
characterized by large vertical and lateral gradients in heat flow. Estimates
of heat flow indicate considerable variation on both regional and local
scales. The variations are attributable primarily to hydrologic processes
involving interbasin flow with a vertical component of (seepage) velocity
(volume flux) of a few mm/yr. Apart from indicating a general downward
movement of water at a few mm/yr, the results from Yucca Mountain are as yet

inconclusive.
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INTRODUCTION

The Geothermal Studies Project, USGS, has been periodically measuring
temperatures in holes drilled in and near the Nevada Test Site (NTS) in
southern Nevada (fig. 1). Our primary motivation has been the measurement of
the earth's heat flow. Thus, when we examined temperature profiles within the
context of heat flow in the western United States (Sass and others, 1971), we
discarded most of the data we had obtained as unsuitable owing to hydrologic
disturbances toc the conductive heat-flow field. Recently (Lachenbruch and
Sass, 1977), we have attempted to refine our interpretation of the variation
of heat flow in the western U.S. In particular, we have sought to explain
much of the scatter in heat flow within the Great Basin in terms of local
water circulation. In addition, we have interpreted the 1large area of
ancmalously low heat flow (Eureka Low, EL, fig. 1) as reflecting regional
water flow with a downward (seepage) velocity compcnent on the order of a few
mm/y (Lachenbruch and Sass, 1977) consistent with regional hydrologic studies
(see Winograd and Thordarson, 1975). The regional heat flow from beneath the
zone of hydrologic disturbance in the Eureka Low may be the same as that
characteristic of the Great Basin in general (~80 me-z, or ~2 HFU) or it
could be as high as ~100 mwm 2 (~2.5 HFU).

In view of the importance of hydrologic processes in determining the
suitability of proposed repository sites, and because thermal measurements are
extremely sensitive to these processes, we have re-examined our existing data
and obtéined additional data from Syncline Ridge near the Eleana Range, hole
U1K in the Climax Stock, and from all available wells near Yucca Mountain
(fig. 2). In this section, we briefly review the thermal data from

approximately 60 wells and their implications for regional heat flow. We also
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examine in more detajl the thermal data from the Yucca Mountain site and their
implications for vertical water flow within and adjacent to the proposed
nuclear waste repository.

Acknowledgments. Temperature measurements were made by Gordon Greene,

Fred Grubb, Tom Moses, Bob Munroe, and Gene Smith. Conductivities were
measured by Bob Munroe and Gene Smith. We are grateful to W. E. Wilson and

Rick Waddell for their helpful comments and suggestions.
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Figure 1. Map of western United States showing heat-flow contours

(in HFU) 1 heat-flow unit (HFU) = 41.86 mWm 2. EL is Eureka Low.
Arrow indicates outline of approximate boundaries of the Nevada

Test Site (NTS). Heavy line is 2.5 HFU contour, based on the
empirical relation between silica temperatures and heat flow

(Swanberg and Morgan, 1978).
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REGIONAL HEAT FLOW

Available heat-flow data from the NTS region are summarized in table 1
and figure 3. The data described as "USGS Unpublished"” are preliminary and
are subject to minor revision (+ a few percent) upon further study. The data
(fig. 3) indicate a typical Basin-and-Range distribution of heat flow in the
region immediately surrounding Mercury but a rather complex situation to the
north and west. The complexity of the thermal regime is further demonstrated,
and can be explained to some extent, by consideration of all temperature data
within the region (fig. 2). These data are presented as a series of composite
temperature-depth plots ("worm diagrams") for different areas within the
region in figures 4 through 8 and 10.

Beneath Pahute Mesa (fig. 4), temperature gradients are fairly low (~20
to 25°C/km), and the tuffs within which the wells were drilled have low
thermal conductivities (1 to 1.5 Wm * K 1) resulting in anomalously low values
of regional heat flow. The deepest log we obtained from NTS was that in Ue20f
(fig. 4). In the upper 1.5 km, the temperature gradient is 26°C/km and the
calculated conductive heat flow is less than 40 mWm 2. Below 1.5 km, there is
a zone extending to nearly 3 km that is probably disturbed by a complex
combination of lateral and vertical water flow. Below 3 km, the temperature
profile is linear, and the gradient is 37°C/km. Thermal conductivities in
this section are not well characterized, but reasonable values would result in
heat-flow values between 80 and 100 mWm 2 which is typical of the Basin and
Range Province in general. The implication here fs that water is carrying off
much of the earth's heat in the upper 3 km and delivering it elsewhere. Well
PM-2 is a possible exception. Its temperature profile (fig. 4) might indicate

regional heat flow or possibly just a local upwelling of convecting water.
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Figure 3. Regional heat-flow values within and adjacent to the Nevada Test Site.
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TABLE 1. Heat-flow determinations in and adjacent to
the Nevada Test Site (see Figures 2 and 3 for locations)

Well Heat flow Reference

mwWm 2 HFU
PM2 63 1.5 Sass and others, 1971
PM1 42 1.0 Sass and others, 1971
pDoL 80 1.9 Sass and others, 1971
U15K 56 1.3 USGS unpubiished
Uel7e 66 1.58 USGS unpubliished
TWE 29 0.7 Sass and others, 1971
J-13 67 1.6 Sass and others, 1971
Ue25al 54 1.3 Sass and others, 1980
Ue25bl 47 1.1 USGS unpublished
Ue25a3 130 3.1 Sass and others, 1980
USWG1* 52 1.25 Table 2, this paper
TWF 76 1.81 Sass and others, 1971
TW3 92 2.2 Sass and others, 1971
TW5 84 2.0 Sass and others, 1971
W4 91 2.2 Sass and others, 1971

*Average heat flow in lowermost ~600 m.
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Consideration of temperatures from other areas of the NTS (figs. 5
through 8) also suggests 1lateral variations 1in heat flow that can be
attributed 1argelj to lateral and vertical -water movement with vertical
seepage velocities probably on the order of 1-10 mm/y.

The most reliable "flux plates" for determination of regional heat flow
generally have been granitic bodies. Unfortunately, we have only one such
determination (Ul5k, fig. 3), and even it is uncertain because the hole is
relatively shallow (~260 m), and we have only one determination of thermal
conductivity. The best documented heat-flux value in this region is that for
UE1l7e (figs. 3 and 7) which was drilled in argillites of the Eleana Formation.
This is the only well in this entire study for which we can rule out vertical
water movement in the hole, as the access casing was completely grouted in.
In other wells, some or all of the perturbations to the steady-state
conductive thermal regime may be the result of water movement in the annulus
between casing and borehole wall rather than water movement in the formation.
Fortunately, however, it 1is usually possible to distinguish between the two
types of flow on the basis of the shape of the disturbed temperature profile.

To characterize adequately the heat flow in this region, we require
several holes to depths of several hundred meters, preferably drilled in
granitic rocks, and with the annulus between access casing and borehole wall

completely sealed off by grout or a similar medium.
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THERMAL REGIME OF YUCCA MOUNTAIN

Locations of wells drilled specifically to study the repository site
being investigated at Yucca Mountain are shown in figure 9. The most recent
temperature profiles from these wells (and some nearby wells, fig. 2) are
presented in figures 10 and 11. The hydraulic potentiometric surface beneath
Yucca Mountain is deeper than 500 meters. The curves show variations in
thermal gradients to about 1,000 m. Thus, hydrologic disturbances to the
temperature field may occur both above and below the water table. Some of the
extreme variations in thermal gradient above the water table might be
explained in terms of two-phase water flow, with the ratio of 1liquid to vapor
varying as a function of depth (see Lachenbruch, 1981). At present, this
seems to be the most reasonable physical explanation for the types of
variations, both lateral and vertical, in temperature gradients observed in
the "conductor holes" (UE25a4, 5, 6, and 7, fig. 9), a closely grouped series
of holes drilled entirely within the unsaturated zone. Some, but by no means
all, of the variations in gradient for this series (fig. 11) may be explained
by 1long-lived transients resulting from the loss of large quantities of mud
during drilling. The holes are, however, effectively in thermal equilibrium,
and the gradient variations cannot be ascribed plausibly to variations in
thermal conductivity (particularly where there are temperature reversals).

For the deepest wells (Gl and Hl, fig. 10), systematic variations in
temperature gradient occur without corresponding variations in thermal
conductivity. Our preliminary interpretation suggested a systematic downward
percolation of ground water through both unsaturated and saturated zones with
seepage velocities of a few mm/y. With sufficient thermal conductivity data

now available, we are able to test that interpretation quantitatively.
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Temperature gradients within individual formations were combined with
thermal conductivity determinations by Lappin and others (1982) (above ~900 m)
and our own measurements (below ~900 m) to obtain .component conductive heat
flows for each formation (table 2). The six interval heat flows increase
systematically with depth, lending support to our preliminary interpretation.
If we assume that one-dimensional steady-state vertical water flow is
responsible for the observed increase in heat flow with depth and that the
material is saturated, we may perform a simple calculation to estimate the
seepage velocity and penetration depth of the vertical water flow.

For the idealized conditions assumed, conservation of mass and energy
requires that the temperature 6 be related to the vertical volumetric flow
rate of interstitial water V by the differential equation (see e.g.,

Lachenbruch and Sass, 1977)

d ,d6 _ _ ...d8
dz kdz pc vdz &

where z 1is depth and V is taken positive for upward flow. Density and
specific heat at constant pressure for the water are represented by p' and c',
respectively; k 1is thermal conductivity of the saturated aggregate. Their
values are approximately

p'c' =1 cal/em® °C = 4.2 x 10% J/m3K (2a)

k = 4.3 mcal/cm sec °C = 1.8 W/m K (2b)
The vertical conductive heat flow q (positive upward) is defined by
_ e
q = kgz (3

Combining (1) and (3) yields a relation between vertical heat flow and

volumetric flow velocity V (e.g., cm3® of water per cm? of cross sectional area

_20_
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