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Transient Numerical Model of Groundwater Flow for the CCRP

1.0 INTRODUCTION

This report describes the development of a num erical groundwater flow m odel of the C entral
Carbonate-Rock Province (CCRP) in Nevada and Utah. The CCRP numerical groundwater flow
model supports the Sout hern Nevada Water Authority’s (SNWA) Clark, Lincoln, and White Pine
Counties Groundwater Development Project (hereinafter referred to as the Project). The extent of the
Project study area (i.e., the regional model area) is shown in Figure 1-1. This numerical model is
based on a conceptual model primarily described in a separate report (SNWA, 2009a) and was used as
part of the environmental analysis for the Project. Specifically, the numerical model was used to
simulate groundwater development scenarios to evaluate the range of potential water-related effects
of the Project’s groundwater production at the regional scale. Two previous models for this region,
the Death Valley Regional Flow S ystem (DVRFS) Model (Belcher, 2004) and the Great Basin
Regional Aquifer-System Analysis (RASA) model (Prudic et al., 1995), provided the foundation for
much of the modeling approach, methodology, and documentation for the CCR P model. The se
models are summarized in Section 1.3 and cited throughout this report. Summaries of the P roject
background, previous models, purpose and scope, general assumptions and model limitations, and
Bureau of Land Management (BLM) review process are presented in this section, followed by a
description of the contents of this report.

1.1 Background

A brief description of the background of the Project is presented, followed by a summary of the
historical background of the study area.

1.1.1  Project Background

To reduce reliance on Colorado River water resources and buffer the impacts of long-term droughts
on the Colorado River system, SNWA has identified plans to deve lop in-state non-Colorado River
water resources (SNWA, 2004). These potential additional resources will augment the current water
resource portfolio identified in the SNWA Water Resource Plan (SNWA, 2009¢). The Project will
develop and convey groundwater rights and applications held by S NWA in five basins in eastern
Nevada. Figure 1-2 shows the project basins and current points of diversion.

The Project consists of groundwat er production, c onveyance and treatm ent facilities, and power
conveyance facilities, most of which will be located on Federal lands managed by BLM.
Consequently, in 2004, SNWA applied to BLM for rights-of-way to construct, operate, and maintain
the Project facilities. BLM issuance of these rights-of-way is a Federal action, which must comply
with the National Environmental Policy Act of 1969, the Endangered Species Act of 1973, and other
Federal regulations. BLM has determined that preparation of an Envi ronmental Impact Statement
(EIS) is required to assess the potential effects that may result from permitting the rights-of-way,
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including the potential indirect effects of the proposed groundwater development. A groundwater
flow model was used in the analysis of potential indirect effects for the EIS.

1.1.2  Study Area Background

As described in the Conceptual Model Report (SNWA, 2009a), major historical events include early
settlements, the creation of Lake Mead, and increasing historical water use.

According to the Nevada State Engineer (Smales and Harrill, 1971), the first major wa ter use in
Nevada coincides with the mining boom st arting in 1849. Most of the water was diverted from
streams to nearby mills to process the mining ores. Some water was used for irrigation purposes to
support the mining community. From 1849 to 1860, the mining community was the main water user
in Nevada. The livestock industry bega n in Nevada around 1870. Ir rigation by surface water to
produce forage crops started to increase then. Water use continued to expand in Ne vada with the
building of dams and rese rvoirs starting in 1903. Major water needs continued to be satisfied by
surface water up to the early 1940s when the state began experiencing notable growth. At that time,
groundwater use became more significant.

The development history of the basins in the study area is documented in more detail in the Nevada
Division of Water Resources (NDWR)/U.S. Geological Survey (USGS) Ground-Water Resources—
Reconnaissance Series and the NDWR water-rights database. Boulder Dam, now Hoover Dam, was
built in the 1930s during the period when the major source of water in Nevada was surface water.
Filling of the reservoir (Lake Mead) was completed in 1937. Spring flow records at the Muddy River
Springs Area (Eakin, 1966, p. 264) and Rogers and Blue Point springs (USGS, 2006a and b) indicate
that filling the lake has not significantly affected the majority of the flow systems of the study are a.
Based on the water-rights database, groundwater use by man did not become significant until about
1945 in basins of the study area. Thus , although Lake Mead is m an-made, approximate
predevelopment groundwater conditions are assumed to prevail up to 1945 and include Lake Mead.

Since the 1940s, groundwater use in the study area has bee n increasing, as indi cated by the

water-rights database and the water-use records, although these r ecords are sparse. The rate of
increase, however, has slowed down considerably within the last 10 to 15 years. Currently, the main
uses of groundwater are irrigation of croplands and rangelands. Other less significant groundwater
uses are industrial, mining and milling, municipal, stock watering, and domestic (SNWA, 2008).

1.2 Terminology Used in this Report
The following is a list of definitions for technical terminology used in this report.

Anthropogenic stresses: actions imposed on a flow system by humans. These actions consist of water
withdrawals from or additions to a flow system. Water withdrawals may be made directly from wells
penetrating the aquifer system, from springs, or from diversion of stream flow of groundwater origin.
Water additions to t he flow system may r esult from application of irrigation water to croplands or
from artificial recharge.
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Anthropogenic effects: the effects that anthropogenic stresses have on the aquifer system. These
effects consist of declines or increases in hydraulic heads and flows (discharge by groundwater
evapotranspiration [ET], lateral boundary fluxes, and spring and stream flow of groundwater origin).

Predevelopment groundwater conditions: state of a flow system before any anthropogenic stresses
occur. When applied to the CCRP model area, this term refers to the state of the flow system when
anthropogenic stresses and effects were assumed negligible, i.e., prior to 1945. This term may also be
applied to localized areas at any time during the historical period of concern if negligible or no
anthropogenic stresses and effects occurred in that area.

Steady-state model or pre development steady-state numerical model: numerical groundwater flow
model designed to sim ulate the state of  the flow system under equilibrium assuming no
anthropogenic stresses. The simulated state represents the average flow system conditions based
solely on natural variations caused by natural stresses. This condition is assumed to occur prior to
1945 in this report.

Transient model or transie nt numerical model: numerical groundwater flow model designed to
simulate the changing behavior of the flow system under anthropogenic stresses. The time continuum
is subdivided into stress pe riods. A transient m odel may or may not incl ude a steady-state stress
period. In the transient model prese nted in this report, the first st ress period repr esents
predevelopment steady-state conditions similarly to a steady-state model and provides the initial
conditions for the transient stress periods. During the transient stress periods, average stresses are
imposed on the flow system and their effects simulated by the model.

1.3 Previous Numerical Models

Several numerical models have been developed for regions that include the entire CCRP model area
or parts of the study area. These models are summarized in this section. Other models developed for
neighboring flow systems that may be useful to this study are also mentioned. Relevant details will
be cited in the body of the report as appropriate.

Carlton (1985) developed a numerical model for the Fish Springs Flow System as part of the Great
Basin RASA study. The purpose of the study was to evaluate groundwater flow in the carbonate-rock
province of e astern Nevada and we stern Utah. Carlton (1985) der ived interpretations of major
controls on groundwater flow and estimates of groundwater-budget components for the Fish Springs
Flow System. However, the recharge distribution used in the model was derived using a method
developed by Hood and Waddell (1968) and was not varied during model calibration.

As part of the Great Basin RASA study, Prudic et al. (1995) present a conceptual evaluation of
regional groundwater flow in the region based on a numerical model. The two-layer numerical model
was used to simul ate the concept of numerous shallow-flow regions superimposed upon fewer
deep-flow regions (Prudic et al., 1995). The Reconnaissance Series provided the basic estimates of
recharge and discharge (Prudic et al., 1995) for this regional flow model. Of particular interest are the
interpretations of interbasin flow and flow-system boundaries derived from the modeling results.
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Schaefer and Harrill (1995) used the steady-state numerical model developed by Prudic et al. (1995)
and made transient simulations of the effects of pumping the points of diversion proposed by SNWA.
The simulations were performed without calibration to transient conditions. Instead, storage-property
values deemed reasonable were used; therefore, like any m odel based on this approach, the
predictions are even more uncertain than in the case of transi ent models that are calibrated for
transient conditions. No evaluation of the uncertainty associated with the predictions was made.

The Las Vegas Valley Water District (LVVWD, 2001) developed a numerical model in support of the
Coyote Spring Valley water-right hearing. The model areas include the southern part of the current
model area and compose the White River and Meadow Valley flow systems (LVVWD, 2001). This
model was calibrated to predevelopment steady-state and transient conditions using the available data
and estimates of historical water use in the area. Using this transient model, LVVWD (2001)
evaluated the potential effects of SNWA’s proposed groundwater withdrawals in C oyote Spring
Valley.

SNWA (2006) developed a numerical model of predevelopment steady-state conditions in support of
the Spring Valley water-right hearing. The model area covers much of the northern part of the current
model area. The model was developed to serve as a management tool for planning the development of
the water resources of Spring Valley (SNWA, 2006). The initial recharge was derived by applying the
standard Maxey-Eakin (Maxey and Eakin, 1949)  method to an updated spatial precipitation
distribution for Spring Valley. Other components of the groundwater budget were based on the
Reconnaissance Series of reports.

In thee arly 1990s, L VVWD developed numerical models for 19 single basins in Neva da,
representing predevelopment steady-state conditions. No transient calibration or simulations were
performed because the available data were limited. However, analyses were conducted to evaluate
the sensitivity of the model to the uncertain parameters. The data and information used in these
models are mainly from the Reconnaissance Series and information reported by Harrill et al. (1988).
The simulated groundwater budgets were essentially the same as the ones reported in the
Reconnaissance reports. The models were documented in the Coopera tive Water Project (CWP)
Report Series published by LVVWD in support of groundwater applications filed with the Nevada
State Engineer’s Office in 1989 and as part of its CWP. Brothers et al. (1993, 1994, and 1996) are
part of this series of reports and focused on the project basins. The reports were prepared in support
of water-rights applications by LVVWD. Other numerical models developed for single basins in the
study area include that developed by Frick (1985) for Steptoe Valley and those developed by Leeds,
Hill, and Jewett, Inc., (in 1983) for Steptoe and Spring valleys.

Other numerical models of interest were developed for the Death V alley Flow System (DVFS) by
D’Agnese et al. (1997, 2002), DOE/NV (1997), and Belcher (2004). The DVFS is contiguous with
the CCRP model area, is part of the same region, and has many of the same characteristics. Because
of the many simi larities between the two study are as, the models deve loped to represent their flow
regimes are very similar, as described throughout this report. For instance, the results derived from
these models can be used for comparison purposes in this study.
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1.4 Purpose and Scope

This section describes the overall purpose and scope of both the hydrologic evaluation conducted in
support of the EIS analysis and the numerical model presented in this report.

1.4.1 Overall Purpose and Scope

The purpose of the hydrologic e valuation was to compile and analyze the available hydrogeologic
information to support the EIS analysis. The hydrologic evaluation includes the development of a
regional three-dimensional (3D) numerical model of the flow systems under lying the study area.
These flow systems consist of three subsystems identified by their depth and the lengths of their flow
paths: regional, intermediate, and local, as described by Téth (1963) and Freeze and Cherry (1979).

The numerical model f ocuses on the regional flow system. Inte rmediate systems may als o be
addressed if they are in contact with the regional flow system. Perched or local flow systems are not
modeled. The model will ultimately be used, along with other analyses, to evaluate the potential
water-related effects on the environment. As pumping, monitoring, and testing data become available
in the future, the model will be improved and used as a management tool.

The CCRP model is specifically designed to simulate historical, existing, and reasonably foreseeable,
future groundwater withdrawals, including the proposed SNWA pumping and EI S alternatives, to

evaluate the potential effects on the following:

» Potential drawdowns in the re gional and intermediate portions of the flow system within the
model area

* Regional (primarily) and interme diate (secondarily) springs, groundwater ET areas, streams,
or wells that are hydraulically connected to regional and intermediate parts of the flow system

* Flow boundaries
The CCRP model is NOT designed for the following uses:

* Simulation of perched (local) portions of the flow system, including perched springs,
groundwater ET areas, streams, or wells or the effects that pumping fr om the regional flow
system would have on these features

» Derivation of accurate predevelopment steady-state groundwater budgets for individual basins
or flow systems within the study area or estimates of interbasin flow (directions and volumes)

across boundaries

* Derivation of new delineations of groundwater basin or flow-system boundaries
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The overall scope of work of the hydrologic evaluation includes four major tasks:

1. Preparation of areport documenting the site baseline conditions titled Baseline
Characterization Report for Clark, Lincoln, and White Pine Counties Groundwater
Development Project (SNWA, 2008).

2. Development of a conceptual model of groundw ater flow in the flow system underlying the
study area. This step is primarily docume nted inar eport titled Conceptual Model of
Groundwater Flow for the Central Carbonate-Rock Province - Clark, Lincoln, and White
Pine Counties Groundwater Development Project (SNWA, 2009a). A dditional information
supporting this step is included in SNWA (2008) and this report.

3. Analysis of the data necessary to describe the historical behavior of the flow system and
development of the transient numerical model calibrated to the available observation data.
This step is documented in this report. The data describing the historical behavior of the flow
system include additional estimates of aqui fer properties, observation data (water levels,
spring flow, and stream flow), and anthropogenic stress data (historical well pumping and
stream flow diversions). These data analyses are presented in Appendixes A through C,
respectively.

4. Use of the resulting transient model to evaluate future water-use scenarios including SNWA’s
proposed groundwater withdrawals and E IS alternatives as well as the cumulative e ffects
associated with groundwater developmentin the modela rea. These evaluations are
documented in a report titled Smulation of Groundwater Development Scenarios Using the
Transient Numerical Model of Groundwater Flow for the Central Carbonate-Rock Province:
Clark, Lincoln, and White Pine Counties Groundwater Development (SNWA, 2009b).

The approach followed to conduct each of the tasks listed above and the associated results have been
subjected to de tailed peer reviews by BLM a nd a panel a ssembled by BLM as desc ribed in
Section 3.0.

The study area extends over parts of Lincoln, White Pine, Elko, Nye, and Clark counties in Nevada
and over Tooele, Juab, Millard, Beaver, and Iron counties in Utah, and encompasses the five project
basins: Cave Valley (Hydrographic Area [HA] 180), Dry Lake Valley (HA 181), Delamar Valley
(HA 182), Spring Valley (HA 184), and Snake Valley (HA 195) (Figure 1-1). The study are a also
includes basins where the water-conveyance pipelines and associated facilities will be constructed to
move the water from the project basins to t he intended places of use in Lincoln Count y and the
Las Vegas Valley. Originally, the eastern boundary of the model area coincided with the boundary of
Snake Valley. During the course of this work, the model boundary was extended to include the
portion of Fish Springs Flat that comprises Fish Springs.

1.4.2 Purpose and Scope of Numerical Model

The purpose of the wor k described in this document is the development of a ca librated transient
numerical model of the flow systems underlying the study area of the Project (Figure 1-1).
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The scope of work includes model construction, calibration, and evalua tion. This work was
conducted in two major phases with all of its major aspects subjected to review by the Hydrology
Technical Group (discussed in Section 1.6) throughout the process. The two major numerical model
development phases were as follows:

* Phase 1: Testing of a preliminary numerical model
» Phase 2: Calibration of a transient numerical model

The first phase consisted of model construction activities and preliminary simulations to derive a
numerical representation of the conc eptual model that approximately matched the response of the
flow systems under predevelopment conditions. In the preliminary versions of the numerical model,
predevelopment conditions were interpreted from data spanning the f ull period ofre cord to
supplement the scarce data available from years prior to 1945. For example, in areas where no
significant anthropogenic stress occurred (no major groundwater use), the fluctuations observed in
the water levels were interpreted to be caused by natural stresses only. For such a location, the water
levels were statistically reduced to a mean and standard deviation to approximate the hydraulic head
and hydrograph error at that location. The mea n value was then a ssumed to represent the mean
predevelopment hydraulic head at that location. The hydrograph error was added to other sources of
error (e.g., land-surface elevation) to represent the error associated with the mean hydraulic-head
value. More details are provided in the Baseline Report (SNWA, 2008). Many simulations were
conducted using this preliminary numerical model to test and refine the numerical representation of
the conceptual model. This preliminary version of the numerical model was then used as the starting
point for the development of the transient model.

The transient model was actually designed to simulate the steady-state and transient behaviors of the
flow systems. Steady-state conditions were assumed to prevail prior to 1945. Initially, except for a
few aspects mostly relating to the simulation of transient conditions, this version of the model is
identical to the preliminary version of the numerical model representing predevelopment conditions.
The exceptions are as follows: (1) the transient capability is activated and transient stress periods are
added, (2) the stress data are added for each stress period, (3) storage parameters for regional
modeling units (RMUs) are added, and (4) the observation data (calibration targets) are rearranged to
fit the stress periods. The model construction, including the fr amework, the boundary conditions,
recharge from precipitation, and values of all hydraulic parameters other than the storage properties,
is initially as in the preliminary numerical model.

Both phases of num erical model development were implemented following the modeling approach
described in Section 2.0. Phase 1 is summarized in Section 3.0, and Phase 2 is discussed in the
remainder of this report. Most of the information used to develop the numerical model is contained in
the Conceptual Model Report (SNWA, 2009a). Many of the interpretations derived by the Basin and
Range Carbonate Aquifer System Study (BARCASS) (Welch et al., 2008) for the northern part of the
model area were incorporated in the conceptual model. Some ofthe information used in the
numerical model was obtained from SNWA (2008). Some of the information ne eded (aquifer
properties derived from inverse analytical solutions, aquifer response data, and aquifer stress data) is
provided in Appendixes A through C. Specific references to these documents, along with additional
information used for the development of the CCR P numerical model, are provided throughout this
report.
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1.5 General Assumptions

As stated by Prudic et al. (1995), it is difficult to use computer models to describe groundwater flow
in an area as geographically large and geologically complicated as the Carbonate-Rock Province of
Nevada and western Utah. Howe ver, as has bee n demonstrated by previous investigators who
conducted groundwater modeling studies of the Great Basin or portions of it (Prudic et al., 1993,
1995; D’ Agnese et al., 1997, 2002; and Faunt et al., 2004), it is possible and useful to develop such
models. As reiterated by these investigators, many arguments can be invoked concerning the validity
of the assumptions and hydrologic values used in simulating groundwater flow when such complex
geology and hydrology are involved. Inevitably, simplifying assumptions must be used to adapt the
complex conceptual model for numerical simulation. Three major assumptions were used in the
development of the CCRP numerical groundwater flow model:

* Groundwater in the region flows through fractures and solution openings of consoli dated
rocks, as well as in porous basin-fill deposits. Fracture-flow simulation is, however,
impractical at a regional scale; therefore, a porous medium model is used. This assumption is
reasonable as long as the grid-cell size is selected to be within the range of representative
elementary volumes of the media (Bea r, 1979). Representative elementary volumes occur
over the range of volumes for which media properties do not change with volume.

* The flow system is assumed to have been under predevelopment steady-state conditions
before 1945, prior to large-scale groundwater development, but a fter the construction of
Hoover Dam in the 1930s. As a result, estimates of groundwater recharge are assumed to
equal estimates of natural groundwater discharge prior to 1945. Thatis, no groundwater
withdrawals are simulated for that period. Several conditions exist, however, that may violate
this assumption:

- Regional flow systems of the Gr eat Basin Region may be undergoing a drying-out
sequence following a wetter climate cycle related to the late Pleist ocene period (Prudic
etal., 1993). Asare sult, groundwater levels and groundwater discharges being used as
calibration targets for pre-1945 in this model may not be in equilibrium with present-day
groundwater recharge and interbasin flow estimates.

- Flow systems are subject to natural seasonal or annual fluctuations that are reflected in the
uncertainty of pre-1945 target hydraulic heads and groundwater discharge estimates but are
not explicitly represented int he simulation. Asar esult, pre-1945 conditions are
represented by average pre-1945 conditions.

- Lake Mead is historically a significant new regional hydrologic feature in the region, and
flows in the CCRP model area may not have come into equilibrium with its presence. Well
observations taken over the years since its construction may also have some temporal bias.

- Some irrigation and municipal pumping did occur prior to 1945, on a localized basis, in the
study area. This may bias the pre-1945 hydraulic heads and flow observations assumed to
be subject to only natural stresses at that time.
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* For the post-1945 time per iod, the f low systems were assumed to be under  transient
conditions due to stresses imposed by man through well pumping and diversion of spring and
stream flow originating from groundwater. The stresses and effects of natural fluctuations on
the flow systems, namely those associated with variations in precipitation, were not simulated.

1.6 BLM Review Process

A Hydrology Technical Group was assembled by BLM in the early stages of the technica 1 work
conducted in support of the EIS. The primary objective of this group was to provide technical advice
and recommendations to BLM, so they could ensure that the hydrologic data analysis and numerical
model development satisfy the analysis requirements of the EIS.

The BLM Hydrology Technical Group members are as follows:

* BLM (Nevada, Utah, and Denver regional offices)
+ USGS

«  ENSR/AECOM (BLM EIS consultant)

* Nevada State Engineer’s Office (Observing)

The Hydrology Technical Group review process included meetings and c onference calls to discuss
and resolve technical issues. 1t also included formal reviews of pr eliminary reports and work
products, including da ta compilation and a nalysis and modeling f iles or results. This group
conducted the report reviews and provided review comments to SNWA and Earth Knowledge, Inc., a
consultant to SNWA. ENSR/AECOM was selected by BLM as a third-party contractor to assist in the
preparation of the EIS. The Nevada State Engineer’s Office participated in the technical meetings but
in an observation capacity only.

Major comments provided by the Hydrology Technical Group throughout the development of the
CCRP model and their resolution are summarized in Section 3.0 of this report.

1.7 Document Contents

This document consists of nine sections and three appendixes. A brief description of the contents of
each is provided:

* Section 1.0 is this introduction.

» Section 2.0 describes the approach followed to develop the numerical model. This section
includes descriptions of the general modeling approach, code selection, model construction,
and the methods used in the model calibration and evaluation processes.

* Section 3.0 provides a summary of the preliminary testing of the CCRP model before the start
of transient calibration, including descriptions of the major issues identified by the Hydrology
Technical Group and their resolution. All previous work was essentially focused on refining
the conceptual model and numerical model construction and identifying appropriate initial
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parameter estimates through preliminary simulations and review. The resulting model serves
as the initial configuration for the transient model described in this report.

Section 4.0 describes the construction of the transient model, which includes grid definition,
external boundary conditions, representation of the hydrogeologic system, and obs ervation

data.

Section 5.0 describes the model -calibration process and the re finements of the conc eptual
model during calibration.

Section 6.0 describes the m odel-evaluation process in detail, along with the final
parameter-estimation simulations. The e valuation process includes the a ssessment of the
model fit, the estimated parameters, and the simulated flow systems.

Section 7.0 describes model limitations and uncertainties.

Section 8.0 provides a summary of this report.

Section 9.0 provides a list of references cited in this report.

Appendix A describes local analytical and numerical models developed i ndependently to
analyze local site-specific irrigation data to derive estimates of aquifer properties at scales

larger than aquifer tests.

Appendix B describes the analysis of transient observation data (water levels and spring and
stream flow). The data sets are provided on the DVD.

Appendix C describes the analysis of the available water-use data to derive estimates of
historical groundwater use in the study area. The data set is provided on the DVD.
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2.0 CCRP MODEL DEVELOPMENT APPROACH

The general approach followed to develop the CCRP model is presented in this section, followed by
a description of the numerical model construction and calibration approach. The specific computer
codes and processes of model construction and calibration are then presented, followed by a
description of the process of model fit evaluation.

2.1  General Approach
The general approach for the development of the CCRP model consisted of the following steps:

1. Development of a three-dimensional conceptual model for the flow systems of the study area,
including estimates of groundwa ter-budget components (e.g., pr ecipitation, recharge,
groundwater discharge by ET, and interbasin inflow and outflow).

2. Development of a numerical model for the flow systems of the study area, including:

- Construction of the numerical model based on the conceptual model.
- Preliminary testing of the numerical model.
- Calibration of the numerical model to transient conditions.

3. Simulation of development scenarios using the transient numerical model to evaluate:

- Effects of proposed pumping and alternatives.
- Cumulative effects of historical groundwater use and proposed pumping.

The approach followed to de velop the conceptual model (Step 1) is described in SNWA (2009a).
Additional information relating to the conceptualization of the flow systems, including the specific
approaches followed, is presented in Appendixes A through C ofthis document. The approa ch
followed to complete Step 2 is described in the remainder of this section. The approach to Step 3 is
described in the corresponding report (SNWA, 2009b).

2.2  Numerical Model Calibration Approach

The numerical model was deve loped by approximately following the 14 guidelines for e ffective
model calibration advanced by Hill (1998) and recently updated by Hill and Tiedeman (2007).
Relevant guidelines were applied to all stages of development of the numerical model.
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The 14 guidelines were organized into four major modeling sta ges—model development, model
testing, potential new data, and prediction uncertainty—by Hill and Tiedeman (2007, Table 1.3) and
are as follows:
+ Stage 1 - Model Development

1. Apply the principle of parsimony (start very simply; build complexity slowly).

2. Use a broad range of system information (soft data) to constrain the problem.

3. Maintain a well-posed, comprehensive regression problem.

4. Include many kinds of observations (hard data) in the regression.

5. Use prior information carefully.

6. Assign weights that reflect errors.

7. Encourage convergence by making the m odel more accurate and evalua ting the
observations.

8. Consider alternative models.
» Stage 2 - Model Testing
9. Evaluate model fit.
10. Evaluate optimized parameter values.
+ Stage 3 - Potential New Data
11. Identify new data to improve simulated processes, features, and properties.
12. Identify new data to improve predictions.
» Stage 4 - Prediction Uncertainty
13. Evaluate prediction uncertainty and accuracy using deterministic methods.
14. Quantify prediction uncertainty using statistical methods.

This general modeling approach is applicable to any process model, not just groundwater models. It
is consistent with the iterative nature of the development of groundwater flow models as described by
Bredehoeft (2003).
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2.3  Description of Selected Codes and Supporting Software

The finite-difference modeling code, MODFLOW-2000 (Harbaugh et al., 2000), was selected as the
platform for construction of the numerical model. More specifically, a customized version of
MODFLOW-2000, Version 1.18.01, was used to construct the CCRP model. Given that
MODFLOW-2000 has sever al limitations for sensitivity analysis and param eter-estimation
capabilities, a customized version of UCODE 2005 ( Poeter et al., 2005), a parameter-estimation
code, was selected for these purposes. UCODE 2005 adds significant flexibility in parameter
definition, allowing application of formulas to create derived parameters that may be dependent on a
function or multiplier. This feature was used specifically for the recharge runoff parameters. Two
other programs, SIM_ADJUST (Poeter and Hill, 2008) and a customized version of ZONBUD, were
also used in calculating intermediate statistics for UCODE 2005 processing. The codes wer e
executed inthe Cygwin e nvironment. Several utility codes were also developed to pre - and
post-process the input and output data. The code changes made to MODFLOW -2000,
UCODE 2005, and ZONBUD are provided electronically on the DVD accompanying this report.
The installation and execution of modeling codes and supporting software as well as a description of
the model files are also provided on the DVD. Summary descriptions of the main computer codes
that were used follow.

23.1 MODFLOW-2000

MODFLOW-2000 (Harbaugh et al., 2000) was selec ted because of'its ability to simulate a wide
variety of flow systems, its publicly available source code and documentation, and its rigorous USGS
peer review. MODFLOW-2000 and earlier versions of MODFLOW have also been used extensively
in this region of the United States for regional m odeling (Prudic et al., 1995; Schaefer and Harrill,
1995; D’ Agnese et al., 1997, 2002).

The numerical modeling code MODFLOW-2000 (Harbaugh et al., 2000; Hill et al., 2000) is a 3D,
block-centered, finite-difference code of groundwater flow. MODFLOW-2000 is an enhanced
version of the US GS 3D, finite-difference, modular groundwater flow modeling code MODFLOW
(McDonald and Harbaugh, 1988; Hill, 1992) and MODFLOW-96 (Harbaugh and McDonald, 1996).
Enhancements include:

* Restructuring of the code to add processes to packages, procedures, and modules used in
previous versions of MODFLOW. This facilitates the solution of additional equations, such
as transport equations or automatic parameter-estimation equations.

» Addition of automatic parameter estimation using nonlinear regression.
Code capabilities in the latest version of MODFLOW-2000 (Version 1.18.01) are as follows:

» Steady and nonsteady flow simulation in a layered 3D and irregularly shaped flow system
» Confined, unconfined, or a combination of confined and unconfined model layers

* Heterogeneous aquifer properties

* Anisotropy of hydraulic conductivities (principal directions restricted to grid axes)

* Depth-decay of hydraulic conductivity
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» Specification of hydraulic properties by hydrogeologic unit
» Barriers to groundwater flow
» Several types of lateral boundary conditions:

- Specified-head boundaries (steady-state and transient)
- Specified-flux boundaries (steady-state and transient)
- Head-dependent flux (general head)

* Simulation of flow from external stresses (wells, areal recharge, ET, and drains)

* Simulation of streams, including unsaturated flow beneath streams

* Simulation of lakes and reservoirs

* Time-varying parameters

* Observation, sensitivity, and parameter-estimation processes

*  Compatible post-processors, such as RESAN-2000, YCINT-2000, and BEALE-2000

This version of MODFLOW (MODFLOW-2000) includes the following processes:

*  GWF1: Ground-Water Flow Process
» SENI: Sensitivity Process

e OBSI1: Observation Process

e PESI1: Parameter-Estimation Process

This version of MODFLOW (MODFLOW-2000) includes the following packages:

*  BASG6: Basic Package

* BCF6: Block-Centered Flow Package

» LPF1: Layer-Property Flow Package

* RIV6: River Package

* DRNG6: Drain Package

*  WELG6: Well Package

* GHBG6: General Head Boundary Package

* RCHG6: Recharge Package

+ EVT6: Evapotranspiration Package

* CHDG6: Time-Variant Specified-Head Package

+ HFB6: Horizontal Flow Barrier Package

» SIPS: Strongly Implicit Procedure Package

* SORS: Slice Successive Over-Relaxation Package

* PCG?2: Version 2 of Preconditioned Conjugate Gradient Package
» DEA45: Direct solver

*  LMGI: Multigrid solver (for USGS use only)

» STR6: Streamflow-Routing Package

* ADV2: Advective-Transport Observation Package

* RESI: Reservoir Package (RES is the file type in the name file)
+ FHBI: Flow and Head Boundary Package (FHB is file type in the name file)
« IBS6: Interbed Storage (subsidence) Package (IBS is the file type in the name file)
* HUF2: Hydrogeologic-Unit Flow Package
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» LAKa3: Lake Package

« ETSI: Evapotranspiration with a Segmented Function Package

* DRTI: Drains with Return Flow Package

* LMT6: Link to MT3DMS contaminant-transport model

« MNWI: Multi-Node Well Package

* DAF1: Diffusion Analogy Surface-Water Flow Package

* SUBI: Subsidence and Aquifer-System Compaction Package

* SFR2: Stream-Flow Routing Package, version 2

*  GMGI1: Geometric MultiGrid Solver Package

*  SWTI: Subsidence and Aquifer-System Compaction Package for Water-Table Aquifers

Additional capabilities are as follows:

« HYDMOD: Hydrograph option
* GAGE: Hydrograph option for lakes (LAK3 Package) and streams (SFR Package)

2.3.2 UCODE_2005

Although MODFLOW-2000 has built-in parameter-estimation capabilities, UCODE 2005 (Poeter
et al., 2005) provides additional flexibility and, therefore, was used in this study. UCODE 2005
(Poeter et al., 2005) is a universal-analysis code and represents updates of the methods implemented
in MODFLOW-2000 (Harbaugh et al., 2000) and UCODE (Poeter and Hill, 1998). The methods
implemented in these codes follow the guidelines for effective model calibration (Hill, 1998; Hill and
Tiedeman, 2007) (see Section 2.2).

UCODE 2005 and associated codes (Poeter et al., 2005) were developed by the USGS, in
cooperation with the U.S. Environmental Protection Agency and the International Ground Water
Modeling Center of the Colorado School of Mines. The objective was to enhance inverse modeling
by expanding the functionality of UCODE (Poeter and Hill, 1998). The resulting software package
not only performs parameter estimation but can also be used to conduct residual analysis, linear
uncertainty, and a test for model linearity. UCODE 2005 also may be run under two ad ditional
modes (advanced-test-model linearity and nonli near uncertainty). The two additional modes ar e
based on the methods of Christensen and Cooley (2006). The two modes allow for advanced residual
analysis and model-linearity testing and adjustment of confidence intervals for nonlinearity.
UCODE 2005 also allows for the calculation oflinea r and nonlinear uncertainties on model
predictions.

UCODE 2005 solves parameter-estimation problems using nonlinear regression. It can be used with
any process model that has ASCII or text input and output files, and it can be executed in batch mode.
The parameters being estimated can primarily be identified in the input files of the application
model(s). However, parameters can also be used in conjunction with user-defined functions to
calculate a quantity defined in the input files. Quantities simulated by the application model(s) are
compared to observations in the regression process. Observations may be selected to correspond to
values simulated by the process model or simulated-equivalent values calculated by UCODE 2005
using values simulated by the process model. Prior information on parameters can also be included in
the regression, if available.
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The computer codes that are part of the UCODE 2005 package are documented in Poeter et al.
(2005), Christensen and Cooley (2006), and Hill and Tiedeman (2007). Limited discussions of most
of the methods used may also be found in Hill (1994, 1998) and Cooley (2004).

233 SIM_ADJUST

SIM_ADJUST is a FOR TRAN-90 computer code de veloped by P oeter and Hill (2008) to adjust
simulated equivalents for observations or predictions.

Universal-analysis computer codes such as UCODE 2005 (Poeter et al., 2005) are programmed to
read simulated equivalents from an out put file generated by the process model being used
(MODFLOW-2000 in this case). Under certain conditions (no useful solution), values needed by the
universal code (UCODE 2005 in this case) are missing or assigned de fault values that ar e not
appropriate for the problem at hand. SIM_ADJUST (Poeter and Hill, 2008) alleviates this problem
by allowing the user to easily identify missing or default observations in the process model output file
and replace them with appropriate values or defaults specified by the user.

234 ZONBUD

ZONBUD (Harbaugh, 1990) is a FORTRAN computer program developed by the USGS to compute
subregional groundwater budgets for MODFLOW groundwater flow models. Documentation about
changes to the original version of the code (Harbaugh, 1990) is available from the USGS website

(http://water.usgs.gov/nrp/gwsoftware/zonebud3/zonebudget3.html).

Given an input file defining numbered zones as complex areas in terms of MODFLOW grid cells,
ZONBUD calculates groundwater-budget components for each zone using the MODFLOW output
files. ZONBUD reads cell-by-cell budget data written by MODFLOW, sums each flow component
for all the cells in each specified zone, and writes the zone budgets to an output file.

2.3.5 Cygwin and Utility Codes

Cygwin is a UNIX/Linux-like environment th at runs concurrently with Microsoft Windows XP or
Windows Vista. Most of the Cygwin tools are covered by the GNU General Public License, so they
can be freely distributed. Specific details regarding the licenses can be found at the Cygwin website
(http://www.cygwin.com/ and http://cygwin.com/licensing.html).

Many scripts and utility codes were developed to execute the codes in the Cygwin environment.
While the Cygwin environment is not st rictly needed to run the CCRP steady-state model, many of
the scripts and support codes require its use.

2.4 Numerical Model Construction

The Conceptual Model Report (SNWA, 2009a), Baseline Report (SNWA, 2008), and Appendixes A
through C of this report include data and information necessary for numerical model construction and
calibration. Numerical model construction consisted of simplifying the components of the conceptual
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model, selecting the appropriate MODFLOW-2000 packages, and preparing the files necessary for
MODFLOW-2000, UCODE 2005, and ZONBUD. Besides the setup of the physical aspects of the
flow system, other important infor mation included in the input files is the identification of the
parameters and t heir initial values and t he observations and their weights. Nume rical model
construction consisted of the following steps (MODFLOW-2000 package or supporting code shown
in parentheses):

I.

2.

Discretization of the model domain to define a 3D finite-difference grid (DIS)
Representation of the hydrogeologic framework in the model to include:
- RMUs (HUF2)

- RMU zones (HUF2)
- Structural features affecting groundwater flow (HFB) and RMU zones (HUF2)

. Definition of external model-boundary conditions (CHD)

. Representation of groundwater discharge in the model including groundwater ET and major

springs and streams as:

- Evapotranspiration (DRN)
- Springs and streams (DRN and SFR2)
- Groundwater use (well pumping and stream baseflow diversions)

. Representation of areal recharge from precipitation in the model (RCH)

. Addition of hydraulic-head and flow observations (CHOB, DROB, GAGE, UCODE 2005,

and ZONBUD)

Information compiled and evaluated in the Baseline and Conceptual Model reports (SNWA, 2008,
2009a) and in the appendixes of this report was used in the de velopment of the numer ical model.
This information consists of the following:

Hydrogeologic framework

Simplified hydrogeologic framework

Aquifer-property data

Major surface-water features (springs and Muddy River stream flow)
Precipitation distribution

Initial estimates of groundwater recharge efficiencies (RE) (from precipitation)
Initial distribution of potential recharge from precipitation

Locations and rates of groundwater ET under predevelopment conditions
Locations and discharge rates of major springs under predevelopment and transient conditions
Hydraulic-head data under predevelopment and transient conditions

Locations and rates of interbasin flow under predevelopment conditions
Groundwater budgets under predevelopment conditions

Historical anthropogenic stresses on the aquifer system
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Additional information was obt ained from o ther studies in a few instances. References to these
studies are provided where appropriate.

25 Numerical Model Calibration

Because the CCRP conceptual and numerical models are complex, inconsistencies may occur. The
calibration process enabled inconsistencies between the numerical model and field observations to be
identified as various features of the conceptual model were tested. Asa result, refinements to the
conceptual and numerical models were necessary during the calibration process. The calibration
processes included both a utomated parameter-estimation and tria l-and-error manual calibration
approaches.

UCODE 2005 (Poeter et al., 2005) prove d useful for estimating parameter sensitivities, calculating
observation residuals, estimating parameters, and indirectly identifying problems with the conceptual
model and numerical model implementation. The manua | trial-and-error approach was useful for
testing alternative scenarios or for fitting the model to local but important areas of the model that
might be overlooked or be mishandled by UC ODE 2005. Optimized solutions estimated by
UCODE 2005 could produce unreasonable solutions because of issues of model nonlinearity, model
design, and inherent difficulties associated with weighting the accuracy of field data and weighting
the relative importance of different types of observations, The iterative use of automated and manual
techniques minimized the limitations of the automated approach and allowed a reasonable calibration
of the transient numerical model to be achieved.

After a given refinement to the conceptual model was made, a set of MODFLOW-2000 simulations
were performed through UCODE 2005. The sensitivities, residuals, and fit statistics generated by
UCODE 2005 were then used to evaluate the model results and to identify pot ential additional
refinements to the conceptual model. The following sections describe the nonlinear regression
methods, parameters, parameter sensitivities, and observations.

2.5.1 Nonlinear Regression Objective Function

Parameter estimation using nonlinear regression consists of finding parameter values that minimize
the Sum of Squared Weighted Residuals (SOSWR) objective function. In UCODE 2005 (Poeter
et al., 2005; Hill and Tiedeman, 2007), this objective function may be expressed as follows:

S(b) = (y-y) ' W(y-y) (Eq. 2-1)
where,

Sb) = Objective function

b = np x 1 vec tor containing pa rameter values (where np = the number of pa rameters
estimated by regression)

yandy' = n x 1ve ctors with elements equal to observed and simulated (using b) values
respectively (for the CCR P model, the observed and simulated quantities are hydraulic
heads and groundwater discharge)
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y-y = vector of residuals, defined as the observed minus simulated values

W = n x n weight matrix (where n = the number of measured and simulated hydraulic heads
and flows

T = Superscript indicating the transpose of the vector

The parameters being esti mated are assigned ini tial valuest hat are then change d during the
optimization process using a modified version of the Gauss-Newton method (Hill, 1998, p. 7—-13; Hill
and Tiedeman, 2007) to minimize the objective function (Equation 2-1). The resulting values are
called optimal parameter values. This procedure is repeated for each conceptual model considered.

For the CCRP model, the weight matrix is diagonal; each diagonal entry is equal to the inverse of the
estimated variance of the observation measurement error, where measurement error is defined more
broadly than might be expected in that some types of model error are included. This weighting will
result in parameter estimates with the smallest possible variance if (1) the estimated variances and the
model are accurate, (2) the model is ef fectively linear, and (3) the number of obser vations is
asymptomatically large (Bard, 1974). In addition to variances, UCODE 2005 permits the
designation of standard deviations or c oefficients of variation (COV), from which variances are
calculated as described by Hill et al. (2000) and Hi 11 and Tiedeman (2007). These i ndicators of
measurement precision are based on an analysis of likely measurement error.

25.2 Parameter Definition

Parameters may be defined to represent most physical quantities of i nterest, such as hydr aulic
conductivity and recharge. MODFLOW-2000 allows these spatially distributed physical quantities to
be represented using zones over wh ich the parameter is c onstant or by using more sophisticated
interpolation methods. In either case, multipliers and/or multiplication arrays can be used to modify
parameter values in a predictable way.

253 Parameter Sensitivities

As part of the regression, sensitivities are calculated as (ay, )/ (ab ), the partial derivative of the
simulated hydraulic head or flow; y',, with respect to the j' estlmated parameter; and by, using the
sensitivity-equation method as de scribed by Hill et al. (2000, p. 67-70) and Hilland T  iedeman
(2007). Because the groundwater flow e quations are nonlinear with respect to many pa rameters,
sensitivities calculated for the same parameter for different sets of parameter values will be different.

Besides being used in the regression calculations, sensitivities are useful to the modeler because they
reflect how important each measurement is to the estimation of each parameter. The composite-
scaled sensitivity (CSS) is a statistic that summarizes all the sensitivities for one parameter and
therefore indicates the cumulative amount of information that the me asurements contain toward the
estimation of that parameter. Because they are dimensionless, composite-scaled sensitivities can be
used to compare the amount of information provided by various types of data for different types of
parameters. Using the weight matrix W in Equation 2-2, CSS for parameter j, CSS, is calculated as:
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CSS = {[Z_ W3V, /abj)zbjz]/n}l/z (Eq. 2-2)

Parameters with large CSS values relative to th ose for ot her parameters are likely to be e asily
estimated by the regression; parameters with smaller CSS values are likely to be dif ficult or
impossible to estimate. Generally, parameters with a CSS less than 1 or a CSS that is more than two
orders of magnitude smaller than the largest CSS are difficult to estimate. For some parameters, the
available measurements may not provide enough information for estimation. In this circumstanc e,
the parameter value will need to be set by the modeler, or more head and flow measurements will
need to be added to the regression. Parameters with values set by the modeler are called unestimated
parameters. If the parameters are insensitive or correlated, they can be left as unestimated during the
regression and their uncertainty included as parameters for prediction in UCODE. Composite-scaled
sensitivities calculated for different sets of parameter values will be different (Hill, 1998), but in this
work, they are rarely different enough to indi cate thata previously un estimated parameter can
subsequently be estimated. An alternative to setting a parameter value is to use prior information on
the parameter. This alternative is es pecially important when evaluating prediction uncertainty
because it allows measures of uncertainty in model predictions, such as confidence intervals, to
reflect uncertainty in the unestimated parameter.

Linear and nonlinear confidence and prediction intervals on simulated values may be calculated using
equations shown in Hill (1998, e q. 28), Christensen and Cooley (2006), and Hill and T iedeman
(2007). If the model is sufficiently linear and a dequately represents the flow system, the linea r
estimates of these intervals may be good indicators of prediction uncertainty. Otherwise, the stated
significance level of the linear intervals becomes questionable. In such cases, estimates of the
confidence intervals may be derived using the nonlinear option of UCODE 2005, or other means
such as sensitivity analysis using low and high estimates of the most important parameters.

254 Observations

Observations are required input to pa rameter-estimation codes such as UCODE 2005. They are
weighted and used in the objective function (Equation 2-1).

Observations consist of estimates of hydraulic heads, drawdowns, and flow rates derived from the
available measurements. Values of hydraulic heads were derived from the available water-level data
and land-surface elevations at spring locations. Flow rates include fluxes estim ated for permeable
segments of the external model boundary, mean annual volumes of groundwater ET, and mean annual
spring flow rates.

Weights are calculated based on the uncertainty associated with the observations and are calculated
based on the inverse of the variance reported for each observation. Observation weights may be
manually adjusted during model calibration by the modeler. This re weighting of the observations
must be conducted carefully (Hill and Tiedeman, 2007).
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2.6 Evaluation of Model Fit

Model fit is e valuated through analyses of weighted and unweighted residuals of hydraulic heads,
drawdowns, and flows. More detailed analyses of the simulated values provide additional insight into
the calibrated model.

Weighted and unweighted residuals (defined after Equation 2-1) are important indicators of model fit
and depend somewhat on data quality and model accuracy. Consideration of unweighted residuals is
intuitively appealing because the values have the dimensions of the observations and indicate, for
example, that a hydraulic head is matched to within 33 ft (10 m). However, unweighted residuals can
be misleading because observations are measured with different accuracies.

Weighted residuals demonstrate model fit relative to what is expected in the calibration based on the
precision, or noise, of the data. They are less intuitively appealing because they are dimensionless
quantities that equal the number of standard deviations or coefficients of variation needed to equal the
unweighted residual.

Unweighted hydraulic-head residuals tend to be larger in areas (1) with moderate to large hydraulic
gradients than in areas with flat gradients (e.g., at the mountain-front and alluvial-fan interface) and
(2) where surface topography varies dramatically (e.g., along mountain range s). Howe ver, these
areas are not always coincident.

Residual analyses primarily include summary statistics, probability distributions, and spatial
distributions of residuals. Distributions of weighted residuals relative to unweighted simulated values
are also a useful part of the evaluation.

More detailed eva luations generally include graphical analyses comparing simulated values to
observed ranges of observations but vary depending on the type of observations as described below:

1. Evaluations of estimated hydraulic-head distribution:

- Review simulated hydraulic-head distribution at the water table. Evaluate general flow
directions.

- Review simulated hydraulic-head distribution of the regional potentiometric surface for the
lower carbonate aquifers. Note regions, groundwater divides, and flow directions.

2. Evaluations of estimated groundwater discharge:

- Review ET rate distribution and range by ET type.

- Review simulated ET rates by type, flow system, and hydrographic area.
- Review simulated spring discharge.

- Review simulated stream flow rates.
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. Evaluations of estimated groundwater budgets:

- Review groundwater budget organized by flow system.
- Review groundwater budget organized by hydrographic area.

Evaluations of model-simulated general flow directions
Evaluations of estimated model parameters
- Review K and transmissivity (T) by layer.

- Review cumulative transmissivities.
- Review storage parameters.

- Review calibrated total, in-place, and runoft recharge distribution.

- Review calibrated recharge efficiencies by flow system.
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3.0 PRELIMINARY NUMERICAL MODEL TESTING

This section describes the preliminary testing of the numerical model up to the start of the transient
calibration phase conducted as part of the development of the CCRP model. The development
process was initiated with the formulation of a conceptual model, followed by its translation into a
numerical model, and subsequent model calibration phases. Results from the preliminary testing
were presented to the Hydrology Technical Group for review throughout the development of the
CCRP model in the form of presentation and draft reports. Review comments were also incorporated
in the CCRP model throughout the process. Results from the last test simulation of predevelopment
conditions were used as the starting point for the transient model. The major issues identified by the
Hydrology Technical Group in the conc eptual and numerical models and their re solution are
described in this section.

3.1  Major Issues and Their Resolution

The development of the CCRP model included several review and revision cycles. The Hydrology
Technical Group primarily reque sted improvements int his model. Comments relating to the
conceptual model and the preliminary numerical model are summarized in the remainder of this
section. Comments re lating to the transient version of the numerical model have been considered
during the construction and calibration of the transi ent numerical model presented in the remaining
sections of this document. The issues identified by the Hydrology Technical Group were subdivided
into two groups: (1) conceptual model issues resolved in the Conceptual Model Report (SNWA,
2009a) and (2) numerical model issues resolved in the preliminary numerical model (construction and
preliminary calibration).

3.1.1 Conceptual Model Issue Resolution

Comments on the conceptual model pertained to the hydrogeologic framework, groundwater flow
patterns in the model domain including the external boundaries, and groundwater-budget
components.

3.1.1.1 Hydrogeologic Framework

Issues identified in the hydrogeologic fra mework concern the hypothesis that extensional terrains
may be subdivided into zones of hydraulic properties and the lack of discussion of storage properties
in the document (SNWA, 2009a).
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3.1.1.1.1 Extensional Terrains

The Hydrology Technical Group ¢ ommented that if no hydra ulic-property data are available to
support the zonation of the carbonate aquifer based on exte nsional terrains, the z ones should be
removed.

As discussed in the Baseline Report (SNWA, 2008), most of the effects of the extensional period have
already been incor porated into the hydrogeologic framework of the model. These effects include
interpreted unit thicknesses and locations of structural features, such as faults. Another effect of the
extension that was not included in the hydrogeologic framework is the potential impact on the spatial
variation of hydraulic c onductivity. It wa s postulated that ( 1) the hydra ulic conductivities are
expected to be moderate in c arbonate terrains that are slightly e xtended and thick and (2) the
hydraulic conductivities are expected to be larger if any significant thickness of the carbonate rock is
present in extremely extended carbonate terrains.

The available data on the hydraulic conductivity of the carbonate aquifer are insufficient to prove or
disprove this assumption. However, the delinea tion of slightly and extremely extended terrains
interpreted by Dettinger and Schaefer (1996) was used in the zonation of the carbonate aquifer in the
numerical model. A dding these zones to the mode 1 does not nec essarily mean that the calibrated
hydraulic-conductivity distribution will follow this logi cal expectation but it allows testing of its
validity at the re gional scale. The additi onal zones also provide more flexibility to the calibration
process just in case these zones are needed.

The preliminary simulations revealed that assigni ng different hydraulic conductivities to the two
types of zones did not significantly affect simulation results. Thus, the hydraulic conductivities
assigned to the two types of  zones are approximately the same. This e ssentially removes the
extensional-terrain zones from the numerical model.

3.1.1.1.2 Hydraulic Properties

The Hydrology Technical Group commented that the documentation of the storage properties should
be revised to include a detailed review of the available storage-property data applicable to the study
area. Furthermore, the group requested that a summary of the expected values and uncertainty ranges
by RMU be included in the Conceptual Model Report (SNWA, 2009a).

A discussion of the data analysis of storage properties compiled in the aquifer-property database was
added to Appendix C and summarized in S ection 4.0 of the Conce ptual Model Report (SNWA,
2009a). Unfortunately, the available data are scarce, and the estimated values derived may not reflect
the large scales represented in the numerical model. Therefore, an additional analysis was conducted
to derive estimates of T and Susing long-term irrigation-pumping estimates together with water-level
records in wells determined to be affected by irrigation pumping (Appendix A). Ranges of vertical
anisotropy of hydraulic conductivity were also summarized from the available data. However, these
ranges may not be representative of large portions of the aquifer systems because of scarce data.
Thus, avalue between 10 and 100 wa s used in the numerical model, as recommended by the
Hydrology Technical Group. This range is within the vertical anisotropy of 2t o 100 reported by
Walton (1988).
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3.1.1.2 Groundwater Flow Patterns and External Flow Boundaries

Initially, the simplified conceptual model consisted of a single interpretation of regional groundwater
flow configuration and corresponding locations of external flow boundaries. Annual boundary flows
were derived from the literature only for these model-boundary segments. Other interpretations of
flow patterns, including other potential loc ations of boundary flow, had been considered for
comparison purposes only. The uncertainty associated with the boundary flows was quantified using
only literature ranges.

Issues identified with this appr oach were (1) the estimates of boundary flow were not de rived
independently but were derived from previous conceptual models, and (2) BARCASS interbasin flow
estimates were not considered in the derivation of the conceptual model.

These issues were addressed as follows:

» The simplified interpretation of regional patterns of groundw ater flow was still used to
describe the simplified conceptual model. A specific interpretation of groundwater flow is
necessary to derive an initial distribution of precipitation recharge for the numerical model.
Groundwater flows ac ross the corresponding model-boundary segments wer e estimated
independently using Monte Carlo simulations of Darcy’s equation where possible.

* Other major interpretations of groundwater flow in the model domain, such as the one derived
for BARCASS, were incorporated within the uncertainty envelope of the conceptual model
(SNWA, 2009a). This mea ns thatno pre vious interpretation was dismissed from the
conceptual model. The sparse data available for the model area do not permit a single
accurate interpretation of flow everywhere in the flow system.

In summary, the CCRP conceptual model of groundwater flow now described in SNWA (2009a) is
not only represented by the simpli fied interpretation but also by the uncertainties associated with
every component of the conceptual model, including flow directions where information is
insufficient.

3.1.1.3 Groundwater Budget

Groundwater-budget issues identified in the conceptual model relate to estimates of groundwater ET
in Lower Meadow Valley Wash and excess water in Hamlin Valley. The methods used to estimate
these quantities link these two components of the groundwater budget. The first is sue was that the
estimated annual rate of groundwater ET from Lower Meadow Valley Wash was too large and should
be replaced with the estimate de rived by D eMeo et al. (2008), r educed by surface water . The
resulting value of groundwater ET must be less than 10,000 af y. The second issue wa s that the
amount of interbasin flow from Hamlin Valley to Snake Valley was too large. The excess water was
due to the large annual recharge volumes estimated for Hamlin Valley.

» These issues were resolved by (1) adjusting the groundwater ET estimates for Meadow Valley
Flow System (MVFS) to be consistent with those estimated by DeMeo et al. (2008), adjusted
for surface water asnece ssary; (2)recalculating the recharge efficiencies for MVF S;

Section 3.0 3-3



(3) assigning these efficiencies to the southern portion of Hamlin Valley (volcanic rocks); and
(4) recalculating the recharge efficiencies for the remainder of the Great Salt Lake Desert
Flow System (GSLDEFS). The corresponding solution also yielded a new lesser estimate of
outflow through the Confusion Range. The details are provided in SNWA (2009a).

3.2 Numerical Model Issue Resolution

Revisions to the construction of the numerical model included modi fication of the model-domain
discretization and representation of the conceptual model.

3.21 Model-Domain Discretization

Initially, the model domain was discretized into 474 rows, 202 columns, and 15 layers. In addition, in
the preliminary calibration runs, the top model layer was simulated as a convertible layer between
confined and unconfined conditions to accommodate the unconfined portions of the flow system.
Under this setup, when the simulated hydraulic head falls below the top of a convertible-layer cell,
water-table conditions are assumed to prevail in that cell. Consequently, saturated thickness and
transmissivity are recalculated at each iteration based on the simulated hydraulic head. This setup of
the top model layer caused numerical instabilities and prevented model convergence.

To resolve these instabilities, the top four layers were removed, and the tops of the upper layers were
adjusted to approximate the elevation of the water table. As a result, the number of model layers was
reduced to 11 layers. This was accompanied by a simplification of the top layers from convertible to
confined. The last version of the model spatial discretization is described in Section 4.0.

3.2.2 Conceptual Model Representation

Four major types of changes were made to the conceptual model represented in the numerical model
during calibration. The se changes pertained to (1) hydrogeologic framework, (2) boundary
conditions, (3) definition of recharge processes, and (4) definition of discharge areas.

3.2.2.1 Hydrogeologic Framework

Issues included in this category pertain to (1) hydrogeologic structures, (2) RMU z onation, and
(3) hydraulic properties.

3.221.1 Hydrogeologic Structures

Faults important to groundwater flow act as conduits or barriers or both. Practically no data are
available to accurately identify the role of the faults present in the model domain. Generally, faults
that are oriented in the dominant direction of flow may be assumed to be conduits of variable
permeability along their strikes. However, these faults may also act as barriers to groundwater flow
across them. Faults are discussed in greater detail in Section 4.2.3.2.
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3.2.21.2 RMU Zonation

Preliminary calibration runs revealed that the RMUs provided an overly s implified hydrogeologic
framework of the model domain. As a result, the RMUSs were subdivided into zones based on natural
regional spatial variations. In addition to these regional variations, more localized variations were
tested and incorporated into the model. Refinements to the RMUs are summarized below and details
are provided in Section 4.0.

* The Upper Valley Fill (UVF) RMU was subdi vided into several zones re presenting the
lithologic variations of this unit.

» The Lower Valley Fill (LVF) RMU was subdivided into zones to separate volcanic rocks from
the consolidated basin fill.

* The Upper Carbonate (UC) and Lower Carbonate (LC) RMUs were subdivided into several
zones to delineate various regions within the carbonate rocks based on regional variations.

* Geographic zonations of the “basement” rock (BASE or BAS) and pluton (PLUT) RMUs
were based on regional-scale structural features.

* The Upper Aquitard (UA) and LC RMUs in the areas of Long, Jakes, Steptoe, Butte, and
White River valleys were subdivided into zones mainly to add and test a possible groundwater
flowpath from Long Valley to White River Valley, via Jakes Valley.

» Zones were added to some RMU s to represent local hydrogeologic features to better simulate
flows at some springs. This zonation is designed to improve, but still only approximate, the
representation of local geologic features controlling spring flow.

3.2.2.1.3 Hydraulic Properties

Issues associated with hydraulic properties in the pr eliminary numerical model included the spatial
distributions of transmissivity and hydraulic conductivity, the values of anisotropy ra  tios, the
variation of horizontal hydraulic conductivity with depth, andt he hydraulic conductivity of
structures. The following text reflects comments made by the Hydrology Technical Group.

In many areas, transmissivity values were too high, while in other areas they were too low. For
example, the thickness of the carbonate rocks near the eastern boundary along the Confusion Range
in Snake Valley was large. However, the simulated values of transmissivity in this area were on the
order of only 500 ft*/day, while they ranged from 5,000 to 50,000 ft*/day in the RASA model (Prudic
et al., 1995). Simulated transmissivities should be compared to field values to ensure that they are
reasonable.

» This issue was addressed by deriving reasonable estimates of transmissivity at scales larger
than aquifer tests. This was accomplished by deriving ranges of transmissivities from
historical agricultural groundwater-use and aquifer-response data collected over long, dry
periods for are as where sufficient data were available (Appendix A). The derived
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transmissivity ranges were interpreted to represent the aquifer properties at the appropriate
scale for the numerical model. The transmissivity values simulated by the model were
compared to these values during calibration.

The spatial distribution of hydraulic conductivit y in the pr eliminary numerical model was
inconsistent with the conceptual model. In the conceptual model, the most conductive areas were
located along the structural zones or in the carbonates. However, in the numerical model, the most
conductive units were simulated in the basin fill.

* The numerical model was revised to correct this issue. The spatial hydraulic-conductivity
distribution in the numer ical model wasre vised to follow the  conceptualization of
groundwater flow.

The preliminary numerical model did not include a decrease of horizontal hydraulic conductivity with
depth. However, consolidation of the geologic materials is expected to occur and increase with depth.
As aresult the hydraulic conductivities of the RMUs should decrease with depth. The Hydrology
Technical Group requested that the results of the analysis of hydraulic conductivity versus depth
reported in the Conce ptual Model Report (SNW A, 2009a) be used to se t up the va riation of
hydraulic-conductivity depth-dependence (KDEP) capability of MODFLOW-2000. The Hydrology
Technical Group stated that this should have been included in the numerical model, primarily in the
UVF RMU.

* Decrease of horizontal hydraulic conductivity with depth was added where appropriate as
recommended by the Hydrology Technical Group, usingthe KDEP -capability of
MODFLOW-2000. Details are provided in Section 4.2.4.

3.2.2.2 Boundary Conditions

The flow patterns, particularly across some lateral boundaries of the model domain, ¢ ould not be
simulated as depicted in the simplified conceptual model. The available information is insufficient to
support unique interpretations. Therefore, several interpretations of external boundary flows were
derived from the available water-level data, interpretive hydrogeologic framework information, and
estimates from previous studies. The following modifications were made to the external boundaries
based on testing during the model-calibration process.

» Steptoe Valley to Goshute Valley: This boundary was shifted slightly to the east, from its
identified location in the simplified conceptual model (SNWA, 2009a), to acc ount for lower
hydraulic heads near the model boundary in this area.

* Snake Valley to Tule Valley: The length of this flow segment loca ted along the Confusion
Range is uncertain. Initially, it was lengthened to represent the extent of the Confusion Range
but was later reduced to match the length of Cowboy Pass.

* Garden Valley to Penoyer Valley: This flow-boundary segment was shifted more to the south,
from its ide ntified location in the simplified conceptual model (SNWA, 2009a), to bet ter
coincide with a larger section of carbonate rock.
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» Tikaboo North Valley to Coyote Spring Valley, Snake Valley to Pine Valley, and Snake Valley
to Wah Wah Valley: These flow-boundary segments were deactivated in the preliminary
versions of the numerical model. They were, however, reactivated in the numerical model and
assigned the flows estimated in the conceptual model as calibration targets as requested by the
Hydrology Technical Group.

The following flow-boundary segments were added to the numerical model to improve calibration.
These additions are within the uncertainty envelope of the conceptual model (SNWA, 2009a).

* Pahranagat Valley to T ikaboo Valley: This flow-boundary segment was added to the
southwest side of Pahranagat Valley to allow potential flow out to Tikaboo Valley.

* Long Valley to Ruby V alley: This flow-boundary segment wa s added to the northwest
boundary between Long Valley and Ruby Valley to allow potential flow out to Ruby Valley.

» Tippett Valley to Antelope V alley South: This flow-boundary segment was added between
Tippett Valley and Antelope Valley to allow potential flow out to Antelope Valley.

* Snake Valley to Fish Springs Flat: This flow-boundary segment was added to allow potential
west-to-east flow within the carbonate-rock aquifer through the Fish Springs Range.

The Hydrology Technical Group commented that the hydraulic head at Lake Mead was assigned the
average lake level between 1937 and 2007. However calibration of the numerical model during
preliminary testing was to steady-state predevelopment conditions (pre-1945). The average elevation
of Lake Mead between 1937 and 1945 should have been used as the boundary condition.

* The effect of the constant-head value assigned to Lake Mead was tested as part of the
preliminary numerical model simulations. After the numerical model reached an acceptable
level of ca libration to predevelopment conditions assuming po st-lake hydraulic hea ds, a
UCODE-2005 optimization run w as conducted after changing the const ant head at that
boundary to pre-lake conditions. Except for mi nor differences in the UVF aquifer located
south of the Muddy Springs, the results were practically the same as for the post-lake version
of the numerical model. It was then conclude d that using a post-lake hydraulic head for that
boundary would not introduce significant additional errors in the numerical model.

3.2.2.3 Recharge and Discharge Processes

The Hydrology Technical Group commented that the preliminary numerical model simulated excess
water in several parts of the model area. This water excess results in groundwater discharge values
that are larger than expected. The group st ated that in the White River Flow System (WRF S), the
simulated excess water was apparent as excess discharge in Pahranagat Valley. In the GSLDFS, the
excess recharge was evidenced by the large interbasin groundwater flow from Hamlin Valley to
Snake Valley. Excess water in the MVFS was evidenced by excess discharge in Low er Meadow
Valley Wash.
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Adjustments were made to recharge within the WRFS, and modifications were made to the
representation of Pahranagat Valley as described in Section 4.4.4.2.2. These adjustments
reduced the excess water in the WRFS.

Adjustments were made to the discharge targets used for Lower Meadow V alley Wash
(SNWA, 2009a), which resulted in a new set of recharge efficiencies for both MVFS and
GSLDEFS, as described in SNWA (2009a). The recharge in Hamlin Valley was also adjusted
during model c alibration as described in Section 5.3.3.4. These adjustments re duced the
excess water in the MVES as well as the excessive interbasin groundwater flow from Hamlin
to Snake valleys in the GSLDFS.
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40 NUMERICAL MODEL CONSTRUCTION

This section describes the construction of the transient numerical groundwater flow model, including
the abstraction process of the flow system s in the model area into MODFLOW-2000 and
UCODE 2005. This process includes the selec tion of the MODFLOW -2000 packages and the
preparation of the necessary input files. The construction steps discussed are (1) numerical model
discretization, (2) representation of hydroge ologic framework, (3) de finition of e xternal model
boundary conditions, (4) representation of natural surface and groundwater discharge,
(5) representation of areal recharge from precipitation, (6) estimation of anthropogenic stresses, and
(7) derivation of observation data sets. Parameters associated with the various components of the
numerical model are presented, where appropriate.

4.1 Numerical Model Discretization

The discretization of the numerical model is applied to the 3D spatial domain and the simulated time
period.

4.1.1  Spatial Discretization

The spatial discretization includes the definition of a horizontal gr id and layers in the ve rtical
direction. The layers are then assigned the appropriate hydraulic conditions.

The horizontal discretization of the numerical model domain consisted of defining a finite-difference
grid including appropriate grid orientation and grid-cell size.

* The grid orienta tion was se lected to be north-south to approximately match the gener al
direction of r egional groundwater flow. R egional flow direc tions follow the north-south
orientation of the prominent basins and ranges and dominant structures present in the model
domain.

* A grid-cell size of approximately 3,281 ft (1,000 m) was selected. Factors considered in the
selection of an appropriate grid-cell size were (1) computational efficiency, (2) appropriate
representation of the available data, and ( 3) ability to effectively simulate regional-scale
groundwater flow. Thus,t he model grid us ed to simulate regional flow re sults in the
averaging of hydraulic properties over grid-cell areas of about3,281 x 3281 ft 2
(1,000 x 1,000 m?).

The vertical discretization of the numerical model consisted of subdividing the total thickness of the
model into layers.
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A total of 11 model layers were selected. Table 4-1 lists the grid layer tops and bottoms represented
in the numerical model. Cross sec tions for each numerical model row were developed by sampling
the RMU grids, a 30-m resolution surface-elevation grid, and several fault layers (see DVD). In
general, the model layers cannot coincide with the RMUs because of the complex geometries of the
RMUs, which were caused by folding, faulting, volcanism, and other processes.

Table 4-1
Thickness and Elevation of Top and Bottom of Each Layer of the Numerical Model
Top of Layer Bottom of Layer Thickness
Model Layer? ft amsl (m amsl) ft amsl (m amsl) ft (m)

1 12,631 (3,850) or lower 6,070 (1,850) 328 (100) to 6,562 (2,000)
2 6,070 (1,850) or lower 5,085 (1,550) 328 (100) to 984 (300)
3 5,085 (1,550) or lower 4,101 (1,250) 328 (100) to 984 (300)
4 4,101 (1,250) or lower 3,117 (950) 328 (100) to 984 (300)
5 3,117 (950) or lower 2,133 (650) 328 (100) to 984 (300)
6 2,133 (650) or lower 1,148 (350) 328 (100) to 984 (300)
7 1,148 (350) 164 (50) 984 (300)
8 164 (50) -1,312 (-400) 1,476 (450)
9 -1,312 (-400) -3,527 (-1,075) 2,215 (675)
10 -3,527 (-1,075) -6,726 (-2,050) 3,199 (975)
1 -6,726 (-2,050) -10,000 (-3,048) 3,274 (998)

8The top or bottom of a layer may be 328 ft (100 m) lower to ensure top model layer is at least 328 ft (100 m) thick.

The north-south-oriented model grid consists of 474 rows, 202 columns, and 11 layers (Figure 4-1).
The model domain corresponds to 589,391 active cells and encompasses an area of about 20,688 mi”
(53,581 km?) (Figure 4-1). The lower, left-corner origin of the grid is located at Universal Transverse
Mercator (UTM) coordinates (X = 607069.1 15225 m; Y = 3998858.038990 m). Grid dimensions
along both rows and columns are constant at 3,281 ft (1,000 m). The model extends vertically from
-10,000 ft amsl (-3,048 m amsl)to the water table, which varies fr om about 1,148 ft amsl
(350 m amsl) to more than 9,022 ft amsl (2,750 m amsl).

Ideally, the numerical model would ha ve been modeled under confined and unconfined conditions.
However, the use of converti ble layers (unconfined) resulted in in stabilities in model convergence.
To address this issue, all model layers were treated as confined, and the model grid was adjusted in
two ways:

» The top elevation of the top model layer was adjusted to approximately match the expected
water-table surface. Thus, the confined layer thickness approximates the unconfined saturated
thickness, and calculated flows are similar. The transmissivity (T) will be similar as it equals
the hydraulic ¢ onductivity (K) times the saturated thickness (b; T = Kb). During model
calibration, the top of the model was adjusted to the last calculated steady-state water table.
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Numerical Model Finite-Difference Grid
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* Under steady-state conditions, adjusting the top elevation of the model minimizes many of the
problems. Under transient conditions, the water table can change, and the assumption of
confined flow can become less accurate. For example, if the calculated hydraulic head in the
uppermost saturated layer decreases because of a stress (e.g., pumping), the transmissivity
does not change, but the effective K increases. To minimize the impact of this issue, the top
model layer was defined to have a minimum thickness of 328.1 ft (100 m). In areas where the
model layer would normally be less than 328.1 ft (100 m), the underlying layers were adjusted
to maintain the 100-m thickness in the upper layer. The underlying layers are typically
984.3 ft (300 m ) thick. The grid adjust ments described reduced the under lying layer
thickness a maximum of approximately 656.2 ft (200 m). Except in places of large
drawdown, this approach maintains ala rge saturated thickness, minimizing numerical
inaccuracies of the confined assumption.

4.1.2 Time Discretization

The numerical model combines steady-state and transient stress periods. The initial stress period is
steady-state and represents predevelopment conditions prior to January 1, 1945. The transient portion
of the model extends over the period from January 1, 1945, through December 31, 2004. The 60-year
time period was subdivided into 60 transient 1-year stress periods, each lasting 365 or 366 days, as
appropriate. Each stress period was subdivided into 12 equal-length time steps.

4.2 Hydrogeologic Framework

The simplified hydrogeologic framework described by SNWA (2009a) consists of e ight RMUs
(Table 4-2) and major structural features. This hydrogeologic framework was discretized based on
the model grid described earlier in the previous section. Figure 4-2 illustrates an oblique view of the
discretized hydrogeologic framework model. The RMUs are illustrated in the cross sections across
each numerical model row (see DVD). In addition to model layers, the framework was represented in
the numerical model using the hydrogeologic-unit flow (HUF2) package (Anderman and Hill, 2003)
and the horizontal flow barr ier (HFB) package (Hsieh and Freckleton, 1993). These two softwar e
packages are described, followed by a de scription of how the hydr ogeologic framework was
represented using these packages.

Table 4-2
RMUs Represented in the Numerical Model
RMU Description RMU Abbreviation

Upper Valley Fill UVF
Lower Valley Fill and Volcanic Rocks LVF
Upper Carbonate ucC
Upper Aquitard UA
Cretaceous Plateau Sediments Kps
Lower Carbonate LC
Basement Rocks BASE (or BAS)
Plutonic Rocks PLUT
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Figure 4-2
Oblique View of 3D Framework of RMUs Using a Series of
North-South and East-West Cross Sections Oriented at 20 km

4.2.1 HUF2 Package Description

The HUF2 computer code (Anderman and Hill, 2003) builds on the HUF package (Ander man and
Hill, 2000). Three additions are documented by Anderman and Hill (2003): (1) alternative storage
for the uppermost active cells (SYTP parameter type), (2) modified calculation of flows in
hydrogeologic units, and (3) the KDEP capability. The HUF2 package allows the vertical geometry
of the flow system to be different from the model layers. An advantage of the HUF2 package is that
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the hydrogeologic framework is set up in the numerical model independently of the model grid. In
other words, the model grid can be modified without affecting the hydrogeologic framework.

When using the HUF2 package, the hydraulic properties are assigned to the hydroge ologic units.
Initial estimates of all hydraulic properties must be provided for each hydrogeologic unit. Hydraulic
properties are treated as parameters and include hydraulic conductivity and storage characteristics.
Hydraulic-conductivity characteristics consist of horizontal and vertical hydraulic conductivities (K,
and K,) and the KDEP factor. The vertical hydraulic conductivity, K, can also be represented as a
ratio relative to K;. There are some advantages to keeping the K, value proportional to K, during
model calibration. Given that the horizontal and vertical hydraulic-conductivity values of a material
are typically correlated, it is reasonable that when one value is adjusted, the other should be as well.
This tied be havior is defined by the ve rtical anisotropy ratio (the ratio of horiz ontal to ve rtical
hydraulic conductivity). The vertical anisotropy (VANI) is expressed as follows:

Kh
VANI = — (Eq. 4-1)
KV
where,
VANI = Vertical anisotropy (-)
Ky = Horizontal hydraulic conductivity (L/T)
Ky = Vertical hydraulic conductivity (L/T)

Using the hydraulic properties specified for th e hydrogeologic units, HUF2 inter nally calculates
hydraulic properties for every cell in the model grid that are adjusted to depth using Equation 4-2. If
a model cell contains a single hydrogeologic unit, the properties of the cell are the same as for the
hydrogeologic unit. Ifa grid cell contains multiple hydrogeologic units, HUF2 calculates the
hydraulic properties for that cell by aver aging the hydraulic properties of the hydrogeologic units
occurring in that cell. The K|, values are calculated using the thickness-weighted arithmetic mean,
and the K|, values are calculated using the geometric mean.

The same hydraulic properties may be assigned to an entire hydrogeologic unit. However, for large
numerical models, itis reasonable to expect local variations or variation controlled by geologic
structure within a given hydrogeologic unit. To account for these variations, the hydrogeologic unit
may be subdivided into zones. Zones allow the user to assign different hydraulic parameters to
different portions of the hydrogeologic unit.

The variation of hydraulic conductivity with depth is handled by the KDEP ca pability of the HUF2
package (Anderman and Hill, 2003). This capability allows the horizontal hydraulic conductivity of
the hydrogeologic units (RMUs in the numerical model) to decrease with depth using an exponential
decay function. The equation is as follows:

-Ad
KDepth = Ksyrtace!0 (Eq. 4-2)
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where,

Kpepth = Hydraulic conductivity at depth d [L/T]

d Depth below the reference surface [L]
Karface = Hydraulic conductivity projected to a reference surface [L/T]

A Depth-dependence coefficient [1/L]

The reference surface may be the ground surfa ce or other surface, such as the top of the top model
layer. The depth-dependence coefficients, A, can be treated as parameters in MODFLOW-2000. If
the VANI option is used to calculate vertical hydraulic conductivity, the values of vertical hydraulic
conductivities are automatically adjusted with depth too.

4.2.2 HFB Package Description

The HFB package was added to the MODFLOW c ode by Hsieh and Frec kleton (1993). The HFB
package is de signed to sim ulate thin, vertical, low-permeability geologic features that impede
horizontal groundwater flow.

These features are represented in the model “as a series of horizontal flow barriers conceptually
situated on the boundaries between pairs of adja cent cells in the finite-difference grid” (Hsieh and
Freckleton, 1993, p. 1). The only function of these fe atures is to lower the horizonta 1 branch
conductance between the two a djacent cells they separate. The storage capacity of the fe atures is
assumed to be zero.

The width of the thin barrier is assumed to be negligible relative to the horizontal dimensions of the
grid cells and is implicitly included in the expression of the hydraulic property of the flow barrier.
This hydraulic property may be expressed in two ways:

» If the flow barrier is located within a constant-transmissivity layer, its hydraulic pr operty is
defined as its transmissivity divided by its width.

» If'the barrier is located within a variable-transmissivity layer, its hydraulic property is defined
as its hydraulic conductivity divided by its width.

4.2.3 Representation of Framework

The RMUs are represented as zones of variable hydraulic properties in the HUF2 package. The major
faults are also represented in the HUF2 package as zones of lar ger permeability along their strikes
within the RMUs. The HFB package is used to simulate the potential ability of selected faults
represented in the model to also act as barriers to cross flow. Regional faults can be simulated as both
conduits along their strike (HUF2) and barriers to cross flow (HFB).
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4.2.3.1 Hydrogeologic Features Represented in HUF2 Package

The HUF2 package was used to represent the distribution of RMUs and their hydraulic properties in
the model domain (hydraulic conductivity and storage properties). The RMUs were subdivided into
zones based on natural features of the hydrogeologic framework conceptualized to affect groundwater
flow. A description of the natural features forming the basis of RMU zonation is presented, followed
by a discussion of the parameter zones associated with each RMU.

42311 RMU Zonation Basis

All RMUs were subdivided into parameter zones. Although the zonation was based on  natural
features conceptualized to affect groundwater flow, the resulting zones are not necessarily supported
by aquifer-property data, as such data are scarce in this region. The features are, however, supported
by other sources of information and interpretations. Nonetheless, incorporating these zones into the
construction of the model allowed variation of the hydraulic properties within a given RMU during
model calibration, if necessary. The zones were delineated based on the following features:

*  Mountain blocks, structural basins, and normal faults
* Alluvial deposition zones

* Extensional terrains

* Plutonic intrusion events

» Subregional features

Mountain blocks, structural basins, moderate-displacement faults, and large-displacement faults form
natural zones of increasingly disturbed materials. Within a given RMU, the portions forming the
mountain blocks are the | east disturbed materials and therefore form zones of relatively lower
hydraulic conductivities. P ortions of the same RMU | ocated with the structural basins are m ore
disturbed than the mountain blocks and generally have relatively larger hydraulic conductivities. The
moderate- and large-displacement faults (normal faults) are the most disturbed zones and ar e
interpreted to be zones of increased hydraulic conductivity along the strike of the normal faults.

Alluvial deposition zones are natural zones of varying hydraulic properties in the UV F RMU only.
Four such zones were delineated: alluvial fans, fluvial deposits, valley bottoms, and playa deposits.
The alluvial fans and fluvial sediments are expected to be zones of larger hydraulic conductivity,
whereas the playa deposits are expected to be zones of lower hydraulic conductivity. The valley
bottoms encompass all other alluvial deposits in a given basin and generally have moderate hydraulic
conductivities.

Brittle rocks, such as the carbonate rocks, were extended to varying degrees during extensional
deformation. Most of the effects of this extension (thicknesses and faults) were incorporated into the
framework model. However, the effects of the extension on the hydraulic conductivity of the RMU
blocks were not accounted for. Based on geologic interpretations, Dettinger and Schaefer (1996)
have delineated areas of slight and extreme extension in the Car bonate-Rock Province. Carbonate
rocks located within the areas of slight extension are interpreted to essentially have their original
thicknesses and moderate hydraulic conductivities. Carbonate rocks located within the areas of
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extreme extension are interpreted to be thinner to absent and have larger hydraulic conductivities
when present.

Plutonic intrusion events cause hydrothermal and thermal alterations to the materials surrounding the
intrusion sites. The altered materials form an aureole or halo around the plutonic intrusion. Such
areas occur around a number of plutonic intrusions (PLUT RMU) present in the model area. In the
numerical model, it was assumed that an altera tion aureole could exist in surrounding m aterials
extending 1.2 mi (2 km) laterally around plutonic intrusions that are more than 3,281 ft (1,000 m)
thick (from base of model). This alteration is expected to affect all the RMUs except the UVF. The
effect of the altera tion is a reduction in the hydraulic conductivity. To manage this attribute, the
ALT FACT parameter was added. Cells affected by the se alteration zones ha ve their K values
divided by AL T FACT using derive d UCODE parameters and specially designated HUF2
parameters.

Additional zones were added at the basin and subregional scales as needed during the calibration to
improve the fit of the numerical model to the target observations. These zones were based on the
available information and included adding z ones to reflect local hydroge ology, including texture
changes or the presence of faults not already included in the numerical model.

42.3.1.2 Parameter Zones

This section discusses the subdivis ion of the indi vidual RMUs into parameter zones. All RMUs,
except the UVF, were assumed to be altered within the halos surrounding the plutons described in the
previous subsection. Table 4-3 lists the zone typesus ed to add detail to the hy drogeologic
framework. The hydraulic parameters were named by zone and assigned initial values (see DVD).

Table 4-3
Zones Applied to RMUs in the Numerical Model
Zone Type UVF LVF ucC UA Kps LC BASE PLUT
Mountain Block X X X
Structural Basin X X X
Normal Faults? - X X — - X — —
Alluvial Deposition Zones® X
Extension Terrain - -— X -— - X — —
Plutonic Intrusion Events - X X X X X X X
Subregional Zones® X X X X X X X

3Large- or Moderate-Displacement Faults (LDF and MDF)
bStreams, alluvial fans, valley bottoms, and playas
®Zones applied at basin and subregional scale
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Upper Valley Fill

Zones were defined in the numerical model to represent variation within the UVF RMU based on the
types of alluvial deposits or on the geographic distribution of the unit. The se zones include playas
and playa deposits, stream channels, valley bottom materials, alluvial fans, and subregional zones.
Figure 4-3 1illustrates the UVF para meter zones. The spatial distribution ofthe detailed
hydrogeologic units forming the UVF RMU was obtained from published maps, including county
geologic maps.

Lower Valley Fill

The LVF RMU c¢ onsists of discontinuous T ertiary and Cretaceous sedimentsasw ell as
middle-Tertiary volcanic rocks. These rocks are composed of conglomerates, sandstones, siltstones,
nonwelded to densely welded ash-flow tuffs, ash-fall tuffs, and lava flows. LVF zones represented in
the model are calderas and consolidated basin fill. The LVF zones allow materials with different
origin and different material properties (volcanic rocks versus various sedimentary basin deposits) to
be estimated separately. Sedimentary basin deposits (such as lithified Tertiary basin-fill deposits) and
volcanic basin deposits (such as ash and lava flows outside the caldera complexes) are grouped into a
single zone. Figure 4-4 illustrates LVF parameter zones. The spatial distribution of the detailed
hydrogeologic units forming the LVF RMU was obtained from published maps, including county
geologic maps.

Upper Aquitard

The UA RMU consists predominantly of the Eleana and Chainman Formations. These rocks are
composed of siltstones and shales. The UA consists of low-permeability, fine-grained sedimentary
deposits that restrict vertical flow between the lower carbonate and the upper carbonate and other
shallow units. Figure 4-5 illustrates the UA parameter zones. The spatial distribution of the detailed
hydrogeologic units for ming the UA RMU was obtained from the hydrogeologic framework
described in the Baseline Report (SNWA, 2008). Little data are available for the UA, particularly in
Butte Valley South, Jakes Valley, and Long Valley. Thus, the UA was assigned a uniform thickness of
3,000 ft (914 m) throughout its extent. Because of the large uncertainty associated with its thickness,
the UA c omposition (all shale ve rsus shale and sandstone interbeds), its c ompetence (degree of
faulting), and corresponding hydrologic conditions were allowed to strongly influence its hydraulic-
conductivity values.

Upper Carbonate and Lower Carbonate

The UC and LC RMUs consi st of Cambrian to Pennsylvanian carbonate rocks, including limestone
and dolomite with lesser amounts of shale, siltstone, sandstone, and quartzite. The L C is present
throughout the study area, while the UC is predominantly present in the northern areas. Overthrown
blocks caused by major thrust faults disrupt the LC’s regional continuity (SNWA, 2008). Therefore,
three RMUs (LC1, LC2, and LC3) form the LC RMU (SNWA, 2009a). The carbonate RMUs were
further subdivided into zones based on their location relative to major basin structures. As shown in
Table 4-3, the UC and LC R MUs were subdivided into multiple zones. The zones identified for the
UC and LC1 RMUs are shown in Figures 4-6 and 4-7, respectively. The zones identified for the LC2
and LC3 RMU s are shown in Plate 1.
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Plateau Sediments

The Kps RMU consists of Cretaceous to T riassic siliciclastic rocks and is ge nerally of low
permeability. The K ps RMU is present only in the southern part of the study ar ea. Figure 4-8
illustrates the Kps RMU parameter zone. The Kps RMU was subdivided into two parts, as shown in
Figure 4-8.

Plutons

The PLUT RMU c onsists of all intrusive rocks, including granodiorite, quartz monzonite, and
granitic rocks. The PLUT RMU is found sporadicall y in the study ar ea as several large irregularly
shaped bodies within the area. This R MU generally has small hydrau lic conductivities unless
fractured. The PLUT RMU was subdivided into four parameter zones as shown in Figure 4-9.

Basement

The BASE RMU (also referred to as BAS in the model files) consists of Precambrian metamorphic
and Precambrian and early Cambrian clastic rocks. This unit occurs at significant depths in most, but
not all, areas. Much like the LC, overthrown blocks of basement rock are present at the Gass Peak
thrust fault. BASEI and BASE2 account for the repeating units caused by this thrust fault. BASE1
represents the basement rock present at the hanging wall of the Gass Peak thrust fault. The extent of
BASEI is very similar to the LC1 extent with the exception of an outcrop band of basement rock in
the Las Vegas Range. The B ASE2 extent covers the entire model area with the exception of areas
where the PLUT RMU has replaced it and where the model thickness is not sufficient to extend to the
top of the BASE RMU. BASE?2 also represents the basement rock of the footwall at the Gass Peak
thrust fault. The BASE RMU zones were defined based on their areal isolation, structural separation,
or the thermal alteration halo around a given pluton (Figure 4-10).

4.2.3.2 Structural Features Represented with HFB Package

The HFB package (Hsieh and Freckleton, 1993) was used to represent barriers to flow in the
numerical model across selected lateral and normal faults where these faults are conceptualized as
barriers to groundwater flow across these geologic features. These flow barriers are located along
cell boundaries approximating the location of selected mapped lateral and normal faults. Horizontal
flow barriers, in most cases, penetrate all RMUs and have a vertical orientation (see DVD). For two
cases in White River Valley, the HFBs cross valley basin material, and it was assumed that the low K
barriers did not extend into the UVF. The normal faults in the model are typically represented by
moderate- or large-displacement faults zones where K is expected to be higher to the basin side of the
HFB.

Figure 4-11 illustrates lateral and normal faults represented using the HFB package. Horizontal flow
barriers are illustrated in cross sections for each model row (see DVD). Table 4-4 describes the
lateral faults represented as flow barriers and their parameters. Table 4-5 describes the normal faults
represented as flow barriers and their parameters. Fifty fault groups are represented in the numerical
model using the HFB pac kage. The thickness of all flow barriers was assumed to be 3.28 ft (1 m).
Their hydraulic conductivities were treated as parameters and, therefore, were estimated during the
calibration process. The initial hydraulic conductivity of HFBs was set to 1 x 10° m/d.
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Table 4-4
Description of Lateral Faults Defined as
Horizontal Flow Barrier (HFB) Package Parameters

MODFLOW-2000 UCODE_2005
Parameter Parameter
Feature Description Name Definition
Black Mountains Area HFB_LAKEMD HFB_HK * fHFBLAKEMD
Caliente Caldera Area HFB_GROUP HFB_HK
Kane Springs Area HFB_KANE HFB_HK
North Dry Lake Area HFB_GROUP HFB_HK
Snake Range HFB_GROUP HFB_HK
South Dry Lake Area HFB_GROUP HFB_HK
Pahranagat Shear Zone
Eastern Section HFB_PAHR E tHFBPAHR_E
Northwestern Section HFB_PAHRnW HFB_HK * fHFBPAHRNW
Southwestern Section HFB_PAHRsW HFB_HK

Horizontal flow barr iers, in most cases, penetrate all RMUs and have a vertical orientation (see
DVD). The UVF was assumed to be unfaulted, or if faulted, the faults were assumed to not form
barriers to flow. Two cases occur in White Ri ver Valley where HFBs extend across basin-fill
material, and the low-K barriers do not exte nd into the UVFE. A third case occurs west of Warm
Springs near Gandy, Utah, in Snake Valley.

Faulting in the Gandy area is complex. However, because of the regional nature of the hydrogeologic
framework described in the Ba seline Report (SNWA, 2008), the rather complex ge ology of the
immediate vicinity around Gandy Warm Springs is overly simplified. In the Baseline Report (SNWA,
2008), a carbonate horst is described. This feature and faults associated with this feature contribute to
the spring discharge at Gandy Warm Springs. Gi ven the magnitude of the flow at Gandy Warm
Springs, additional faulting besides that described by the large-displacement faults in the framework
is needed. It also appears faulting to the west helps direct subsurface flow from Indian George Wash
and Tangstinia Wash toward Gandy Warm Springs.

424  KDEP Parameters - HUF2 Package

In addition to using the HUF2 module (Anderman and Hill, 2003) to define hydrogeologic units and
their material properties, a modified version of the KDEP submodule of HUF2 (Anderman and Hill,
2003) was used to model depth decay for the UVF and for carbonate fault zones. KDEP describes
how materials under load are compressed and how this cause s K to decrease with depth. In the
Conceptual Model Report (SNWA, 2009a), while the correlation is minimal, evidence suggests depth
decay occurs in the basin-fill deposits of the model area.

In the numerical model, d epth decay was assumed to occur only in the UVF andt he carbonate
moderate- and lar ge-displacement fault zones (MDF and LDF). The UVF deposi ts are
unconsolidated. It is therefore reasonable to expect that compaction due to burial reduces hydraulic
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Table 4-5

Description of Normal Faults Defined as
Horizontal Flow Barrier (HFB) Package Parameters

(Page 1 of 2)

o MODFLOW-2000 UCODE_2005
Feature Description Parameter Parameter
Cave Valley
HFB_CAVE_N HFB_HK
Cave Valley - Northern HFB_CAVENE HFB_HK
HFB_CAVESW HFB_HK
California Wash
California Wash - Western HFB_CALIFW HFB_HK
Coal Valley
Northern HFB_COAL_N HFB_HK * fHFBCOAL_N
Western HFB_COAL_W tHFBCOAL_W
Dry Lake Valley
Eastern HFB_DRYL_E HFB_HK
Northern HFB_DRYL_N HFB_HK
Western HFB_DRYL_W HFB_HK
Garden Valley
Northern HFB_GARD_N HFB_HK * fHFBGARD_N
Western HFB_GARD_W HFB_HK * fHFBGARD_W
Long Valley
Northeast ‘ HFB_LONG_E | HFB_HK
Muddy River Springs Area
Muddy River Springs Area ‘ HFB_MUDDYR | HFB_HK * fHFBMUDDYR
Pahranagat Valley
East Side Near Ash Springs HFB_PAHR_1 HFB_HK
Eastern Sixmile Flat HFB_6MILEE HFB_HK
Pahroc Valley
Central Valley into Delamar HFB_PROCD2 HFB_HK
Cross Valley HFB_PROC_X HFB_HK * fHFBPROC_X
Northern HFB_PROC_N HFB_HK * fHFBPROC_N
Southern HFB_PROC_S HFB_HK
Panaca Valley
HFB_PANACA HFB_HK
Northern
HFB_PANAC2 HFB_HK




Transient Numerical Model of Groundwater Flow for the CCRP

Table 4-5
Description of Normal Faults Defined as
Horizontal Flow Barrier (HFB) Package Parameters
(Page 2 of 2)

o MODFLOW-2000 UCODE_2005
Feature Description Parameter Parameter
Patterson Valley
Southeast HFB_PATTSE HFB_HK
Central HFB_PATV_1 HFB_HK

Snake Range and Snake Valley
Near Confusion Range HFB_SNKCON HFB_HK
Eastern Flank — Southern Section HFB_SNRS_E HFB_HK
Eastern Flank — Central Section: East HFB_SNRCeE HFB_HK * fHFBSNRN_E
Eastern Flank — Central Section: West HFB_SNRCwE HFB_HK * fHFBSNRCwE

Eastern Flank — Northern Section HFB_SNRN_E HFB_HK * fHFBSNRN_E
Warm Spring near Gandy HFB_GANDY HFB_HK
Spring Valley
North HFB_SPR_NE HFB_HK
Central HFB_SPR_CE HFB_HK

Steptoe Valley

McGill Springs Area HFB_MCGILL HFB_HK
Northern Boundary: East Flank HFB_STEPBE HFB_HK
Northern Boundary: West Flank HFB_STEPBW HFB_HK
Northern Boundary: South Flank HFB_STEPBS HFB_HK
Tippett Valley
Eastern HFB_TIPP_E HFB_HK
Western HFB_TIPP_W HFB_HK
White River Valley
Caldera Area HFB_WRCALD HFB_HK
Crossing Central Valley HFB_WR X C HFB_HK
Eastern Side, Northern End HFB_WR_E_N HFB_HK
Eastern Side, Southern End HFB_WR_E_S HFB_HK
Hot Creek Springs Area HFB_WR_HCS HFB_HK
West of Hot Creek Springs Area HFB_WR_WHC HFB_HK
To Pahroc HFB_WR_PRC HFB_HK
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conductivity in this RMU. The fault zones were assumed to be co mposed of fra ctured material,
which would fuse with depth, thereby reducing the hydraulic conductivity of the material.

A potential shortcoming of the KDEP method, as implemented in HUF2, is that there is no lower
limit on how much the hydraulic conductivity of the source material may be reduced. For example,
the numerical model has some sections of UVF that are more than 16,400 ft (5,000 m) thick. Using
the KDEP function and a depth-dependence coefficient of va lley-fill deposits (0.0123 m/day)
reported in the DV RFS model analysis (Belcher, 2004), K reduces to 3E-62 m/day at the base of the
model. At a depth of 1,640 ft (500 m), the K reduces almost six orders of magnitude (Figure 4-12).

Plots illustrating K versus depth presented in the Conceptual Model Report (SNWA, 2009a) suggest a
possible lower limit to the reduction of hydraulic conductivity as a result of confining pressures.
Based on these observations and the unlikely reduction of hydraulic conductivity to near zero, the
KDEP function was modified so that the lower limit of K reduces to a user-defined percentage of the
base K value (see DVD). The reduction in K was limited to two orders of magnitude in the numerical
model. In other words, if the initial K value were 1 ft/day, KDEP could not reduce the K value to less
than 0.01 ft/day (Figure 4-12).
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Figure 4-12

Hydraulic Conductivity versus Depth Used in Numerical Model
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425 Specific Storage and Specific Yield

The transient numerical model simulates the aquifer-system response, assuming confined conditions
for all model layers. This assumption does not affect the simulated results under predevelopment
steady-state conditions. However, this assumption greatly affects the results simulated unde r
transient conditions when anthropogenic stresses are imposed on the flow system: well yields are
underestimated, and drawdowns are overestimated. If the aquifer system were actually confined, the
only storage parameters that would need to be defined would be the spec ific storage (S) for each
hydrogeologic unit (HGU) and/or RMU. However, the flow system underlying the study area is
actually composed of a mixture of confined and unconfined aquifers. Therefore, the transient
numerical model must be set up to simulate unconfined conditions using specific yield (S)).

An alternate method was used in the numerical model to assign S, to the top model layer using the
SYTP property type of HUF2. This alternate method allows the ave raging of §, values assigned to
RMUs, when multiple RMUs occur within a single model cell, in a manner similar to the averaging of
HK, VANI, and Sby the HUF2 module. The averaging in the alternate method uses the thicknesses of
the RMUs as weights. In this method, the averaging of the S, values for each RMU must be
implemented outside of MODFLOW-2000, as the §, values are input as an array that must be
generated before MODFLOW-2000 starts. If the § for an RMU is changed during manual
calibration, for exa mple, the average SYTP array must be adjusted before MODFLOW-2000 is
executed again.

The easiest way to update the SYTP array was to create a modified version of MODFLOW-2000 that
implements SYTP in the same way it implements HK, VANI, and S However, this is a signi ficant
change to the MODFLOW -2000 code, so the modi fied code was limited to only producing the
updated SYTP array. The modified MODFLOW program was then terminated, and the original,
unadjusted version of MODFLOW -2000 was started. The unadjusted version of MODFLOW then
read the updated SYTP array and executed as originally designed.

In the study area, and even in most of Nevada, few S and % data exist. As a result, initial estimates
were based on a combination of the information provided in SNWA (2009a), in Appendix A of this
report, and from the literature.

4.3 External Boundary Conditions

The Time-Variant Specified-Head (CHD) package (Leake and Prudic, 1991; Harbaugh et al., 2000)
was used in ¢ onjunction with the Specified-Head Flow Observation Package (CHOB) of the
observation process to represent the boundary conditions in the numerical model. A summary of the
CHD package is presented, followed by brief descriptions of the external flow boundaries represented
using this package. The CHOB portion is described at the end of this section.
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4.3.1 CHD Package Description

Before Leake and Prudic (1991) created the CHD package, constant-head cells were part of the
finite-difference solution formulation of MODFLOW. McDonald and Harbaugh (1988, p. 3-15)
describe constant-head cells as follows:

A finite-difference equation...is formulated for each variable-head cell in the
mesh. For constant-he ad cells, no equation is formulated; howe ver, the equation
for each variable-head cell adjacent to a constant-head cell contains a term
describing flow to and from the constant-head cell...

Leake and Prudic (1991) designed the CHD package to simulate constant-head boundary conditions
with time-dependent, constant-head values. However, the creation of the CHD package does not
affect the formulation of the constant-head boundaries inthe finite-difference equations of
MODFLOW.

Harbaugh et al. (2000) further modified the CHD package in MODFLOW-2000 to allow the specified
heads to be treated as parameters during model calibration.

4.3.2 External Flow Boundaries Represented in Numerical Model

The external model boundaries represented by constant-head cells in the numerical model are shown
on Figure 4-13. Constant hydraulic heads were specified for all model 1 ayers containing the UVF,
LVF, or UC/LC RMUs. Maps showing the constant-head boundaries for eac h model layer are
presented in electronic form (see DVD). The following sections describe the sources of the initial
estimates of constant-head values. The constant-head boundaries simulated in the numerical model
are then discussed by hydrographic area. Target observations are composed of flows ac ross these
boundary segments and are presented in Section 4.7.

4.3.2.1 Constant-Head Values

Except for Lake Mead, no data we re available along the model boundar y to provide va lues of
hydraulic heads assigned to the constant-head cells. Thus, the constant-head values assigned to the
boundaries were derived from t he interpreted hydraulic-head distributions made by Prudic et al.
(1995), Bedinger and Harrill (2004), Welch et al. (2008), and SNWA (2009a). For the boundary
representing Lake Mead, the constant-head value was set to 1,169.3 ft (356.4 m), which is the average
water level for the reservoir from January 1937 to April 2007 (USBR, 2007). The constant-head
values were treated as parameters and were estimated during the model calibra tion process. The
MODFLOW-2000 parameter names for the constant-head boundary segments are listed in Table 4-6.
The constant-head parameters are multiplication factors applied to de signated boundary hydraulic
heads.

4.3.2.2 Description of Constant-Head Boundaries

The constant-head boundaries included in the numerical model are described by basin.
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Location and Parameter Names of Constant-Head Boundaries in Numerical Model
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Table 4-6
Parameters for Constant-Head Boundaries
in Numerical Model

Boundary Name Parameter Name
Steptoe to Goshute C_NSTEPTOE
Snake to Great Salt Lake Desert (deep) C_NSNAKE
Snake to Great Salt Lake Desert (shallow) C_NSNAKE_G
Snake to Fish Springs Flat (deep) C_FISH
Snake to Fish Springs Flat (shallow) C_FISH_G
Tippett to Antelope Valley South C_TIPPETT
Snake to Tule C_CONFUSON
Butte South to Butte North C_BUTTE
Garden to Penoyer C_GARDEN
Long to South Newark C_LONG_SW
Long to Ruby C_LONG_NW
Coyote Spring to Tikaboo C_COYOTE
Snake to Wah Wah C_E_SSNAKE
Snake to Pine C_W_SSNAKE
Lower Moapa to Lake Mead
Black Mountains to Lake Mead C_LK_MEAD
Las Vegas to Three Lakes South C_LASVEGAS
Pahranagat to Tikaboo South C_PAHRANAG

Butte Valley South

One segment of the northern boundary of Butte Valley South ( Figure 4-14) was defined as a
constant-head boundary in the numer ical model. This boundary segment is positioned to per mit
groundwater flow through the basin-fill and bedrock aquifers. Most of the groundwater flow across
this boundary segment a ppears to pass through the structural basin from Butte Valley South toward
Butte Valley North.

Steptoe Valley

One segment ofthe northeastern boundary of S teptoe Valley (Figure 4-14) was defined as a
constant-head boundary. This boundary segment is positioned to permit groundwater flow through
the basin-fill aquifer and the bedrock aquifer. The lowest observed hydraulic heads in this valley are
not in the structural basin but are actually in the mountain-block material to the e ast. Thus,
groundwater flow from S teptoe Valley to Goshute Valley is interpreted to occur in the mountain

block.
Tippett Valley

Tippett Valley is interpreted to have groundwater flow moving out of the model are a through the
northern and eastern boundaries of the valley. These two outflow loc ations are represented by
constant-head boundaries in the numerical model (Figure 4-15). The outflows are as follows:

* Groundwater flow from Tippett Valley to Antelope Valley is through a structural basin.

* Groundwater flow from Tippett Valley to Deep Creek Valley is through fractured mountain
block.
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Tippett Valley Constant-Head Boundaries
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Snake Valley

Snake Valley is interpreted to have groundwater flow moving out of the model area through boundary
segments located in the northern and southern parts of the valley (Figure 4-16). These outflow
locations are represented as constant-head boundaries in the numerical model. The flow boundaries
are as follows:

* The two constant-head boundaries defined in the northern part of Snake Valley consist of one
segment along the boundary of Snake Valley with the Great Salt Lake Desert to the north and
one segment along the boundary with Fish Springs Flat to the east (Figure 4-16A).

* The three constant-head boundaries defined in the southern part of Snake Valley consist of
one segment located along a portion of the Confusion Range on the eastern boundary of Snake
Valley, one segment located along the boundary between Snake Valley and Pine Valley, and
one segment located along the boundary between Snake Valley and Wah Wah Valley at the
southeastern end of the valley (Figure 4-16B).

Long Valley

Long Valley was interpreted to have two constant-head boundaries allowing flow out of the valley
(Figure 4-17). Both flow boundaries are consistent with the interpretations of Prudic et al. (1995) and
are as follows:

» The first boundary allows flow from Long Valley to Newark Valley.

* The second boundary, located on the northwestern and western edge of Long Valley, allows
flow from or to Ruby Valley.

Garden Valley

The Garden Valley constant-head boundary is located along the hydrographic boundary betwe en
Garden Valley and Penoyer Valley. This boundary segment is interpreted to be highly transmissive as
it coincides with a significant thickness of the LC3 RMU. Groundwater flow is interpreted to be from
Garden Valley to Penoyer Valley (Figure 4-18).

Coyote Spring Valley

In the conceptual model report (SNWA, 2009a), water is interpreted to flow from Tikaboo Valley into
the north end of Coyote Spring Valley (see Figure 4-19). Some of this water is suspected to be from
Pahranagat Valley, flowing along the Pahranagat Shear Zone to Tikaboo Valley. Some of the flow
may have more re gional sources from the northwest. The boundary of Coyot e Spring Valley and
Tikaboo Valley parallels the Gass Peak thrust fault. Head values in the area suggest the Gass P eak
thrust fault is a barrier to flow, as heads to the west of the fault can be hundreds of feet higher than
those measured east of the fault in the central valley area. It has been suggested that for flow to move
across this boundary, it may have to move at depth under the shallow-angle thrust fault.
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Figure 4-16

Northern and Southern Snake Valley Constant-Head Boundaries
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Long Valley Constant-Head Boundaries
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Garden Valley Constant-Head Boundary
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Figure 4-19
Coyote Spring Valley and Pahranagat Valley Constant-Head Boundaries

Pahranagat Valley

In the simplified conceptual model (SNW A, 2009a), groundwater flows roughly parallel to
Pahranagat Valley and the North and South Tikaboo Valley boundaries. It was assumed that some of
this southwesterly flow then moves into northern Coyote Spring Valley, southwest of the Pahranagat
Shear Zone. It has also been suggested that flow from Pahranagat Valley moves out to South Tikaboo
Valley. This flow may be going ar ound the southwest side of the Pahranagat Shear Zone and into
Coyote Spring Valley. Signific ant flow may also move farther southwest toward the Amar gosa
Desert. This interpretation had previously been postulated by D’Agnese et al. (2002) and Belche r
(2004) and falls within the uncertainty of the conceptual model. This new flow-boundary segment
was also defined as a constant-head boundary (Figure 4-19).

Lower Moapa Valley

A constant-head boundary is interpreted along the boundary between Lower Moapa Valley and Lake
Mead (Figure 4-20). The Lower Moapa Valley constant-head boundary accounts for groundwater
flow out of the model domain.
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Lower Moapa Valley and Black Mountains Area Constant-Head Boundaries

Black Mountains Area

A constant-head boundary wa s defined alongthe boundary of this area with Lake Me ad
(Figure 4-20). Groundwater flow is interpreted as moving out of the flow system across this
boundary.

Las Vegas Valley

Groundwater flow is interpreted to occur across the boundary along the northwest end of Las Vegas
Valley (Figure 4-21). The direction of flow is uncertain and may be into or out of the numerical
model domain.

4.4  Natural Groundwater Discharge

Groundwater discharge, including ET and spring flow, was simulated in MODFLOW-2000 using the
Drain (DRN) and Streamflow-Routing (SFR2) packages (Harbaugh et al., 2000). Brief descriptions
of the DRN and S FR2 packages are provided, followe d by a pre sentation of how g roundwater-
discharge components were represented in the numerical model using these packages.
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4.4.1 DRN Package

Figure 4-21

Las Vegas Valley Constant-Head Boundary

The DRN package simulates groundwater discharge through a head-dependent flow boundary. The
DRN package is used to represent groundwater discharge from groundwater ET areas and springs.

Groundwater discharges from a cell specified as a drain when the simulated hydraulic head in the cell
rises above a threshold level, ca lled the drain el evation. The rate of flow is dependent on the
conductance term, whichi s acomb ination of several parameters usedin Darcy’s law. The
conductance across a prism in a given direc tion is expressed as follows (McD onald and Harbaugh,

1988):
C = Q/(hp —hp) (Eq. 4-3)
where,
C = Conductance (L%T)
Q = Flow rate across the prism (L*/T)
h, - hg = Hydraulic-head change across the prism (L)
4-35
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In the case of a drain, flow is oriented vertically and represents discharge to the surface—h, is the
hydraulic head at the top, and hg is the hydraulic head at the bottom of the drain—or the drain
elevation.

442 SFR2 Package

The SFR2 package (Niswonger and Prudic, 2006) simulates stream-aquifer interactions like the SFR1
package (Prudic et al., 2004) but has the ext ended ability to simulate unsat urated flow beneath
streams. Stream flow is routed inthe same way as in SFR 1 based on the continuity equation
assuming steady, uniform flow (i.e., the vo lumetric inflow is equal to the outflow minus all sources
and sinks to the channel).

In both SFR1 and SFR2, the streams are represented by a network of channels, and each channel is
subdivided into s egments (Figure 4-22A). The ¢ ross-sectional geometry of each segment is
represented by several points (Figure 4-22B). The case where an unsaturated zone exists between the
stream and the water table (functionality exists within SFR2 only) is depicted in Figure 4-22C.

Niswonger and Prudic (2006, p. 6) describe the flow process in the SFR2 package:

In SFR2 (as in SFR1), flows are routed through a network of channels where flow
is always in the same direction along channels, and where seepage (ground-water
recharge or discharge) is constant for each MODFLOW time step. Ground-water
recharge resulting from streambed seepage and flow through the unsaturated zone
may be variable withina MODFLOW time step, because the time steps used in
calculating flow through the unsaturated zone may be shorte r than those used in
the saturated zone. Thus, all water reaching the water table from the unsaturated
zone is totaled over the MODFLOW time step.

In the numerical model, SFR2 simulates groundwater discharge of large-volume regional springs to a

stream channel, which then redistributes this water downstream as surface water. Ultimately, the
surface water evaporates or recharges the groundwater system, which can then be consumed by ET.

4.4.3 Groundwater Evapotranspiration

This section describes the way in which the groundwater ET process was performed under
predevelopment steady-state conditions and transient conditions in the numerical model.

4.4.3.1 Steady-State Conditions

Groundwater ET for st eady-state conditions was set up in the numerical model as estimated for
natural conditions prior to development by man in the Conceptual Model Report (SNWA 2009a).

The estimates of groundwater ET derived by SNWA (2009a) for the model area included four ET
regions (Wetland, Shrubland, Playa, and Open Water) and annual discharge rates. The groundwater
ET regions were grouped into three categories. Category 1 consists of groundwater ET areas
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Figure 4-22
Example Representation of Streams in MODFLOW-2000 Using SFR2 Package
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intersecting the regional groundwater table. Category 2 consists of groundwater ET areas tapping
intermediate aquifers. Category 3 consists of groundwater ET areas tapping local or perched
aquifers. Only Category 1 and 2 groundwater ET areas were represented in the numerical model.
The groundwater ET areas were further subdivided by sub-basin and their extents approximated by
grid cells as shown in Figure 4-23. The DRN package was used to represent groundwater ET as four
groups of drains corresponding to the four types of ET zones. The groundwater ET area within each
grid cell was represented by a single drain. The representation of groundwater ET areas as drains is
presented in this section. The annual discharge rates were used as tar get observations and ar e
presented in Section 4.7.4.

44311 Drain Elevations

The drain elevation was assumed to appr oximate the ET-extinction depth. The drain elevation in a
given ET cell corresponds to the e levation of the ET-extinction-depth surface at the location of the
drain. The drain elevation is calculated as the difference between the ground-surface elevation and
the extinction depth. Two values of extinction depths were used, depending on the location of the
groundwater ET area. For ET grid ce lIs located in low-topographic relief, the extinction depth was
assumed to be 16.4 ft bgs (5 m bgs). For all other ET grid cells, the extinction depth was assumed to
be 32.8 ft bgs (10 m bgs). The ground-surface elevations for the ET grid cells were derived from the
USGS 30-m digital elevation model (DEM). A single grid cell has an area of 247.1 acres (1 km?) and
includes about 900 DEM points. The ground-surface elevations for the ET grid cells were calculated
as follows:

* For a given ET grid cell located in low-topographic relief, the 1and-surface elevation was
calculated as the mean of the DEM points in that grid cell. The extinction depth was set to
16.4 ft bgs (5 m bgs) for these grid cells.

» For agiven ET grid cell located in other areas, the land surface of a given grid cell was set
equal to the minimum DEM elevation within that grid cell. The extinction depth was set to
32.8 ft bgs (10 m bgs) for these grid cells.

The drain elevation is an approximation of the ET-extinction depth. This approach of using the DRN
package to simulate gr oundwater ET has pr eviously been used in oth er regional Great Basin
modeling studies, such as Prudic et al. (1995) and D’Agnese et al. (2002).

4431.2 Drain Conductances

The drain conductance was set up to approximate the maximum ET rate corresponding to the type of
ET region (i.e., Wetland, Shrubland, Playa/Wet Soil, or Open Water). In some instances, the ET drain
conductances were modified. The dr ain conductances were treated as par ameters during the

calibration of the numerical model. Initial estimates of drain conduc tances were calculated as the
quotient of the estim ated discharge and the difference of int erpolated hydraulic head and drain

elevation. The dr ain conductances were estimated by ET -region type. Thus, four values were
calculated to represent Open Water, Wetland, Shrubland, and Playa. The four values were adjusted
using conductance-modifier parameters (Table 4-7) representing Wetland, Shrubland, Playa, and
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Open Water for both regional- and 1ntermediate-discharge areas. Note that it was assumed regional
and intermediate ET rates were identical; hence, their parameters were combined (Table 4-7). The

initial

estimates of t he conductance-modifier values for the ET grid cells are  described in the

following text.

Table 4-7
ET Regions and Conductance Modifier Parameters
ET Regions Parameter Name

Wetland ETrWET and ETIWET

Shrubland ETrSHR and ETiSHR

Playa/Wet Soil ETrPLY

Open Water ETrWAT

HA 209 Wetland ETr209WET

HA 209 Open Water ETr209WAT

Note: There are no intermediate Playa and Open Water ET areas.

Groundwater ET are as covered grid cells either entirely or partially. The partial coverage was
accounted for by scaling the conductance of the ET drain in that grid c ell by the percentage of grid
cell ET coverage, using the conductance modifier (CONDFACT) in the DRN cell. The default value
of CONDFACT was set equal to 1,000,000, re flecting the total area of amodel gr id cell
(1,000,000 m?). Several cases arose and were handled as follows:

4-40

For ET grid cells that were entirely covered with a single ET-region type, the grid cell was
assigned the conductance value corresponding to the ET-region type present. In this case, the
ET coverage is 100 percent of the area of the cell; thus, the default conductance modifier of
1,000,000 was assigned.

For ET grid cells that were partially covered by a s ingle ET-region type, the grid cell was

assigned the ¢ onductance value corresponding to the ET-region type and a n adjusted
conductance modifier. For example, cells with 10 percent ET coverage have a conductance
modifier of 100,000.

In cases where multiple ET regions corresponded to a single cell and entirely covered the cell,
the most prevalent ET-region type in the grid cell was assumed to control the conductance of
the ET drain. For example, if acell contains 15 percent Playa, 1 perc ent Open W ater,
30 percent Shrubland, and 54 percent Wetland, the cell is assigned to Wetland, with the
Wetland conductance value and the default conductance modifier of 1,000,000.

In cases where multiple ET re gions corresponded to a single ce 1l and partially covered the
cell, the most prevalent ET-region type in the grid ce 1l was assumed to cont rol the
conductance of the ET drain. The conductance modifier was, however, adjusted to reflect the
ET-covered area only. For example, if a cell contains 5 percent Playa, 10 percent Wetland,
1 percent Open W ater, 30 percent Shrubland, and 54 perc ent non-ET area, the cell was
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assigned the S hrubland conductance value. The ¢ onductance modifier was 460,000,
corresponding to the 46 percent of the cell area where groundwater ET occurs.

This approach resulted in the exclusion of certain limited ET zones in the model. This situation
occurs when a particular ET type ne ver dominates any cell within a basin or sub-ba sin but has a
significant area in the entire basin or sub-basin. This occurs in White River Valley, for example,
where open-water evaporation accounts for over 2,961 afy (10,000 m>/d) discharge, but no single cell
is designated as Open Water in the model grid. Although such areas were not explicitly represented
in the model, the corresponding volume of groundwater was accounted for by assuming that it was
removed by the Wetland or Shrubland ET cells. Two additional ET zones were created in Pahranagat
Valley to account for ET rates in Pahranagat Wash. Pahranagat Wash is configured as a semiperched
riparian zone. Most of the ET derives its source from the outflows of Ash, Crystal, and Hiko springs.
Some ET, however, is still derived from groundwater. To restrict the amount of ET from regional
groundwater and to show the weak connection between the regional aquifer system and the perched
flow system, the ET ra tes in Pahranagat Wash were setto 50 percent of the re gional ET rates.
Section 4.4.4.2.2 describes the re presentation of dischar ge in Pahranagat Valley further. This is
described in more detail in the observations in Section 4.7.4. The ET units not represented in the
numerical model as a result of this simplification are listed in Table 4-8.

Table 4-8
ET Zones Not Represented in the Numerical Model?
Open Water Wetland Shrubland Playa

ER178B_WATER EI175_WET EI201_SHRUB EI195a_PLAYA
ER179a_WATER EI179b_WET ER183_PLAYA
ER183_WATER EI180_WET ER184c_PLAYA
ER184b_WATER EI195a_WET ER184d_PLAYA
ER195b_WATER EI196_WET ER185_PLAYA
ER195¢c_WATER ER175_WET ER195b_PLAYA
ER198_WATER ER184c_WET ER207a_PLAYA
ER205d_WATER ER185_WET ER207b_PLAYA
ER205e_WATER ER196_WET
ER207b_WATER

8Indicates ET type does not occur in any cell in the model. Occurs when an ET type is dominated
spatially by other types within a model cell.

4.4.3.2 Transient Conditions

Conceptually, when anthropogenic stresses (described in Section 4.6) are imposed on a flow system,
particularly within or near natural ET areas, the rates and areal extents of groundwater ET areas may
decrease. Portions of the groundwater ET areas are converted to agricultural areas to be irrigated with
groundwater obtained from nearby wells. In such cases, natural groundwater ET would likely

decrease substantially, or ce ase, depending ont he depth to water . The ¢ rops replacing the
phreatophytes would, initially, use the groundwater available at the water table and require an
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additional amount of water supplied by pumping from nearby irrigation wells. At later times, if the
drawdown caused by the irrigation pumping wells under the irrigated areas were to increase, the
croplands would likely require more irrigation water until all their needs were eventually satisfied by
irrigation water from wells. If pumping were stopped during t his transitional period, natural
groundwater discharge within the converted areas would gradually resume as the water table rose
back to prepumping conditions.

An accurate representation of this process cannot be simulated in the numerical model, not only
because the data are not available at that level of detail but also be cause the processes of ET and
agricultural activities are very simplified in the model. The two processes can be approximately
simulated in the numerical model in different ways but the question is how to simulate the conversion
from groundwater ET to agricultural areas without irreversibly turning off natural groundwater ET.
The conversion of the groundwater ET areas to agricultural areas may be simulated by using one of
three options: (1) by setting the drain conductances at the ET cells to zero, (2) by completely
removing the ET drains from the model cells at the time they are converted, or (3) by decreasing the
water table below the drain elevations.

Although Options 1 and 2 were considered, Option 3 appeared to be the most viable. Options 1 and 2
would essentially remove natural ET from the sp ecified model c ells but would nota llow the
groundwater ET process to resume if pumping for agricultural purposes were stopped in some areas.
In addition, the Option 1 is infe asible in the numerical model as constructed because ET drain
conductances are assigned by type of vegetation, rather than by ET cell. The model was set up t his
way to minimize the number of parameters, as the drain conductances associated by the four types of
vegetation are calibration parameters. Option 3, though not exactly representative of reality, does
allow the ET process to resume, should agricultural pumping cease, and therefore was selected.

Groundwater pumping is the only way to decrease the water table in the converted agricultural areas
under Option 3. T his process does not accurately represent reality because the conversion does not
occur rapidly as it would actually. The water table under the former groundwater ET area decreases
gradually as pumping from agricultural wells within or near the agricultural areas is started. The error
associated with Option 3 is that the ET drain cells continue to discharge groundwater as long as the
water table is above the ET drain. However, this error is relatively negligible because, as described in
the next paragraph, the converted areas are relatively small. In addition, as pumping continues and
the water levels decrease, the ET rates in the converted areas decrease further.

The extents of the groundwater ET areas under natural conditions and the irrigated croplands for the
period 2001 to 2004 ar e shown in Figure 4-24. As c an be seen from this figure, the extent of the
irrigated croplands located within the ET areas (converted areas) is relatively small. In fact, the total
area of irrigated croplands located within the ET areas represent about 3 percent of the total ET area
for the period 2001 to 2004.

In terms of volumes, the maximum volu me of ET di scharging from all irrigated croplands located
within the ET areas represents 4 percent of the total groundwater discharge from all ET areas for the
period 2001 to 2004. As listed in Table 4-9, the relative importance of the converted areas and the
corresponding annual volume of lost groundwater ET are small for basins with the largest converted
areas.
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Figure 4-24

Extents of Irrigated Croplands (2001-2004) and
Groundwater ET Areas under Natural Conditions
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Table 4-9
Relative Importance of ET Areas Converted to Croplands

Annual Volume
Areal Extent of of ET from Converted
Total Croplands Croplands Converted Areas
Total Extent | Annual ET Inside the Inside the Areas (% of Total
of ET Area Volume ET Areas ET Areas? (% of Total Annual ET
HA Basin Name (acres) (af) (acres) (af) ET Area) Volume)
179 | Steptoe Valley 174,614 101,715 4,249 1,900 2 2
184 Spring Valley 177,772 75,436 2,568 600 1 1
195 | Snake Valley 320,269 129,350 8,222 3,800 3 3
207 | White River Valley 178,172 76,446 5,542 1,200 3 2

Source: SNWA (2009a)
@Calculated value using areal extent of croplands and ET rate information.

4.4.4  Springs

This section describes the setup of springs in the numerical model. No special considerations were
needed to sim ulate spring flow under transient conditions. The c hanges in hydraulic heads
determined flow rates, which were calibrated to the spring flow tar get observations presented in
Section 4.7. The elevations at the spring locations were also included as hydraulic-head observations
for tracking purposes only (see Section 4.7.3). Table 4-10 lists the springs considered int he
numerical model.

Except for a fe w, all regional and selected intermediate springs loc ated in the model area were
simulated in the num erical model using the DRN or SFR2 packages. The e xceptions consist of
springs that lie within or are adjacent to a model-boundary cell. Table 4-10 defines how the springs
were represented in the model. The springs were categorized into se veral spring model type s as
follows:

» DRN: Represented in the MODFLOW-2000 Drain package
* SFR2: Represented in the MODFLOW-2000 Streamflow-Routing package
» CHD: Represented in the MODFLOW-2000 Constant-Head package

Figure 4-25 illustrates the location of springs modeled with the DRN and SFR2 package.

Most of the springs included in the numerical model were simulated using the DRN package.
Exceptions occur in Pahranagat Valley, Muddy River Springs Area, and at Big Springs, where spring
discharge can flow as surface water for significant distances. The SF R2 package was use d to
simulate the springs in these areas. Exceptions were also made for very small springs with flows less
than 0.05 cfs that occurred in active ET areas already represented as ET DRN cells. It was assumed
that the flow from these springs would be accounted for by the ET DRN cells.
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Table 4-10

Setup of Regional and Intermediate Springs
in the Numerical Model of the Central Carbonate-Rock Province
(Page 1 of 2)

DRN and SFR2 Observation
Model Type? Spring Name Spring Name® Type Comment
CHD Deadman Spring -—- - -
CHD North Springs - - In an active cell next to CHD
CHD Walter Spring - - -
CHD Wilson Hot Spring 1 - - -
CHD Wilson Hot Spring 2 - - -
CHD Wilson Hot Spring 3 - - In an active cell next to CHD
CHD Wilson Hot Spring 5 - - -
DRN Arnoldson Spring SPiw07_2_01 Flow -
DRN Blue Point Spring SDiw15_2 ## Flow -
DRN Brownie Spring SPis09_4_01 Flow -
DRN Butterfield Spring SPib07_10_01 Flow
DRN Caine Spring SPis95_3_01 Flow -
DRN Campbell Ranch Springs SPib79_5 01 Flow -
DRN Cherry Creek Hot Springs SPr79 2 01 Flow -
DRN Cold Spring SPiw07_3_01 Flow ---
DRN Cold Spring SPis79_4_01 Flow -
DRN Currie Spring SPib79_6_01 Flow -
DRN Emigrant Springs SPib07_15_01 Flow -
DRN Flag Springs 1
DRN Flag Springs 2 SPiw207_7 Flow 5(';? :gp;r’;gztl' d2i’n a(;‘::oit;‘:e":\g‘;gs";
DRN Flag Springs 3
DRN Foote Res. Spring SPib95_12_01 Flow -
DRN Four Wheel Drive Spring SPis84_11_01 Flow -
Sy i UG I e pvdiivsioiing
DRN Hot Creek Spring SPr07_1_01 Flow -
DRN Keegan Spring SPis84_12_01 Flow -
DRN Kell Spring SPis95_13_01 Flow -—-
DRN Knoll Spring SPis95 4 01 Flow -
DRN Layton Spring SPis84_7 01 Flow -
DRN Lund Spring SPib07_5_01 Flow -—-
DRN McGill Spring SPiw79_1_01 Flow
DRN Minerva Spring SPis84_13_01 Flow -—-
DRN Monte Neva Hot Springs SPr79_3 01 Flow -
DRN Moon River Spring SPr07_14_01 Flow -—-
DRN Moorman Spring SPr07_6_01 Flow -
DRN Nicholas Spring SPiw07_13_01 Flow -

Section 4.0
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Table 4-10

Setup of Regional and Intermediate Springs
in the Numerical Model of the Central Carbonate-Rock Province
(Page 2 of 2)

DRN and SFR2 Observation
Model Type? Spring Name Spring Name® Type Comment

DRN North Millick Spring SPis84_3_01 Flow

DRN North Spring SPiw84_8_01 Flow -—-

DRN Osborne Springs SPis84_10_01 Flow -

DRN Panaca Spring SPr03_1_01 Flow -

DRN Preston Big Spring SDrQ7_4_## Flow Change -

DRN Preston Big Spring SDr07_4_58 Flow Change -—-

DRN Preston Big Spring SPr07_4 01 Flow -

DRN Rogers Spring SDiw15_1_## Flow Change -

DRN Rogers Spring SPiw15_1_01 Flow -

DRN South Bastian Spring SPis84_5_01 Flow -

DRN South Bastian Spring 2 SPis84_6_01 Flow -

DRN South Millick Spring SPib84_4_01 Flow -

DRN Stonehouse Spring SPis84_14 01 Flow -

DRN The Seep SPiw84_15_01 Flow -

DRN Twin Spring SPib95_15_01 Flow

DRN Unnamed 5 Spring SPis84_16_01 Flow -

DRN Unnamed Spring SPis95_14 01 Flow -

DRN Warm Creek near Gandy, UT SPiw95 2 01 Flow -

DRN Willard Springs SPis84_2 01 Flow -

DRN Willow Spring SPiw84_1_01 Flow -

SFR2 Ash Springs GdASH_61 Flow -

SFR2 Big Springs GdBIG_SPR_61 Flow -

SFR2 Crystal Springs GdXTL_61 Flow -

SFR2 End of Lake Creek GdLKCK_END_## Flow -

SFR2 End of Pahranagat Wash GdPW_7_## Flow -

SFR2 Hiko Spring GdHIKO_01 Flow -

SFR2 Muddy River at Lake Mead GdLK_MEAD_01 Flow

SFR2 Muddy River at Overton GdOVERTON_61 Flow -

SFR2 Muddy River near Glendale GdmrGLEND_08 Flow -—-
Baldwin Spring, Jones Spring, M-10,
M-11, M-12, M-13, M-15, M-16, M-19,

SFR2 Muddy River near Moapa GdmrMOAPA_## Flow '\S"F;ﬁg'g!\";:g’grssg’:g%rﬁ Zf’zfé’:‘/vi‘:‘;t
Springs East aggregated in Muddy River
near Moapa SFR2 gage observation

2DRN: MODFLOW-2000 Drain package; SFR2: MODFLOW-2000 Streamflow-Routing package;

CHD: MODFLOW-2000 Constant-Head package (Springs within CHD cells not represented in the model).

bUsed as MODFLOW-2000 and UCODE_2005 observation names in DRN and SFR2 packages. ## indicates two-digit number
corresponding to stress period.
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4441 Springs Simulated Using DRN Package

Spring discharge at selected springs was simulated using the MODFLOW-2000 DRN package. The
corresponding observations are included in the drain observation (DROB) module discussed later in
this section. Each spring was assigned to a particular model cell. Where multiple springs occupy the
same model cell, the springs were simulated as a group. A given spring (or group of springs) was
represented by one or more drains linked to a different model layer. A single spring could, therefore,
be represented by a maximum of 11 drains. However, all drains representing the spring were assigned
the same drain elevation.

The depths of the spring drains were assumed to be at 32.8 ft bgs (10 m bgs). The ground surface was
assumed to equal the minimum 30-m DEM elevation within the 1 km? grid cell in which the spring is
located. The elevation of a given spring drain was calculated as this value of the ground surface
minus the depth of the spring drain. This method of calculating the spring drain elevations was used
because spring cells in the model are typically surrounded by ET drain cells. In such cases, when the
drain elevation is set to the pool elevation or the land surface, surrounding ET drain cells effectively
restrict flows to the spring drain cell. Lowering the spring drain to 32.8 ft bgs (10 m) provides a
preferential gradient to the spring cell. If a spring occupies the same cell as an ET drain cell, the ET
drain cell is reassigned to a Wetland ET DROB observation, regardless of its original type. A similar
approach was used in the DVFS model (Faunt et al., 2004).

Spring conductance was estimated using the following equation:

C = (Q/(GS-DE))/L (Eq. 4-4)
where,
C = Conductance (L%/T)
Q = Pre-1945 target discharge rates (L*/T)
GS = Spring head elevation approximated by ground surface (L)
DE = Drain elevation (L)
L = Number of layers that contain spring cells

Spring conductances were treated as pa rameters. Initial estimates of drain conductance were
calculated as the quotient of me asured spring discharge and the difference of interpolated field
hydraulic-head and drain elevation. The values of initial estimates of spring conductance are listed in
Table 4-11. Individual spring conductances were adjusted during manual portions of the model
calibration to better approximate spring discharge. Conductance adjustments are generally limited to
within one order of magnitude of the starting value.

4.4.4.2 Springs and Streams Simulated Using SFR2 Package

If all springs were represented as drains using the DRN package, groundwater ET from basins with
significant surface-water flow could not be well represented. Where spring discha rge flows in
streams, the surfa ce water can infiltrate into the groundwa ter system and then be available for
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Table 4-11
Initial Estimates of Conductances for Spring Drains
(Page 1 of 2)

DRN and SFR2

Initial Spring

DRN Conductance

Spring Name Observation Name ft2/d (m?/d) Comment
Arnoldson Spring SPiw07_2 01 644.0 (59.83) ---
Blue Point Spring SDiw15_2_ ## 57.69 (5.360) -—-
Brownie Spring SPis09_4_01 491.2 (45.63) ---
Butterfield Spring SPib07_10_01 1,175 (109.2)
Caine Spring SPis95 3 01 NA Small spring represented by ET DRN
Campbell Ranch Springs SPib79_5 01 NA Small spring represented by ET DRN
Cherry Creek Hot Springs SPr79_2_01 3.693 (0.3431) -
Cold Spring SPiw07_3 01 428.8 (39.84) -—-
Cold Spring SPis79 4 01 NA Small spring represented by ET DRN
Emigrant Springs SPib07_15_01 537.7 (49.95) -—-
Flag Springs 1 SPiw07_9 01 _
Flag Springs 2 SPiw07_8_01 205.5 (19.09) ELTIQ #1,#2, and #3 are in the same
Flag Springs 3 SPiw07_7_01
Foote Res. Spring SPib95_12_01 2,199 (204.3)
Four Wheel Drive Spring SPis84 11 _01 NA Small spring represented by ET DRN
Hardy Spring NW SPis07_12_01 )

. . 627.1 (58.26) Small spring represented by ET DRN
Hardy Springs SPis07_11_01
Hot Creek Spring SPro7_1_01 2,174 (202.0)
Keegan Spring SPis84_12_01 927.0 (86.12) -
Kell Spring SPis95_13_01 302.5 (28.10)
Lund Spring SPib07_5 01 5,899 (548.0)
McGill Spring SPiw79_1_01 5,386 (500.4) -
Minerva Spring SPis84_13_01 1,484 (137.9) -
Monte Neva Hot Springs SPr79_3 01 141.3 (13.13) -—-
Moon River Spring SPr07_14_01 380.0 (35.30) -
Moorman Spring SPr07_6_01 206.0 (19.14) -—-
Nicholas Spring SPiw07_13_01 463.3 (43.04)
North Millick Spring SPis84_3_01 1,069 (99.28)
North Spring SPiw84_8 01 NA Small spring represented by ET DRN
Osborne Springs SPis84_10_01 NA Small spring represented by ET DRN
Panaca Spring SPr03_1_01 511.7 (47.54)
Preston Big Spring SDr07_4_## 1,218 (113.2) -
Rogers Spring SDiw15_1_## 120.9 (11.23) -
South Bastian Spring SPis84_5_01 NA Small spring represented by ET DRN
South Bastian Spring 2 SPis84 6 01 NA Small spring represented by ET DRN
South Millick Spring SPib84_4 01 1,114 (103.5)
Stonehouse Spring SPis84 14 01 NA Small spring represented by ET DRN
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Table 4-11
Initial Estimates of Conductances for Spring Drains
(Page 2 of 2)

Initial Spring
DRN and SFR2 DRN Conductance
Spring Name Observation Name ft2/d (m?/d) Comment
The Seep SPiw84_ 15 01 NA Small spring represented by ET DRN
Twin Spring SPib95_15_01 3,514 (326.5)
Unnamed 5 Spring SPis84 16 _01 NA Small spring represented by ET DRN
Unnamed Spring SPis95_14_01 NA Small spring represented by ET DRN
gg:g;vﬁrm Springs near SPiw95 2 ## 2,947 (273.8)
gzzg;vl\ﬁrm Springs near SPiw95_2_01 2,947 (273.8)
Willard Springs SPis84_2_01 NA Small spring represented by ET DRN
Willow Spring SPiw84_1_01 6.958 (0.6464)

Note: NA = Not applicable
## indicates two-digit number corresponding to stress period.

discharge by ET. In such cases, use of the SFR2 package is more applicable. SFR2 allows springs to
discharge to streams and stream water to infiltrate into the flow system downstream from the spring
orifice. The spring systems in the Muddy River Springs Area, Pahranagat Valley, and the Big Springs
area in Snake Valley are represented with SFR2.

44421 General Representation of Springs

The SFR2 package simulates the discharge of gr oundwater from a spring and the flow of  this
discharged water in a stream channel. SFR2 typically acc ounts for surficial stream-aquifer
interactions. Springs in the numerical model, however, are conceptualized to discharge from geologic
units at depths beyond surficial and alluvial layers.

To represent springs within the framework of the SFR2 package, SFR2 cells are defined at depth.
The only apparent restriction on t he reach cells is that the stream stage or, in this case, aquifer
hydraulic head have a g radient downstream. Downstream is specified by the order of the SFR2
reaches (model cells) and river segments (collections of reaches).

For springs, a stream segment is defined to represent the spring structure extending from the ground
surface to the top or bottom of the carbonate, depending on the spring type. To monitor spring flow,
gages (Table 4-12) are added at the surface reach of the SFR2 segments. These gages allow the
spring flow discharge to be monitored. Where SFR2 cells at the spring reach the surface, SFR2
segments are connected to conventional stream segments to allow flow downstream.

Once the spring flow reaches the ground surface, flow is confined to stream segments in the top active
model layer. Water in the channel can flow downstream, evaporate, be removed by diversion (ditch
or pipe), or reinfiltrate into the aquifer (a losing channel). Water from the aquifer can also seep into
the river (gaining channel). Because of the small surface area of the channels relative to the model
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Table 4-12
Spring Flow Gages Modeled Using SFR2 Package

Spring Name Observation Name Spring Type?

Big Springs Area

Big Springs GdBIG_SPR 61 INT
End of Lake Creek GdLKCK_END_## RIV
Muddy River Springs Area
Muddy River near Moapa GdmrMOAPA_## RIV
Muddy River near Glendale GdmrGLEND_## RIV
Muddy River at Overton GdOVERTON_61 RIV
Muddy River at Lake Mead GdLK_MEAD_01 RIV
Pahranagat Valley Area
Hiko Spring GdHIKO_01 REG
Crystal Springs GdXTL_61 REG
Ash Springs GdASH_61 REG
End of Pahranagat Wash GdPW_7_## RIV

8REG: Regional flow system designation; INT: Intermediate flow system designation;
RIV: Surface-water flow
#i# indicates two-digit number corresponding to stress period.

cell size, recharge is not applied to the river (recharge is applied to the entire cell via the RCH
module).

In most parts of the model, evaporation accounted for by the SFR2 module is relatively small, as it is
a function of the surface area of the open water channel. The rate of ET is defined as the open-water
ET rate for the area ofthe model (Table 4-13). Evapora tion due to ripar ian vegetation is not
accounted for using SFR2. For the water to be evapotranspired, it must leak back into the aquifer,
where it can then be discharged in ET DRN cells. Note that the SFR2 and ET DRN cell may be the
same cell.

Table 4-13
Open-Water ET Rates for SFR2 Streams
ET Rate
SFR2 Stream ftlyr (m/d)
Big Springs Creek/Lake Creek 5.63 (0.004699)
Muddy River 6.71 (0.0056)
Pahranagat Wash 6.12 (0.005105)

Flow to springs simulated using the SFR2 package was controlled by riverbe d hydraulic
conductivities. Table 4-14 lists the spring names and their corresponding parameter name and initial
estimates of riverbed hydraulic conductivities.
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Table 4-14
Parameter Names and Initial Estimates for Springs
Simulated Using SFR2 Package

Hydraulic-Conductivity
Estimate
Spring Name Parameter Name ft/d (m/d)
Big Springs Area
Big Springs SFR_COND3 0.328 (0.1)
Muddy River Springs Area
Baldwin Spring SFR_COND19 0.328 (0.1)
Jones Spring SFRaCOND19 0.328 (0.1)
M-10 SFR_COND19 0.328 (0.1)
M-11 SFRaCOND19 0.328 (0.1)
M-12 SFRaCOND19 0.328 (0.1)
M-13 SFRaCOND19 0.328 (0.1)
M-15 SFRaCOND19 0.328 (0.1)
M-16 SFRaCOND19 0.328 (0.1)
M-19 SFRaCOND19 0.328 (0.1)
M-20 SFRaCOND19 0.328 (0.1)
Muddy Spring SFR_COND19 0.328 (0.1)
Pederson East Spring SFRaCOND19 0.328 (0.1)
Pederson Spring SFRaCOND19 0.328 (0.1)
Warm Springs East SFRaCOND19 0.328 (0.1)
Pahranagat Valley Area

Ash Springs SFR_COND17 0.328 (0.1)
Crystal Springs SFR_COND16 0.328 (0.1)
Hiko Spring SFR_COND15 0.328 (0.1)

4.4.4.2.2 Detailed Descriptions of Springs/Streams Simulated with SFR2 Package

Detailed descriptions of the SFR2 package representation of the Muddy River Springs, Pahranagat
Valley, and the Big Springs areas in Snake Valley are provided in this section.

Muddy River Springs Area

The Muddy R iver Springs Area ist he largest spring dis charge area inthemod el area.
Predevelopment conditions for spring dischar ge from 14 significant springs, groundwa ter ET, and
Muddy River stream flow measured at the Muddy River near Moapa, Nevada (09416000), gage are
estimated at 26,315 afy (88,870 m*/d), 5,988 afy (20,224 m*/d), and 34,000 afy (114,821 m>/d),
respectively. Additi onal unmeasured springs and see ps occur inthis area and account for the
difference between the measured spring discharge and the groundwater ET and Muddy River stream
flow, a difference of about 14,000 afy (47,279 m?/d). Because only a small portion of the spring
discharge in this area is consumed by ET, the remainder enters the Muddy River, where it is measured
at the Muddy River near Moapa, Nevada, gage (approximately 1 m i1 downstream), and flows
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downstream through the hydrographic areas of California Wash, Lower Meadow Valley Wash, and
Lower Moapa Valley.

The spring discharge in the Muddy River Springs Area could have been removed from the model at
the spring locations, but by the time the Muddy River reaches Overton, Nevada, stream flow was
about 7,100 afy (24,000 m*/d) during predevelopment conditions, assuming about half of the stream
flow measured from Water Year 1914 to Water Year 1916 was groundwater discharge (Wells, 1954).
This suggests that about 27,000 afy (91,000 m>/d) seeped back into the aquifer or was consumed by
riparian vegetation simulated as Wetland ET. This volume of water accounts for more than half the
ET estimated in California Wash, southern Lower Meadow Valley Wash, and Lower Moapa Valley.
The stream and aquifer interactions of the Muddy River were approximated using the SFR2 package
as follows:

* The Muddy River channel was subdivided into 18 stream segments and 87 reach cells.
Figure 4-26 illustrates the SFR2 cells defining the Muddy River (Table 4-15).

* The Open Water ET rate for the Muddy River Springs Area from SNWA (2009a) was used for
the surface SFR2 channels. For stream segments representing connections to deep springs,
zero ET was specified.

+ Stream channel elevations were approximated from 2-ft contour data of the Muddy River
channel area. Riverbed spring channel elevations for segments were based on the minimum
and maximum spring pool elevations in an SFR2 cell.

* Surface channel widths were approximated, ranging from 10 ft (3 m) to 75 ft (23 m).
Subsurface channel widths were assumed to be 328 ft (100 m). Surface channel segment
lengths were based on the mapped rive r channel length in each model cell. Model layer
thicknesses were used to represent the channel length for subsurface springs.

Three gages were used in the model calibration (see Figure 4-26). An additional seven gages were
defined to monitor trends in the total stream flow. These gages are defined in Table 4-16 and shown
in Figure 4-27.

Pahranagat Valley

Three regional springs discharge at the northwest part of Pahranagat Valley. Down-gradient of these
springs is a significant extent of w etland phreatophyte along Pahranagat Wash, which flows south
along the axis of the valley . SNWA (2009a) explains that these wetlands are maintained by the
groundwater discharge from these regional springs. In other words, groundwater is made available to
wetland phreatophyte communities supported by a shallow al luvial aquifer that is recharged by
groundwater discharge from the regional springs.

The representation of groundwater discharge in Pahranagat Valley is complex, in part, because the
conceptual model predicts that 93 percent of the water that evapotranspires from Pahranagat Valley
first flows out of Ash, Brownie, Crystal, and Hiko springs. This prediction implies that there is
relatively little other groundwater discharge in Pahranagat Valley. From a practical stan dpoint,
discharging 26,735 afy (90,287 m>/d) out of four springs and having relatively little other
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Representation of the Muddy River Springs and Muddy River
in the Numerical Model Using the SFR2 Package
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Table 4-16
Muddy River Gages

Gage Name Segment Reach
Warm Springs West 2 1
Iverson Flume 13 1
Muddy River near Moapa 5 2
Muddy River at California Wash HA Boundary 5 6
California Wash 8 1
Muddy River near Glendale 8 9
Muddy River at mid #1 to mid #2 Overton Segment 10 1
Muddy River at mid #2 to mid #3 Overton Segment 11 1
Muddy River at Lewis Avenue at Overton 12 1
Muddy River at Lake Mead 12 9
7ooiooo 725,000
& Legend
219 Warm Springs\West and-lverson Flume Stream Flow Routing
MUDDY Muddy River near Moapa Gage Type
Sgll?‘ﬁg l O  Real @® Pseudo
MUddy Riyer at California Wash HA boundary Stream Flow Routing
Segment
Muddy River near Glendale 222 1,2, 3 4; . gr
y VIRGIN 7.5, 14- I 6:5
RIVER .3 36
Muddy River'in L02|/2V0ER VALLEY B oo [ s
Callifornia Wash MOAPA L4 R
fluddy Rive‘. QD VALLEY [ Jass [
218 at mid { Overton to X [ s [ T
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3 e g M5 7s [l
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Figure 4-27
Gages Along the Muddy River
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regional/intermediate aquifer water discharging 1,785 afy (6,029 m?/d) from neighboring model cells
requires special treatment and/or adjustments to the conceptual model.

To approximate the discharges estimated in the conceptual model, the following assumptions were
made for Pahranagat Wash:

1. The Wash channel floor and phreatophyte (ET DRN ce lls) from Hiko to Ash springs is
essentially impermeable. This allows significa nt artesian pressures (head above ground
surface) to build in the area of the springs, providing sufficient flow out the springs and into
Pahranagat Wash, without allowing any other groundwater seepage. In the numerical model,
the SFR2 channel conductances and ET DRN cell conductances were set to zero or near zero.

2. From Ash Spring south to the Pahranagat Shear Zone, Pahranagat Wash, and wells drilled
near the wash, and the riparian vegetation along the river sides are drawing water largely from
a perched or semiperched, stream-channel aquifer sustained by Pahranagat Wash. The
numerical model was not configured to manage perched conditions, but the net result can be
approximated. Along the entire le ngth of the wash, the channel width is defined to be
between 492 ft (150 m) and 984 ft (300 m) wide. The actual channel width is closer to 15 to
33 ft (5 to 10 m). These excessively wide channel widths are meant to reflect the open water
area as well as the riparian areas supported by Pahranagat Wash. This approach allowed
sufficient discharge as ET without maintaining higher hydraulic heads in the aquifer necessary
to achieve groundwater-derived ET rates.

The SFR2 package represents the regional springs and Pahranagat Wash to a pproximate these
processes, which are similar to what is occurring at Muddy River Springs Area and along the Muddy
River. A vertical segment was defined below each spring pool to the bottom of the carbonate RMU.
Additional segments were added to carry flows southeast into the Pahranagat Shear Zone. In addition
to matching spring flows in P ahranagat Wash, flows in Pahranagat Wash should be zero at the point
where Pahranagat Wash reaches Coyote Spring Valley.

Pahranagat Wash was defined using 10 stream segments and 92 reach cells (see Figure 4-28). The
description of each segment is presented in Table 4-17.

Spring SFR2 cells at depth for Hiko and Crystal springs were shifted one cell west so that the springs
would be dr awing water from the lar ger-K large-displacement and moderate-displacement fault
zones. They were originally located in carbonate-mountain-block materials. Prior to this adjustment,
expected flows were impossible to obtain.

SFR2 package specifications for Pahranagat Wash included the following:

1. The Open Water ET rate for the Pahranagat Valley hydrographic area from SNWA (2009a)
was used for the surface SFR2 channels. For spring channel segments, zero ET was defined.

2. Riverbed stream channel elevations were estimated from the USGS 30-m DEM. Riverbed
spring channel elevations were based on the spring po ol elevation and the 30-m DEM
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Figure 4-28
Pahranagat Wash Stream Flow Routing Segments

elevation where the spring tributary left the model cell or at its confluence with Pahranagat
Wash.

3. Surface channel widths were assumed to be 10 ft (3 m). Subsurface channel widths were
assumed to be 328 ft (100 m).

4. Surface channel segment lengths w ere based on the mapped river channel length in each
model cell. Channel lengths for spring segments occurring at depth were based on model
layer thicknesses.

5. The Pahranagat Wash is assumed and required to dry up before the last SRF2 reach.

Four flow observations were specified as gages and used as mode 1 constraints. An additional six
gages were defined to monitor trends in the total stream flow. These are defined in Table 4-18 and
shown in Figure 4-28.

Big Springs Area

In southern Snake Valley, Big Springs is a large intermediate-class spring that supplies water to Big
Springs Creek, Lake Creek, and Pruess Lake. Significant Wetland ET occurs along the length of the
creek. The SFR2 package was used to represent the process of supplying Big Springs discharge to
Wetland ET areas along the creek.
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Table 4-18
Pahranagat Wash Gages

Gage Name Segment Reach
Pahranagat Wash at Crystal Springs 25 9
Pahranagat Wash at Ash Springs 26 11
Pahranagat Wash #3 27 6
Pahranagat Wash #4 28 8
Pahranagat Wash #5 29 13
Pahranagat Wash #6 30 7
End of Wash 31 8
Hiko Spring 32 8
Crystal Springs 33 8
Ash Springs 34 8

Similar to the Muddy River Springs Area, a vertical stream segment was defined below the spring
pool. Additional stream segments carry flows northeast to Pruess Lake and slightly beyond toward

Baker.

Big Springs discharge was used as a m odel observation. Stream flows at the final rea ch

should be approximately zero.

Big Springs Creek and Lake Creek were defined using 6 stre am segments and 50 r each cells

(Figure

4-29). The description of each segment is presented in Table 4-19.

SFR2 package specifications for Big Springs included the following:

I.

4-60

The Open Water ET rate for the Snake Valley hydrographic area from SNWA (2009a) was
used for the surface SFR2 channels. For spring channel segments, zero ET was defined.

Riverbed stream channel elevations were estimated from the USGS 30-m DEM. Riverbed
spring channel elevations were based on the spring p ool elevation and the 30-m DEM

elevation where the spring tributary left the model cell or at its confluence with Big Springs
Creek.

. Surface channel widths were assumed to be 10 ft (3 m). Subsurface channel widths were

assumed to be 328 ft (100 m).

. Surface channel segment lengths w ere based on the mapped river channel length in each

model cell. Channel lengths for spring segments occurring at depth were based on model
layer thicknesses.

. Lake Creek is assumed and required to dry up north of Pruess Lake and before the final SRF2

reach.
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Big Springs Creek and Lake Creek Stream Flow Routing Segments and Gages
Table 4-19
Characteristics of Big Springs Area Stream Flow Routing Segments
Riverbed Elevation
Channel
Number Segment Upstream | Downstream | Width | ET Rate
of Downstream | Length | Conductance ft amsl ft amsl ft ftiyr Reynolds
Segment | Reaches | Segment ID ft (m) Parameter (m amsl) (m amsl) (m) (m/d) Number Description
5,404 5,568 5,528 328 0 . .
19 6 20 (1.647) SFR_COND3 (1697.1) (1,685.0) (100) (0.00) 0.05 Big Springs
40,753 5,528 5,430 32.8 5.63
20 16 21 (12.421) SFR_COND4 (1,685.0) (1.655) (10) (0.0047) 0.035 |Utah Border
26,753 5,430 5,361 32.8 5.63
21 10 22 (8.154) SFR_COND5 (1.655) (1.634) (10) (0.0047) 0.035 | Stream Segment #2
18,925 5,361 5,358 32.8 5.63
22 7 23 (5.768) SFR_COND6 (1.634) (1.633) (10) (0.0047) 0.035 |Stream Segment #3
7,041 5,358 5,355 1,969 5.63
23 4 24 (2.146) SFR_COND7 (1.633) (1.632) (600) | (0.0047) 0.035 |Pruess Lake
20,756 5,355 5,227 32.8 6.11
24 7 End of Creek (6,326) SFR_COND18 (1.632) (1.593) (10) (0.0051) 0.035 End of Lake Creek
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Two flow observations were specified as gages and used as model constraints along Big Springs and
Lake creeks. An additional three gages were defined to monitor trend s in the total stream flow.
These gages are defined in Table 4-20 and shown in Figure 4-29.

Table 4-20
Big Springs Area Gages
Gage Name Segment Reach
Big Springs 20 1
Big Springs Creek at State Line 21 1
Lake Creek above Pruess Lake 22 1
Lake Creek at Pruess Lake 23 1
End of Lake Creek 24 7

4.5 Precipitation Recharge

Groundwater recharge was represented in the numerical model using the MODFLOW-2000 recharge
(RCH) package (McDonald and H arbaugh, 1988). A brief description of the RCH pac kage is
presented, followed by the methodology us ed to generate the input recharge grid and its
implementation in the numerical model.

45.1 RCH Package

The RCH package simulates areally distributed recharge to the flow system represented in the model
flow domain. In general, the sole source of the simulated areal recharge is precipitation (McDonald
and Harbaugh, 1988).

The recharge distribution is input to the model in the form of a grid of recharge rate values (in units of
length per unit time). The recharge flow rate applied to the model through the top face of each model
cell is calculated by the RCH package as the input recharge rate times the area of the top face of the
model cell. The resulting recharge flow rate is applied to the top model layer (McDonald and
Harbaugh, 1988). The R CH package could be used to simulate areal recharge from other sourc es,
such as artificial recharge or secondary recharge from irrigation.

A limitation of the RCH package allows the input of recharge rates only as a distributed recharge-rate
grid. If recharge needs to be varied during model calibration, the recharge rates themselves must be
treated as parameters. A methodology was developed toa llow more flexi bility in the
parameterization of the recharge distribution.

45.2 Methodology

The methodology described in this section uses the potential-recharge-estimation process described in
SNWA (2009a), distributes the recharge to appropriate locations, and integrates the generation of the
input recharge grid in the model-calibration process. The integration of this methodology into the
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model calibration is a com plex process that requires numerous operations prior to the execution of
MODFLOW-2000. Some operations are done once; others must be repeated with each change to a
recharge-related parameter. B ecause of the complexity of the problem, the recharge distribution
cannot be calculated inside MODFLOW-2000. Therefore, UCODE 2005 was used to manage these
tasks.

The methodology was developed to use precipitation as the starting point for estimating the input
recharge distribution for the model and to allow recharge rates to vary during the numeric al-model
calibration process, where necessary. This m ethodology also resolves issues associated with the
limitations stemming from the use of a groundwater-balance method to derive the initial distribution
of recharge from precipitation.

Groundwater-balance recharge methods, such as the Maxey-Eakin method (Maxey and Eakin, 1949)
and that used by SNWA (2009a) for the numerical model, only provide an estimate of the distribution
of potential recharge. Potential recharge is de fined as the sum of the in-place recharge and the
undistributed portion of runoff recharge. In these groundwater-balance methods, the precipitation
distribution and estimated annual discharge volumes are used to derive a spatial distribution of RE
(SNWA, 2009a). Limitations of this method are that (1) the hydrogeology of the rocks located above
the water table through which in-place recharge infiltrates is ignored; (2) as a result, the in-place and
runoff recharge components are lumped; and (3) the runoff recharge component is not distributed
along the runoff pathways where it infiltrates.

The methodology was de veloped and implemented in a preprocessing step to MODFLOW -2000 to
separate the two components of potential re charge and distribute the runoff recharge along likely
pathways (Figure 4-30). The following describes each step of the process:

« Step 1: The process is initiated by discretizing precipitation, RE, and potential recharge areas
using the model grid and then combining the grids to obtain a grid of potential recharge.

- The precipitation is in the form of a grid of annual mean rates.

- The RE are specified for predefined precipitation intervals and are expressed as a fraction
of the precipitation rates. The RE are also in grid form.

- Potential recharge consists of two components: in-place recharge and recharge from runoff.
For a given basin, potential recharge areas are defined as the area of the basin, exc luding
areas where precipitation is less than 8 in. or within an ET area. This is a ma sking grid
where valley-bottom grid values are set to zero and all other grid values are set to 1.

- A distribution of potential re charge is de rived for the model area by multiplying the
precipitation grid, the recharge efficiency grid, and the potential recharge area grid.

» Step 2: This step requires the potential recharge grid and a grid of hydrogeologic factors
accounting for the type ofroc k receiving the pr ecipitation. The hydrogeologic fa ctors
represent the fraction of the potential recharge that becomes in-place recharge. The remainder
is runoff recharge.
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The methodology described above was implemented in a preprocessing step to MODFLOW-2000 to
separate the two components of potential re charge and distribute the runoff recharge along likely

Figure 4-30
Process to Develop Recharge Distribution

Methodology Application

Step 3: This step requires the portion of potential recharge that constitutes runoft recharge
calculated in the previous step and a grid of runoff pathways derived from watershed analysis.
The volume of runoff recharge calculated for each watershed is distributed along the system
of runoff pathways.

Step 4: This step c onsists of adding the two grids representing the in-place recharge and the
distributed runoff recharge to derive a recharge grid for MODFLOW-2000.

pathways. Specific details about the methodology steps are provided in this section.
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45.3.1 Potential Recharge (Step 1)

This section describes the potential recharge distribution generated for the num erical model are a
following Step 1 of the methodology outlined previously. Descriptions of the precipitation, RE, and
potential recharge area grids are provided first.

The precipitation distribution used in the conc eptual model (SNWA, 2009a) is the
Parameter-elevation Regressions on I ndependent Slopes Model (PRISM) (800-m 1971 to 2000
normal, version 2) precipitation grid. This grid was resampled to the numerical model grid (i.e., the
grid was converted from its 6,888,903 ft? [640,000 mz] grid to the numerical model’s 10,763,910 ft?
[1-km?] grid). These data estimate the amount of annual precipitation for every model grid cell
(Figure 4-31).

As discussed in SNWA (2009a), RE were estimated for the four interpreted major flow systems in the
model area (Table 4-21): the White River, Goshute Valley, Great Salt Lake Desert, and Meadow
Valley flow systems. During modeling, several subregions were also divided out ( Table 4-22).
Hamlin Valley, for example, is within the Great Salt Lake Desert, but its surficial geology is similar,
over most of the basin, to that of the MVFS. As a result, RE from the two flow systems were applied
to the appropriate portions of Hamlin Valley (Figure 4-32). The RE were assumed to be the same as
for the WRFS. As discussed in Section 3.0, to facilitate model calibration using the limited data
available for the northernmost portion of the WRFS, Long Valley and a portion of Jakes Valley were
reclassified as being part of the Newark Flow System. The initial RE for the Newark Flow System
were assumed to be the same as for the WRFS. Several parameters were defined to vary the RE
(Table 4-21). The recharge efficiency distribution for the numerical model is represented by a grid
and is illustrated in Figure 4-32.

Areas of potential recharge are defined in SNWA (2009a) as areas where most of the in-place
recharge occurs and mountain-front runoff is generated. This are a of potential recharge is used to
estimate the recharge distribution. Potential recharge is assumed to occur in all areas of a given basin
except in (1) groundwater-discharge areas and (2) areas where the precipitation is less than 8 in. The
valley bottom of each basin was delineated using the USGS 30-m DEM. The potential recharge areas
and valley bottoms were represented in grid form by values of 1 and 0.

The distribution of potential recharge to the aqui fer system is a f unction of local precipitation and
recharge efficiency. Additionally, zero recharge is assumed to occur where precipitation is less than
8 in. and in ET areas. Thus, the distribution of potential recharge in the numerical model area was
calculated as the product of the three grids and is illustrated in Figure 4-33.

45.3.2 In-Place Recharge and Runoff Recharge (Step 2)

The potential recharge from precipitation for a given area is portioned into in-plac e and runoff
recharge components based on the hydraulic conductivity of the material present between the land
surface and the water table (unsaturated zone). Because the model used in this project was not
designed to simulate the detailed processes of recharge, a simplification was made to partition the
potential recharge using hydrogeologic factors.
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Table 4-21
Recharge Efficiencies as Fraction of Precipitation and
MODFLOW-2000 and UCODE_2005 Parameter Names

Precipitation
Zone Recharge Efficiency MODFLOW-2000 UCODE_2005
(in./yr) (fraction of precipitation) Parameter Name Parameter Name

Goshute Valley Flow System RSC_ME_GV

<8 0
8to 12 0.0141 R_ME2_GV_R RtME2_GV_R
12t0 15 0.0530 R_ME3_GV_R RtME3_GV_R
15t0 20 0.1266 R_ME4_GV_R RtME4_GV_R
>20 0.3165 R_ME5_GV_R RtME5_GV_R
Great Salt Lake Desert Flow System RSC_ME_GSL

<8 0
8to 12 0.0091 R_ME2_GSLD RtME2_GSLD
12t0 15 0.0455 R_ME3_GSLD RtME3_GSLD
1510 20 0.1136 R_ME4_GSLD RtME4_GSLD
>20 0.3059 R_ME5_GSLD RtME5_GSLD

Las Vegas

<8 0

81012 0.0061 R_ME2_LV_R

12t0 15 0.0347 R_ME3_LV_R

15t0 20 0.1186 R_ME4 LV R

>20 0.3728 R_ME5_LV_R -—-
Meadow Valley Flow System RSC_ME_MVW

<8 0 - -
8to 12 0.0006 R_ME2_MVW_ RtME2_MVW_
12t0 15 0.0108 R_ME3_MVW_ RtME3_MVW_
15t0 20 0.0625 R_ME4_MVW_ RtME4_MVW_
>20 0.2304 R_ME5_MVW_ RtME5_MVW_

Newark Flow System

<8 0
81012 0.0061 R_ME2_NE_R RtME2_NE_R
12t0 15 0.0347 R_ME3_NE_R RtME3_NE_R
15t0 20 0.1186 R_ME4_NE_R RtME4_NE_R
>20 0.3728 R_ME5_NE_R RtME5_NE_R
White River Flow System RSC_ME_WR

<8 0 - -
8to 12 0.0061 R_ME2_WR_R RtME2_WR_R
12t0 15 0.0347 R_ME3_WR_R RtME3_WR_R
15t0 20 0.1186 R_ME4_ WR_R RtME4_WR_R
>20 0.3728 R_ME5_WR_R RtME5_WR_R
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Table 4-22
Recharge Efficiencies of Flow System Subregions

UCODE-Derived
Parameter Name

Precipitation Zone Recharge Efficiency
(in./yr) (fraction of precipitation)

Great Salt Lake Desert Flow System (Fish Springs)

<8 0
8to 12 R_ME2_GSLD R_ME2_GSFS
12to 15 R_ME3_GSLD R_ME3_GSFS
15to 20 R_ME4_GSLD R_ME4_GSFS
>20 R_ME5_GSLD R_ME5_GSFS
Great Salt Lake Desert Flow System (Gandy Area Watershed)
<8 0
8to0 12 R_ME2_GSLD * 1.25 R_ME2_GSGY
12t0 15 R_ME3_GSLD * 1.25 R_ME3_GSGY
15 to 20 R_ME4_GSLD * 1.25 R_ME4_GSGY
>20 R_ME5_GSLD * 1.25 R_ME5_GSGY
Great Salt Lake Desert Flow System (Garden Valley)
<8 0
8to 12 R_ME2_WR_R R_ME2_GSGD
12t0 15 R_ME3 WR_R R_ME3_GSGD
15to 20 R_ME4_WR_R R_ME4_GSGD
>20 R_ME5 WR_R R_ME5_GSGD
Great Salt Lake Desert Flow System (Hamlin Valley - North)
<8 0 -
8to 12 R_ME2_GSLD * 0.50 R_ME2_GSHM
12to 15 R_ME3_GSLD * 0.50 R_ME3_GSHM
1510 20 R_ME4_GSLD * 0.50 R_ME4_GSHM
>20 R_ME5_GSLD * 0.50 R_ME5_GSHM
Meadow Valley Flow System (Hamlin Valley - South)
<8 0
8to 12 R_ME2_MVW_ *0.50 R_ME2_MVHM
12t0 15 R_ME3_MVW_ *0.50 R_ME3_MVHM
1510 20 R_ME4_MVW_ *0.50 R_ME4_MVHM
>20 R_ME5_MVW_ *0.50 R_ME5_MVHM
White River Flow System (Dry Lake)
<8 0
8to 12 R_ME2_WR_R R_ME2_WRDL
12to 15 R_ME3_WR_R R_ME3_WRDL
1510 20 R_ME4 WR_R R_ME4_WRDL
>20 R_ME5 WR_R R_ME5_WRDL
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Transient Numerical Model of Groundwater Flow for the CCRP

The hydrogeologic factor represents the portion of potential recharge that becomes in-place recharge.
This factor takes into account the type of material present at and above the water table. Table 4-23
lists the hydrogeologic factors or fractions of potential recharge allowed to infiltrate in-place by RMU
or group of RMUs. These factors are indicative of the hydraulic conductivity of the materials present.
In high-K (highly-permeable) materials, 100 percent in -place infiltration is possibl e. In low-K
materials such asthe BASE RMU, as little as 2 percent is assumed to infiltrate in-place, with
98 percent running off. For example, little infiltration occurs in low-K plutonic or basement rock,
resulting in a small in-place—to—runoff recharge ratio and runoff of most of the potential recharge to
more permeable materials along alluvial fans or valley bottoms. The hydrogeologic factors were
treated as parameters during model ca libration. The pa rameter names are listed in Table 4-23.
Figure 4-34 illustrates the distribution of geologically controlled infiltration zones. The amount of
runoff recharge is then distributed along runoff pathways and infiltration areas discussed in the next
section.

Table 4-23
Rock-Type Relationship to Runoff and In-Place
Recharge in the Calibrated Steady-State Model

Hydrogeologic Factor

(In-Place Recharge as Fraction UCODE_2005
of Potential Recharge) Rock Type Present? Parameter Name

0.6 Carbonate at Water Table R_ROCARB_W

0.3 Carbonate at Water Table, below LVF R_ROCARB_L

1.0 Carbonate at Water Table, below UVF R_ROCARB_U

1.0 UVF at Water Table R_ROUVF_WT

0.35 LVF at Water Table R_ROLVF_WT

1.0 LVF at Water Table, below UVF R_ROLVF_UU

0.02 BASE, PLUT, UA, Kps at Water Table R_ROLOWK_W

8General infiltration categories based on RMU between land surface and the estimated regional water table.

4.5.3.3 Runoff Pathways (Step 3)

To distribute the runof f recharge, it was necessary to identify t he likely runoff pathways and
infiltration areas.

To accomplish this task, a watershed analysis was conducted using the USGS 30-m DEM resampled
to the model grid. The purpose of the watershed analysis is to define small, local watersheds along
mountain fronts. Watersheds define areas of runoff and catchment points, and distribution paths
define where the runoff infiltrates into the cor responding model layer. The identified features can
only be changed prior to t he execution of UCODE 2005 and MODF LOW-2000. These features
cannot be programmatically adjusted during a model run (or during parameter-estimation runs).

Approximately 7,000 catchment points were defined. From these catchment points, the watersheds
were delineated. Conceptually, recharge above a catchment point can infiltrate in-place in the cell
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Transient Numerical Model of Groundwater Flow for the CCRP

where the precipitation falls or can runoff to lower ground. Above a catchme nt point, though, no
runoff water is allowed to infiltrate into another cell. In other words, all runoff in a watershed will
accumulate at the catchment point.

From each catchment point, a distribution path is defined. Typically, the distribution path extends
from the valley bottom where at least four cells extend into the UVFE. This distribution path could be
4 cells long or as long as 40 cells. If the distribution path overlies non-UVF material, no infiltration
occurs along the segment. A distribution path can contain multiple infiltration segments. Figure 4-35
shows a set of catchment points and redistribution routes in the south Snake Valley area. A linear
algorithm was used to distribute the runoff volume in the catchment along the distribution path. In
other words, the total runof f volume at a catchment point was equally allocated to cells along the
distribution path. Figure 4-36 shows the redistributed runoff recharge.

45.3.4 Recharge Distribution (Step 4)

The recharge distribution grid used as the input to MODFLOW-2000 is obtained by adding the
in-place recharge grid and the distributed runoff recharge grid (Figure 4-37). The grid and associated
parameters are described in this section.

The total recharge ina grid cell is the sum of in-place and runoff recharge. In-place recharge is
dependent on the RE and hydrogeologic factors described earlier, which are treated as UCODE_2005
parameters. Before MODFLOW-2000 is started by UCODE 2005, a new MODFLOW-2000
cell-by-cell recharge rate array (RCH) is calculated. This approach allows UCODE 2005 to estimate
sensitivities and optimal values for these parameters.

Some constraints are placed on these parameters. The hydrogeologic fa ctors (in-place recharge as
percent of potential recharge) were set to range between 0 and 100 percent. RE were set to increase
with precipitation following a step-function. Specifically, RE for lower precipitation zones wer e
required to be less than or equal to RE for higher precipitation zones.

454 Transient Recharge

Because of the lack of accurate time-variant data, recharge was based on average annual rates, and
those rates were held constant during t he entire modeling period. Asar esult, while se asonal
fluctuations, drought, and wet periods were observed in some areas, such as Steptoe Valley, the model
was not set up to represent those fluctuations.

4.6 Anthropogenic Stresses

Two types of anthropogenic stresses wer e applied to the numerical model: well pumping and stream
diversions. The influences of Lake Mead were considered as a predevelopment condition.
Predevelopment conditions were assumed to prevail before 1945. Under predevelopment conditions,
while there was some groundwate r use by humans within the model area, it was assumed to be
minimal. Pre-1945 conditions were modeled a s steady state with no pumping and no stre am
diversions. As discussed in Appendix C, groundwater was used consumptively for irrigation, mining,
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municipal, and industrial purposes. These uses are all tied either to a point of diversion (POD)
permitted by NDWR or UDWR or known well or diversion locations. The minimum stress period is
one year.

46.1 Well Pumping

The MODFLOW Multi-Node Well (MNW) (Halford and Hanson, 2 002) module was used to
simulate all pumping wells. The MNW module was used because pumping from a single well could
be distributed over multiple model layers, and the MNW module would properly apportion pumping
to each model layer based on the layer material properties and relative saturated thickness. The
pumping rates were as defined in Appendix C and are provided in the MNW input file on the DVD.
The estimation of the screened intervals and identification of perched wells are discussed below.

46.1.1 Estimation of Screened Intervals

For many of the wells assigned as PODs, the ground- surface elevation and the screened interval(s)
were described in driller’s logs. This information was required to define the model layers from which
water should be extracted. For some wells, either the ground-surface elevation was missing or the
screened interval information was not available. In these cases, the screened interval elevations were
estimated using one of the following rules:

* Rule 1: If the well elevation was unknown, the elevation was approximated based on 98.4 ft
(30 m) USGS DEM data.

* Rule 2: Where available, screen top and screen bottom were based on original driller's logs.
In cases where the vertical spacing between multiple interval records was insignificant, the
multiple screened intervals were merged into a single screened interval.

* Rule 3: For wells with missing screened interval information, the nearest well screened in a
similar unit (UC, LC, etc.), with kn own screen-depth information was found. If a well with
known screen-depth information was within 3.1 mi (5 km) and within the same hydrographic
basin, screen-depth information from anei ghboring well wasusedt o calculate screen
elevations.

* Rule 4: For wells not meeting rules 1, 2, or 3, the screen top was assumed to be at ground-
surface elevation. The screen bottom was assumed to be at ground-surface elevation minus
the maximum screen depth from wells within its hydrographic basin.

A saturated screen thickness was calculated as a check to ensure that the assumptions described above
yielded an estimated screen interval with sufficient saturated thickness. The screen bottom elevation
was subtracted from the simulated steady-state stress period water table to e stimate the saturated
screen thickness. Figure 4-38 shows the distribution of saturated screen thicknesses estimated by the
method described above. Figure 4-39 illustrates each POD and the rule used to estimate the screen
interval information for the well.
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4.6.1.2 Perched Wells

Several pumping wells (Table 4-24) in the study a rea were not included in the numerical model.
These wells were removed because they appeared to be in perched aquifer systems, typically located
within unconsolidated materials not represented in the framework model.

Table 4-24
Pumping Wells Not Included in the Numerical Model
Eliminated
Pumping Well HA Reason
WU_179 MM _1 179 (Steptoe Valley) Groundwater diversion in Duck Creek for mine related operations.
WU194_IRR_1
194 (Pleasant Valley)
WU194_IRR_2
WU204_IRR_6
204 (Clover Valley)
WU204_IRR_8
Well in perched, unconsolidated deposits not represented in model.

WU207_IRR_12
WU207_IRR_16

207 (White River Valley)
WU207_IRR_17
WU207_IRR_19

4.6.2 Stream Diversions

While there are a number of ditch and pipe diversions from springs and streams in the model area,
only three stream PODs were evaluated. These were along the Muddy Ri ver near Pipeline Jones
Spring, Baldwin Spring, and just upstream of the Muddy River near Moapa gage. The diverted flows
were as large as 3,468.5 afy (11,713 m%/d).

These diversions were represented in the numerical model using the SFR2 module (Table 4-14).
When water was diverted, if date available, the diversion amount was removed from the channel and
removed from the model.

4.7 Observation Data

Several types of observations, including external boundary flows, hydraulic hea ds, groundwater ET,
spring discharge, stream flow gages, and ground-sur face elevations, were used in the numerical
model. These obser vations and their corresponding weights were used by MODFLOW-2000 and
UCODE 2005 during parameter estimation to provide values to define the objective function for the
model simulation. Observation weights in MODFLOW-2000 and UCODE 2005 were derived from
measures of uncertainty specified either as the variance, standard deviation, or COV. The observation
data set for boundary flows, hydraulic heads, groundwater discharges (ET and spring flows), and
stream discharges are described below.

4-80 Section 4.0



Transient Numerical Model of Groundwater Flow for the CCRP

4.7.1  Steady-State and Transient Observations

Observation wells were divided into steady-state and transient observations. Table 4-25 summarizes
the observation types used for calibration statistics. External boundary flows, groundwater ET, and
most small-spring observations were treated as steady-state observations. An observation was treated
as a steady-state target if there was no specific time reference associated with the data, the data was
pre-1945, or the estimate was specifically estimated as a predevelopment target.

Table 4-25
Observation Types Used for Calibration
and SoSWR Statistics

Observations

Observation Type Steady-State Transient
External Boundary Flux X -
ET Discharge X -
Ground-Surface Mounding X
Hydraulic Heads X X
Spring Flows X X
Spring Heads - —
Stream Gage Flows X X

4.7.2  External Boundary Flow Observations

Estimates of flow across external model boundaries are presented in SNWA (2009a). These estimates
represent flow-observation calibration targets for the steady-state stress period. These boundary
flows are computed using the CHOB module.

At model cells assigned constant-head values, such as cells along constant-head boundaries,
MODFLOW-2000 calculates the amount of flow to and from the cell required to keep the hydraulic
head at that cell constant. Flow across a given face of a grid cell i s calculated as the conductance
times the hydraulic-head difference. These are the conductances of the material between the center of
the constant-head cell and the center ofthe adjacent cell within the model domain. The
hydraulic-head difference is also calculated between these two points.

In the numerical model, the external boundaries represented by constant hydraulic heads were used as
groundwater-flow observations. The flow rates across these boundaries were constrained within an
estimated range of va lues derived by SNW A (2009a). The cell conduc tances were treated as
parameters during model calibration. The external boundary flow targets, errors, and observation
names are listed in Table 4-26.
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Table 4-26

External Boundaries, Observation Names,
Estimated Flow Targets, and Estimated Errors

Boundary Name

Observation
Name

into (+) out of (-)
Model Domain
afy (m3/d)

Estimated Boundary Flow

Standard
Deviation
afy (m®/d)

Goshute Flow Syst

Butte South to Butte North

B_BUTTE_001

-1,000 (-3,377)

1,750 (5,910)

Steptoe to Goshute

B_STEPTO_001

-2,000 (-6,754)

2,000 (6,754)

Great Salt Lake Desert Flow System

Snake to Tule

B_CONFUS_001

-15,000 (-50,656)

5,000 (16,885)

Snake to Fish Springs Flat B_FISH_001 0(0) 1,000 (3,377)
Snake to Great Salt Lake Desert (Carbonate) | B_NSNAKE_001 -9,375 (-31,660) 7,250 (24,484)
Snake to Wah Wah B_SNAKEE_001 0(0) 2,500 (8,443)
Snake to Pine B_SNAKEW_001 0(0) 2,500 (8,443)

Tippett to Antelope Valley (South) and Deep
Creek Valley

B_TIPPET_001

-3,874 (-13,083)

6,500 (21,951)

White River Flow System

Tikaboo to Coyote Spring Valley

B_COYOTE_001

5,000 (16,886)

2,750 (9,287)

Northwest Garden to Penoyer B_GARDEN_001 0(0) 1,000 (3,377)
Las Vegas Valley to Three Lakes Valley B_LASVEG_001 0(0) 1,497 (5,057)
South

Black Mountains to Lake Mead B_LM_BM_001 0(0) 250 (844)

North Long to Ruby

B_LONGNW_001

-2,000 (-6,754)

2,000 (6,754)

North Long to Newark

B_LONGSW_001

-12,000 (-40,525)

3,000 (10,131)

Lower Moapa to Lake Mead

B_MOAPA_001

-11,000 (-37,148)

4,250 (14,353)

Pahranagat to Tikaboo Valley South

B_PAHRAN_001

-4,000 (-13,508)

3,000 (10,131)

4.7.3

Hydraulic-Head Observations

Appendix B presents the data set of hydraulic-head observations and variances that were used in
calibrating the transient model. The distribution of hydraulic-head observation wells by aquife r
material is presented in Figure 4-40.

Hydraulic-head observations were treated as both steady-state and transient observations. Only wells
with pre-1945 observations, though, were defined as steady-state observations. For wells with
multiple hydraulic-head observations, usually only the first observation was treated as a
hydraulic-head observation. Ge nerally, any fo llowing observation was trea ted as a dra wdown
observation. This was done because for many wells, there is much less measurement uncertainty in
the change in hydraulic head over time than in the actual elevation of the well or the static water
surface (many wells are only located to the nearest 1/4-1/4 section). In some wells, particularly in
Steptoe Valley, multiple hydraulic-head observations were assigned for all of th e water-level
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measurements at a well. This was done be cause the seasonal or longer-term climatic oscillations
were more significant than the apparent drawdowns.

Appendix B provides a detailed listing of observation locations, target hydraulic he ads, variances,
rationale for variance calculations, and rationale for excluding the observation. Two variance
adjustments were performed in addition to those described in Appendix B:

*  Where more than one hydraulic-head observation exists in a single cell, data declustering was
performed. Each observation was retained; however, the variance of each observation was
multiplied by the number of observations in the cell.

*  Where a hydraulic-head observation is in an ET cell, the variance was set equal to the range of
30m DEM elevation within the 1 km? cell.

Throughout the calibration process, the observations with large weighted residuals were scrutinized.
If reasons, as described above, existed in dicating the observation was suspect, t he variance was
increased or the observation was removed. Figure 4-41 illustrates the spatial distribution of
declustered observations. Figure 4-42 illustrates the spatial distribution of re sulting variances
assigned to hydraulic-head observations.

4.7.4  Evapotranspiration Flow Observations

SNWA (2009a) presents an uncertainty analysis of groundwater ET estimates using a Monte Carlo
simulation approach. Table 4-27 lists the resulting ET observation targets, uncertainty, and model
observation names repr esented in the numerical model. The MODFLOW-2000 DRN and SFR2
packages simulate ET discharge. The DROB package was used to extract ET discharge values from
the DRN package. ET from Open Water (open water represented as streams) was extracted from the
SFR2 package and added to Wetland ET components in corresponding hydrographic areas.

In larger basins, ET obser vation targets were developed at a sub-basin scale. These larger basins
consist of two to five sub-basins. In the calibrated model, sub-basin divisions were applied to Lower
Meadow Valley Wash and S teptoe, Snake, Spring (HA 184), and White R iver valleys. These
sub-basins were beneficial in the accounting of groundwater discharge by ET. Observations in the
Pahranagat sub-basins were aggregated to a single value for each ET type to simplify implementation
and calibration related to the SFR2 package at Pahranagat Wash. Similarly, sub-basins 3 and 4 in
Snake Valley were aggregated to simplify stream flow routing calibration at Big Springs. Sub-basin
designations are presented in Table 4-27.

Thus, simulated ET rates for these ET types may be e levated. However, with the uncertainty in the
ET area, type, and rate information, this simplification is reasonable. W ith the int egration of
UCODE 2005, each cell’s conductance could be modified to balanc e the different ET rates by
coverage area. However, given the data uncertainties, this additional complexity was determined to
be inappropriate for this regional-scale model.
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Table 4-27

ET Observation Targets, Uncertainty, and Observation Names

(Page 1 of 3)

Standard
HA ET Observation Observation Deviation
HA Name Number Sub-Basin Name? afy (m3/d)
Goshute Flow System
Butte Valley (South) 178B 178B_1 ER788_5 01 10,185 (-34,395) | 10,097 (34,099)
ER78B_W_01 -1,559 (-5,266) Deviation®
ER79a_P_01 -692 (-2,338) 441 (1,490)
179_1 ER79a_S_01 -58,115 (-196,258) | 25,380 (85,711)
ER79a_W_01 -26,521 (-89,563) | 4,708 (15,899)
Steptoe Valley 179 EI79b_S_01 -128 (-433) 296 (1,000)
179 2 ER79b_H_01 -1,238 (-4,182) 296 (1,000)
B ER79b_W_01 -6,743 (-22,771) 1,325 (4,475)
ER79b_S_01 -2,815 (-9,507) 1,534(5,181)
Meadow Valley Flow System
Clover Valley 204 204 _1 ER04_5._01 225 (-759) 296 (1,000)
ERO04_W_01 -674 (-2,275) 296 (1,000)
Dry Valley 198 1981 ER98_W_01 -1,394 (-4,706) 560 (1,890)
ER98_S_01 -2,133 (-7,204) 826 (2,791)
Eagle Valley 200 200_1 ER00_5._01 253 (856) 296 (1,000)
ER0O0_W_01 -780 (-2,635) 346 (1,170)
Lake Valley 183 183_1 ER63 501 1,094 (-3,69) 1207 (4,075)
ER83_W_01 -4,743 (-16,018) 1,270 (4,289)
. ER05a_S_01 -318 (-1,074) 296 (1,000)
B ER0S5a_W_01 -975 (-3,292) 757 (2,556)
205 2 ERO3b_S_01 -151 (-510) 296 (1,000)
B ERO5b_W_01 -808 (-2,728) 721 (2,435)
Lower Meadow Valley 205 205 3 ERO5¢c_S_01 -175 (-590) 296 (1,000)
Wash - ERO5c_W _01 -3,020 (-10,198) | 2,194 (7,409)
205 4 ER0Sd_W_01 -1,161 (-3,920) 761 (2,570)
B ERO05d_S_01 -55 (-185) 296 (1,000)
205 5 ER05e_W_01 -1,899 (-6,414) 1,228 (4,147)
B ERO5e_S_01 -1,107 (3,737) 675 (2,280)
Panaca Valley 203 2031 ER03_W_01 -11,226 (-37,912) | 3,996 (13,496)
ER03_S_01 -7,669 (-25,898) 2,627 (8,870)
Patterson Valley 202 202_1 ER02_S_01 -1,346 (-4,546) 523 (1,766)
Rose Valley 199 199 1 ER9 W01 441 (1,491) 296 (1,000)
ER99_S_01 -153 (-517) 296 (1,000)
Section 4.0




Table 4-27
ET Observation Targets, Uncertainty, and Observation Names
(Page 2 of 3)

Standard
HA ET Observation Observation Deviation
HA Name Number Sub-Basin Name? afy (m3/d)
EI01_W_01 -82 (-278) 296 (1,000)
Spring Valley 201 201_1 EROT_A_O1 ~266 (-900) 296 (1,000)
ER01_S_01 -955 (-3,225) 398 (1,346)
ER01_W_01 -2,441 (-8,245) 1,064 (3,592)
Great Salt Lake Desert Flow System
Hamlin Valley 196 196_1 F196_5_01 ~206 (-699) 296 (1.000)
ER96_S 01 -1,744 (-5,888) 705°¢(2,381)
EI95a_S_01 -215 (-727) 296 (1,000)
195 1 ER95a_P_01 -4,205 (-14,200) 4,400 (14,858)
B ER95a_W_01 -2,852 (-9,631) 419 (1,416)
ER95a_S_01 -4,968 (-16,777) 2,343 (7,912)
195 2 ER95b_W_01 -3,188 (-10,765) 480 (1,622)
B ER95b_S_01 -11,566 (-39,060) | 3,735 (12,613)
Snake Valley 195 ER95c_P_01 -1,314 (-4,438) 884 (2,987)
ER95¢c_S_01 -69,431 (-234,475) | 25,638°(86,581)
El95¢_S_01 -248 (-836) 296 (1,000)
195 3 ER95¢c_W_01 -8,787 (-29,675) 1,526 (5,155)
EI95c_W_01 -558 (-1,883) 296 (1,000)
ER95d_H-01 -1,344 (-4,539) 296 (1,000)
ER95d_S_01 -11,613 (-39,217) | 4,780 (16,143)
ER95d_W_01 -6,643 (-22,433) 1,105 (3,732)
ER84a_S_01 -994 (-3,356) 458 (1,546)
184_1 El84a_S_01 -96 (-324) 296 (1,000)
ER84a_W_01 -1,608 (-5,431) 296 (1,000)
ER84b_P_01 -5,500 (-18,575) 2,613 (8,825)
Spring Valley 184 184 2 ER84b_S 01 -19,612 (-66,230) 8,654 (29,227)
ER84b_W_01 -13,056 (-44,092) 2,156 (7,282)
184_3 ER84c_S_01 -7,527 (-25,418) 3,817 (12,889)
184 4 ER84d_S_01 -19,297 (-65,168) | 10,207 (34,469)
B ER84d_W_01 -6,695 (-22,609) 1,127 (3,807)
Tippett Valley 185 185 1 ER85 S 01 -1,617 (-5,462) 1,186 (4,006)
White River Flow System
Black Mountains Area 215 215_1 ER15_W_01 567 (-1,915) 296 (1,000)
ER15_S_01 -865 (-2,923) 296 (1,000)
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Table 4-27
ET Observation Targets, Uncertainty, and Observation Names
(Page 3 of 3)
Standard
HA ET Observation Observation Deviation
HA Name Number Sub-Basin Name? afy (m3/d)
California Wash 218 218 1 ER18_S_0f -S17 (1,746) 296 (1,000)
ER18_W_01 -3,988 (-13,468) 1,119 (3,778)
ER80_W_01 -1,135 (-3,831) 361 (1,218)
Cave Valley 180 180_1 ER80_S_01 -56 (-188) 296 (1,000)
EI80_S_01 -395 (-1,334) 458 (1,548)
Garden Valley 172 1721 ER72_5_01 907 (-3,062) 333 (1,124)
ER72_W_01 -226 (-764) 296 (1,000)
EI75_S_01 -71 (-240) 296 (1,000)
Long Valley 175 175_1
ER75_S_01 -2,236 (-7,550) 2073 (7,001)
ER20_H_01 -1,182 (-3,993) 296 (1,000)
Lower Moapa Valley 220 220 1 ER20_S_01 -3,410 (-11,515) 907 (3,065)
ER20_W_01 -20,719 (-69,972) | 5,833 (19,698)
_ , ER19_S_01 -795 (-2,686) 296 (1,000)
Muddy River Springs Area 219 219_1
ER19_W_01 -5,193 (-17,538) 1,477 (4,987)
ER09a_H_01 -2,693 (-9,095) 375 (1,266)°
ER09a_S_01 722 (-2,437) 296 (1,000)°
ER09a_W_01 -2,268 (-7,660) 715 (2,415)°
ER09_S_01 -816 (-2,756) 296 (1,000)°
ER09b_W_01 -7,885 (-26,628) 2398 (8,098)°
ER09¢c_H_01 -3,302 (-11,151) 449 (1,517)°
Pahranagat Valley 209 209_1 ER09c_W_01 -2,308 (-7,795) 691 (2,333)°
ER09d_H_01 -527 (-1,780) 296 (1,000)°
ER09d_S_01 -184 (-620) 296 (1,000)°
ER09d_W_01 -,2492 (-8,415) 735 (2,482)°
ER09e_H_01 -2,686 (-9,072) 358 (1,208)°
ER09e_S_01 -321 (-1,083) 296 (1,000)°
ER0%_ W _01 -2063 (-6,966) 606 (2,046)°
EI07a_S_01 -806 (-2,721) 562 (1,898)
007 1 EI07a_W_01 -807 (-2,726) 296 (1,000)
- ERO7a_S_01 -30,749 (-103,841) | 21,444 (72,419)
White River Valley 207
ERO07a_W_01 -8,914 (-30,104) 2,467 (8,331)
207 2 ERO7b_S_01 -19,455 (-65,701) | 13,707 (46,290)
- ERO7b_W_01 -11,528 (-38,931) 1,928 (6,511)

aH = water; S = shrubs; W = wet

bFor ET less than 1,000 afy, the standard deviation was set to 296.1 afy (1,000 m%/d).
CStatistics calculated using coefficient of variation estimate described in the Conceptual Model Report (SNWA, 2009a).
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A minimum 1,000-afy standard deviation was used, so relatively large errors for small ET discharge
areas would not dominate the parameter estimation objective function or the Sum of Squared
Weighted Residual (SOSWR).

4.7.5 Spring Flow Observations

Spring discharge targets were represented in the numerical model as ET observa tions and as spring
discharge from a selected set of springs. Table 4-28 defines how the spring discharge targets were
represented in the numerical model. The two types are as follows:

» Spring flow represented as ET indi cates spring discharge is aggregated with Wetland ET;
spring flow was not used as an observation target.

* Spring flow represented as deep DRN cell indicates spring discharge target is aggregated with
Wetland ET; spring discharge was used as an observation target. Springs represented as deep
DRN cells are shown in Figure 4-25 as regional or intermediate springs.

Most of the springs in the model have limited observation data. These springs were generally
represented as steady-state targets. For the springs with transient data, the model attempted to match
the target flows in tim e and 1 gnored any estimated steady-state obs ervation target. For transient
springs with more than one annual average measurement, the first observation was a flow estimate.
Subsequent observations were evaluated based on the change in flow. Note that for the springs
modeled, none showed a disce rnable reduction in flow; hence, any significant change in flow
simulated during model calibration was penalized by the calibration statistics. The Muddy River near
Moapa gage was used to estimate flow out of the Muddy Spring Area. Representation of the Muddy
River in the numerical model is discussed in Section 4.7.6.

In addition to the spring discharge targets, spring pool elevations were specified as hydraulic-head
observations to monitor head potential ateach spring in the model. Specified errors for these
observations were large, which effectively eliminated the observation from the objective function. In
other words, pool hydraulic-head errors did not affect the model calibration or parameter-sensitivity
calculations. For convenience, spring hydraulic-head observation names and targets are provided in
Table 4-28. Spring observation names in Table 4-28 have embedded codes de fining the following
spring characteristics:

* 1 - Hot springs and warm regional springs

* iw - Intermediate warm springs

* ib - Large intermediate springs with > 1 cfs
* is - Small intermediate springs with <1 cfs

These spring types and name characteristics determined how springs were represented in the model.
The representation of springs in the model was as follows:

* Hot spring model cells (DRN or SFR2) extend from the ground surface to the bottom of the
model
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Table 4-28
CCRP Spring Types and Hydraulic-Head Observation Names and Targets
(Page 1 of 2)

Head Observation

Observation

Spring Name Model Type? | Target Type® | Spring Type® Name® ft amsl (m amsl)
Deadman Spring CHD - -—- -—- -—-
North Springs CHD - - - -—-
Walter Spring CHD - -—- -—- -—-
Wilson Hot Spring 1 CHD -—- - - -—-
Wilson Hot Spring 2 CHD - -—- -—- -—-
Wilson Hot Spring 3 CHD -—- - - -—-
Wilson Hot Spring 5 CHD - -—- -—- -—-
(C-11-14)4bbb-S1 DRN 1 - Sis195_11 4,298.1 (1,310.0)
Arnoldson Spring DRN 1 -—- Siw207_2 5,625.3 (1,714.5)
Blind Spring DRN 1 --- Sis184_9 5,773.2 (1,759.6)
Blue Point Spring DRN 2 INT Siw215_2 1,549.9 (472.4)
Brownie Spring DRN 1 -—- Sis209 4 3,695.1 (1,126.2)
Butterfield Spring DRN 1 - Sib207_10 5,320.1 (1,621.5)
Caine Spring DRN 1 --- Sis195_3 5,028.1 (1,532.5)
Cherry Creek Hot Springs DRN 1 - Sr179_2 6,250.6 (1,905.1)
Cold Spring DRN 1 --- Siw207_3 5,653.2 (1,723.0)
Cold Spring DRN 1 - Sis195_10 4,310.2 (1,313.7)
Cold Spring DRN 1 --- Sis179_4 5,958.0 (1,815.9)
Emigrant Springs DRN 1 --- Sib207_15 5,480.3 (1,670.3)
Flag Springs 1 DRN -—- --- Siw207_9 5,290.3 (1,612.4)
Flag Springs 2 DRN --- --- Siw207_8 5,280.1 (1,609.3)
Flag Springs 3 DRN 1 --- Siw207_7 5,290.3 (1,612.4)
Foote Res. Spring DRN 1 --- Sib195_12 4,825.4 (1,470.7)
Four Wheel Drive Spring DRN 1 - Sis184_11 5,754.2 (1,753.8)
Hardy Spring NW DRN -—- --- Sis207_12 5,345.4 (1,629.2)
Hardy Springs DRN 1 - Sis207_11 5,354.3 (1,631.9)
Hot Creek Spring DRN 2 REG Sr207_1 5,225.3 (1,592.6)
Keegan Spring DRN 1 --- Sis184_12 5,617.4 (1,712.1)
Kell Spring DRN 1 --- Sis195_13 4,910.3 (1,496.6)
Knoll Spring DRN 1 - Sis195_4 4,869.3 (1,484.1)
Layton Spring DRN 1 --- Sis184_7 5,698.4 (1,736.8)
Lund Spring DRN 2 INT Sib207_5 5,608.2 (1,709.3)
McGill Spring DRN 2 INT Siw179_1 6,104.3 (1,860.5)
Minerva Spring DRN 1 - Sis184_13 5,825.4 (1,775.5)
Monte Neva Hot Springs DRN 1 -—- Sr179_3 6,011.4 (1,832.2)
Moon River Spring DRN 2 REG Sr207_14 5,223.4 (1,592.0)
Moorman Spring DRN 2 REG Sr207_6 5,299.1 (1,615.1)
Nicholas Spring DRN 1 --- Siw207_13 5,635.4 (1,717.6)
North Millick Spring DRN 1 - Sis184_3 5,690.2 (1,703.8)
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Table 4-28
CCRP Spring Types and Hydraulic-Head Observation Names and Targets
(Page 2 of 2)

Head Observation

Observation

Spring Name Model Type? | Target Type® | Spring Type® Name® ft amsl (m amsl)
North Spring DRN 1 --- Siw184_8 5,763.4 (1,756.6)
Osborne Springs DRN 1 - Sis184_10 6,127.0 (1,867.5)
Panaca Spring DRN 2 REG Sr203_1 4,799.0 (1,462.7)
Preston Big Spring DRN 2 REG Sr207_4 5,732.0 (1,747.1)
Rogers Spring DRN 2 INT Siw215_1 1,594.2 (485.9)
South Bastian Spring DRN 1 - Sis184_5 5,660.4 (1,725.2)
South Bastian Spring 2 DRN 1 -—- Sis184_6 5,669.0 (1,727.9)
South Millick Spring DRN 1 --- Sib184_4 5,592.0 (1,704.4)
Stonehouse Spring DRN 1 -—- Sis184_14 6,256.2 (1,906.8)
The Seep DRN 1 - Siw184_15 5,764.4 (1,756.9)
Twin Spring DRN 1 - Sib195_15 4,826.6 (1,471.1)
Unnamed 5 Spring DRN 1 -—- Sis184_16 5,645.3 (1,720.6)
Unnamed Spring DRN 1 - Sis195_14 4,853.3 (1,479.2)
Warm Creek near Gandy, UT DRN 2 INT Siw195_2 5,156.4 (1,571.6)
Willard Springs DRN 1 -- Sis184_2 5,755.2 (1,754.1)
Willow Spring DRN 1 --- Siw184_1 5,982.2 (1,823.3)
Ash Springs SFR2 2 REG Sr209_3 3,622.2 (1,104.0)
Baldwin Spring SFR2 2 REG Sr219_4 1,798.0 (548.0)
Big Springs SFR2 2 INT Sib195_1 5,568.2 (1,697.1)
Crystal Springs SFR2 2 REG Sr209 2 3,803.3 (1,159.2)
Hiko Spring SFR2 2 REG Sr209_1 3,875.2 (1,181.1)
Jones Spring SFR2 2 REG Sr219 3 1,784.2 (543.8)
M-10 SFR2 2 REG Sr219_14 1,722.2 (524.9)
M-11 SFR2 2 REG Sr219_6 1,800.0 (548.6)
M-12 SFR2 2 REG Sr219_7 1,800.0 (548.6)
M-13 SFR2 2 REG Sr219_8 1,800.0 (548.6)
M-15 SFR2 2 REG Sr219_9 1,780.0 (542.5)
M-16 SFR2 2 REG Sr219_10 1,780.0 (542.5)
M-19 SFR2 2 REG Sr219_11 1,800.0 (548.6)
M-20 SFR2 2 REG Sr219_12 1,778.0 (541.9)
Muddy Spring SFR2 2 REG Sr219_5 1,747.0 (5632.5)
Pederson East Spring SFR2 2 REG Sr219_1 1,800.0 (548.6)
Pederson Spring SFR2 2 REG Sr219 2 1,811.0 (552.0)
Warm Springs East SFR2 2 REG Sr219_13 1,790.0 (545.6)

8DRN: MODFLOW-2000 Drain package; SFR2: MODFLOW-2000 Streamflow-Routing package; CHD: MODFLOW-2000 Constant-Head

package.

b1: Spring flow represented as ET: 2: Spring represented as deep DRN cell. Deep spring flow aggregated with ET observation.
°REG: Regional flow system designation; INT: Intermediate flow system designation.

d4Spring head observation names. Head observations used for monitoring purposes only.
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* Regional, intermediate warm and | arge intermediate spring model cells extend from the
ground surface to the bottom of the deepest layer containing a carbonate RMU

* Small intermediate spring model cells are defined in the uppermost model layers.

Table 4-29 also identifies key regional and intermediate springs, represented by DRN cells, that were
used asf low observation targets to provide additional constraints on the model. The
MODFLOW-2000 DROB module was used to extract spring discharges from springs modeled using
the DRN module.

4.7.6  Stream Discharge Flow Observations

The SFR2 package added additional flexibility to the model, allowing groundwater to leave the
aquifer system as spring discharge but still interact with the aquifer and the ET areas. Diversions
directly from the river are also supported. Four types of observations were of interest: (1) spring
discharge, (2) surface water remaining at the end of the stream, (3) gaining and losing river sections,
and (4) gaining and losing river sections.

The SFR2 package calibration targets, errors, and observation names are listed in Tables 4-30, 4-31,
and 4-32 for Muddy R iver, Pahranagat Wash, and Big Springs stre am reaches, respectively. As
discussed in Section 4.4.4.2.1, springs modeled using the SFR2 package incorporate a vertical stream
segment to represent a spring. A gage is defined at the surface of the vertical reach. These gages
monitor spring discharge before entering the main stream channel.

Fourteen springs in the Muddy River Springs Area were represented in the SF R2 module. The
G_MR MOAPA gage wasuseda s the flow observa tion for these up-gradient springs. This
simplification was necessary because of the model grid size and close proximity of springs in t his
area.

Zero flow rates were specified as targets at the end stream reaches in Lake Creek (G LKCK END)
and Pahranagat Wash (G_PAHW _7). Target flow at the final Muddy River reach is unknown. The
USGS gage at Overton, Nevada, has flowed an average of approximately 9,900 afy (33,445 m?>/d)
since year 2000. Extensive irrigation in Lower Moapa Valley above the gage, however, makes this a
questionable target for predevelopment conditions. The St. Thomas ga ge, located outside of the
model domain near the confluence of the Muddy and Virgin rivers, operated before Lake Mead was
filled. The groundwater component of the flows at the St. Thomas gage were estimated at 7,000 afy
(24,000 m>/d) assuming about half of the stre am flow in Water Years 1914-1916 were surface-water
runoff. To constrain flows out of the Muddy River, a target of 7,403 afy (25,000 m>/d) was estimated.
A large error, 5,000 afy (16,885 m®/d), was assigned to this observation (G_LK_MEAD) to account
for the significant uncertainty.
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Table 4-29

Regional and Intermediate Springs Represented
by DRN Cells and Observation Targets

Observation

DRN Observation Standard
Observation Spring Observation Target Deviation
Spring Name Name Date Time Type? Type afy (m3/d) afy (m3/d)
Blue Point Spring | SPiw15_2_01 | 12/31/1944 | 0:00 INT Flow -399 (-1,347) 60 (202)
Blue Point Spring | SDiw15_2_58 | 6/15/2001 | 6:00 INT Flow 0(0) 31 (104)
Blue Point Spring | SDiw15_2_59 | 6/15/2002 | 12:00 INT Flow 0(0) 25 (84)
Blue Point Spring | SDiw15_2_60 | 6/15/2003 | 18:00 INT Flow 0(0) 7 (23)
Blue Point Spring | SDiw15_2_61 | 6/15/2004 | 0:00 INT Flow 0(0) 11 (39)
Hot Creek Spring SPr07_1_01 | 12/31/1944 | 0:00 REG Flow -10,184 (-34,392) | 2,552 (8,618)
Lund Spring SPib07_5 01 | 12/31/1944 | 0:00 INT Flow -5,675 (-19,165) | 1,405 (4,746)
McGill Spring SPiw79_1_01 | 12/31/1944 | 0:00 INT Flow -7,641 (-25,806) | 1,185 (4,000)
Moon River Spring | SPr07_14_01 | 12/31/1944 | 0:00 REG Flow -2706 (-9,137) 927 (3,131)
Moorman Spring SPr07_6_01 | 12/31/1944 | 0:00 REG Flow -843 (-2,848) 1,523 (5,144)
Panaca Spring SPr03_1_01 | 12/31/1944 | 0:00 REG Flow -2,348 (-7,930) | 2,707 (9,143)
Preston Big Spring | SPr07_4_01 | 12/31/1944 | 0:00 REG Flow -5,681 (-19,185) 852 (2,878)
Preston Big Spring | SDr07_4_41 | 6/14/1984 | 6:00 REG Flow Change 0 (0) 349 (1,180)
Preston Big Spring | SDr07_4 58 | 6/15/2001 | 0:00 REG Flow Change 0 (0) 129 (434)
Preston Big Spring | SDr07_4_59 | 6/15/2002 | 6:00 REG Flow Change 0(0) 194 (653)
Preston Big Spring | SDr07_4 60 | 6/15/2003 | 12:00 REG Flow Change 0(0) 231 (779)
Preston Big Spring | SDr07_4_61 | 6/14/2004 | 18:00 REG Flow Change 0(0) 361 (1,220)
Rogers Spring SPiw15_1_01 | 12/31/1944 | 0:00 INT Flow -1,205 (-4,068) 181 (610)
Rogers Spring SDiw15_1_44 | 6/15/1987 | 6:00 INT Flow Change 0(0) 137 (463)
Rogers Spring SDiw15_1_45 | 6/14/1988 | 12:00 INT Flow Change 0(0) 60 (203)
Rogers Spring SDiw15_1_46 | 6/14/1989 | 18:00 INT Flow Change 0(0) 115 (388)
Rogers Spring SDiw15_1_47 | 6/15/1990 | 0:00 INT Flow Change 0(0) 122 (412)
Rogers Spring SDiw15_1_48 | 6/15/1991 | 6:00 INT Flow Change 0 (0) 68 (228)
Rogers Spring SDiw15_1_49 | 6/14/1992 | 12:00 INT Flow Change 0(0) 152 (512)
Rogers Spring SDiw15_1_50 | 6/14/1993 | 18:00 INT Flow Change 0(0) 170 (575)
Rogers Spring SDiw15_1_51 | 6/15/1994 | 0:00 INT Flow Change 0 (0) 50 (168)
Rogers Spring SDiw15_1_52 | 6/15/1995 | 6:00 INT Flow Change 0(0) 85 (286)
Rogers Spring SDiw15_1_53 | 6/14/1996 | 12:00 INT Flow Change 0 (0) 65 (219)
Rogers Spring SDiw15_1_54 | 6/14/1997 | 18:00 INT Flow Change 0 (0) 94 (316)
Rogers Spring SDiw15_1_55 | 6/15/1998 | 0:00 INT Flow Change 0(0) 31 (104)
Rogers Spring SDiw15_1_56 | 6/15/1999 | 6:00 INT Flow Change 0 (0) 55 (185)
Rogers Spring SDiw15_1_57 | 6/14/2000 | 12:00 INT Flow Change 0(0) 49 (167)
Rogers Spring SDiw15_1_58 | 6/14/2001 | 18:00 INT Flow Change 0(0) 44 (149)
Rogers Spring SDiw15_1_59 | 6/15/2002 | 0:00 INT Flow Change 0(0) 8 (28)
Rogers Spring SDiw15_1_60 | 6/15/2003 | 6:00 INT Flow Change 0(0) 22 (73)
Rogers Spring SDiw15_1_61 | 6/14/2004 | 12:00 INT Flow Change 0(0) 36 (122)
Warm Creeknear | spiwgs 2 01 | 12/31/1944 | 0:00 | INT Flow -12,027 (-40,616) | 1,804 (6,092)

Gandy, UT

8REG: Regional flow system designation; INT: Intermediate flow system designation
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Transient Numerical Model of Groundwater Flow for the CCRP

Table 4-30

Muddy River Gages, Discharge Targets, Errors, and Observation Names

(Page 1 of 3)

Calibration Standard

Observation Observation Target Deviation

Gage Name Name Date Type Segment|Reach afy (m%d) afy (m%d)

\Warm Springs West G_WARM_SW_01(12/31/1944 Flow 2 1 NA NA
Iverson Flume G_IVERSON_01 [12/31/1944 Flow 13 1 NA NA

Muddy River near Moapa | GdmrMOAPA_02 | 6/15/1945 Flow 5 2 33,386 (112,747)|5,008 (16,912)
Muddy River near Moapa | GdmrMOAPA_03 | 6/15/1946 Flow 5 2 33,928 (114,577)|5,089 (17,186)
Muddy River near Moapa | GdmrMOAPA_04 | 6/15/1947 Flow 5 2 34,223 (115,575)|5,134 (17,336)
Muddy River near Moapa | GdmrMOAPA_05 | 6/15/1948 Flow 5 2 |33,513(113,176)|5,027 (16,976)
Muddy River near Moapa | GdmrMOAPA_06 | 6/15/1949 Flow 5 2 |34,092 (115,133) (5,114 (17,270)
Muddy River near Moapa | GdmrMOAPA_07 | 6/15/1950 Flow 5 2 |33,314 (112,506) | 4,997 (16,876)
Muddy River near Moapa GdmrMOAPA_08 | 6/15/1951 Flow 5 2 34,108 (115,187)| 5,116 (17,278)
Muddy River near Moapa | GdmrMOAPA_09 | 6/15/1952 Flow 5 2 |34,001 (114,825)|5,100 (17,224)
Muddy River near Moapa | GdmrMOAPA_10 | 6/15/1953 Flow 5 2 33,207 (112,144)|4,981 (16,822)
Muddy River near Moapa GdmrMOAPA_11 | 6/15/1954 Flow 5 2 33,173 (112,030) |4,976 (16,804)
Muddy River near Moapa | GdmrMOAPA_12 | 6/15/1955 Flow 5 2 |33,756 (113,997)|5,063 (17,100)
Muddy River near Moapa GdmrMOAPA_13 | 6/15/1956 Flow 5 2 33,179 (112,050) (4,977 (16,807)
Muddy River near Moapa | GdmrMOAPA_14 | 6/15/1957 Flow 5 2 35,122 (118,612)|5,268 (17,792)
Muddy River near Moapa | GdmrMOAPA_15 | 6/15/1958 Flow 5 2 34,809 (117,553)|5,221 (17,633)
Muddy River near Moapa | GdmrMOAPA_16 | 6/15/1959 Flow 5 2 |35,672(120,468)|5,351 (18,070)
Muddy River near Moapa | GdmrMOAPA_17 | 6/15/1960 Flow 5 2 |34,255 (115,683)|5,138 (17,352)
Muddy River near Moapa | GdmrMOAPA_18 | 6/15/1961 Flow 5 2 |32,014 (108,115)|4,802 (16,217)
Muddy River near Moapa | GdmrMOAPA_19 | 6/15/1962 Flow 5 2 31,963 (107,941)|4,794 (16,191)
Muddy River near Moapa | GdmrMOAPA_20 | 6/15/1963 Flow 5 2 |32,782(110,709)|4,917 (16,606)
Muddy River near Moapa | GdmrMOAPA_21 | 6/15/1964 Flow 5 2 |31,667 (106,942)|4,750 (16,041)
Muddy River near Moapa | GdmrMOAPA_22 | 6/15/1965 Flow 5 2 |31,258 (105,561)|4,689 (15,834)
Muddy River near Moapa | GdmrMOAPA_23 | 6/15/1966 Flow 5 2 |30,196 (101,976)|4,529 (15,296)
Muddy River near Moapa | GdmrMOAPA_24 | 6/15/1967 Flow 5 2 130,225 (102,073)|4,534 (15,311)
Muddy River near Moapa | GdmrMOAPA_25 | 6/15/1968 Flow 5 2 |29,617 (100,018)|4,443 (15,003)
Muddy River near Moapa | GdmrMOAPA_26 | 6/15/1969 Flow 5 2 (30,422 (102,736)|4,563 (15,410)
Muddy River near Moapa | GdmrMOAPA_27 | 6/15/1970 Flow 5 2 28,855 (97,444) |4,328 (14,617)
Muddy River near Moapa | GdmrMOAPA_28 | 6/15/1971 Flow 5 2 28,295 (95,554) |4,244 (14,333)
Muddy River near Moapa | GdmrMOAPA_29 | 6/15/1972 Flow 5 2 130,548 (103,162)|4,582 (15,474)
Muddy River near Moapa GdmrMOAPA_30 | 6/15/1973 Flow 5 2 31,425 (106,124)|4,714 (15,919)
Muddy River near Moapa | GdmrMOAPA_31 | 6/15/1974 Flow 5 2 29,071 (98,175) |4,361 (14,726)
Muddy River near Moapa | GdmrMOAPA_32 | 6/15/1975 Flow 5 2 28,281 (95,507) |4,242 (14,326)
Muddy River near Moapa | GdmrMOAPA_33 | 6/15/1976 Flow 5 2 28,305 (95,588) |4,246 (14,338)
Muddy River near Moapa | GdmrMOAPA_34 | 6/15/1977 Flow 5 2 25,699 (86,787) | 3,855 (13,018)
Muddy River near Moapa | GdmrMOAPA_35 | 6/15/1978 Flow 5 2 26,234 (88,593) | 3,935 (13,289)
Muddy River near Moapa | GdmrMOAPA_36 | 6/15/1979 Flow 5 2 27,404 (92,545) 4,111 (13,882)
Muddy River near Moapa | GdmrMOAPA_37 | 6/15/1980 Flow 5 2 28,346 (95,729) |4,252 (14,359)
Muddy River near Moapa | GdmrMOAPA_38 | 6/15/1981 Flow 5 2 27,239 (91,988) |4,086 (13,798)
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Table 4-30
Muddy River Gages, Discharge Targets, Errors, and Observation Names
(Page 2 of 3)

Calibration Standard

Observation Observation Target Deviation

Gage Name Name Date Type Segment|Reach| afy (m%d) afy (m3/d)
Muddy River near Moapa | GdmrMOAPA_39 | 6/15/1982 Flow 5 2 26,989 (91,144) (4,048 (13,672)
Muddy River near Moapa | GdmrMOAPA_40 | 6/15/1983 Flow 5 2 28,424 (95,990) |4,264 (14,398)
Muddy River near Moapa | GdmrMOAPA_41 | 6/15/1984 Flow 5 2 26,187 (88,436) |3,928 (13,265)
Muddy River near Moapa GdmrMOAPA_42 | 6/15/1985 Flow 5 2 27,332 (92,303) {4,100 (13,846)
Muddy River near Moapa | GdmrMOAPA_43 | 6/15/1986 Flow 5 2 26,473 (89,401) (3,971 (13,410)
Muddy River near Moapa | GdmrMOAPA_44 | 6/15/1987 Flow 5 2 27,877 (94,143) (4,182 (14,121)
Muddy River near Moapa | GdmrMOAPA_45 | 6/15/1988 Flow 5 2 27,193 (91,834) |4,079 (13,775)
Muddy River near Moapa | GdmrMOAPA_46 | 6/15/1989 Flow 5 2 24,002 (81,056) (3,600 (12,158)
Muddy River near Moapa GdmrMOAPA_47 | 6/15/1990 Flow 5 2 24,835 (83,871) |3,725 (12,581)
Muddy River near Moapa | GdmrMOAPA_48 | 6/15/1991 Flow 5 2 25,780 (87,062) (3,867 (13,059)
Muddy River near Moapa | GdmrMOAPA_49 | 6/15/1992 Flow 5 2 26,830 (90,608) (4,025 (13,591)
Muddy River near Moapa | GdmrMOAPA_50 | 6/15/1993 Flow 5 2 28,255 (95,420) |4,238 (14,313)
Muddy River near Moapa | GdmrMOAPA_51 | 6/15/1994 Flow 5 2 28,422 (95,983) (4,263 (14,397)
Muddy River near Moapa | GdmrMOAPA_52 | 6/15/1995 Flow 5 2 24,091 (81,358) |3,614 (12,204)
Muddy River near Moapa | GdmrMOAPA_53 | 6/15/1996 Flow 5 2 23,879 (80,641) [3,582 (12,096)
Muddy River near Moapa | GdmrMOAPA_54 | 6/15/1997 Flow 5 2 25,060 (84,629) |3,759 (12,694)
Muddy River near Moapa | GdmrMOAPA_55 | 6/15/1998 Flow 5 2 24,605 (83,094) |3,691 (12,464)
Muddy River near Moapa | GdmrMOAPA_56 | 6/15/1999 Flow 5 2 24,556 (82,926) | 3,683 (12,439)
Muddy River near Moapa | GdmrMOAPA_57 | 6/15/2000 Flow 5 2 24,479 (82,668) 3,672 (12,400)
Muddy River near Moapa | GdmrMOAPA_58 | 6/15/2001 Flow 5 2 22,716 (76,713) | 3,407 (11,507)
Muddy River near Moapa | GdmrMOAPA_59 | 6/15/2002 Flow 5 2 23,510 (79,394) | 3,526 (11,909)
Muddy River near Moapa | GdmrMOAPA_60 | 6/15/2003 Flow 5 2 22,011 (74,333) | 3,302 (11,150)
Muddy River near Moapa | GdmrMOAPA_61 | 6/15/2004 Flow 5 2 22,761 (76,867) |3,414 (11,530)
Muddy River near Glendale | GdmrGLEND_08 | 6/15/1951 Flow 8 9 32,086 (108,359)|4,813 (16,254)
Muddy River near Glendale | GdmrGLEND_09 | 6/15/1952 Flow 8 9 |34,522(116,584) (5,178 (17,488)
Muddy River near Glendale | GdmrGLEND_10 | 6/15/1953 Flow 8 9 32,378 (109,344)|4,857 (16,402)
Muddy River near Glendale| GdmrGLEND_11 | 6/15/1954 Flow 8 9 31,757 (107,246)|4,764 (16,087)
Muddy River near Glendale | GdmrGLEND_12 | 6/15/1955 Flow 8 9 34,383 (116,116) | 5,157 (17,417)
Muddy River near Glendale | GdmrGLEND_13 | 6/15/1956 Flow 8 9 31,193 (105,342)|4,679 (15,801)
Muddy River near Glendale | GAmrGLEND_14 | 6/15/1957 Flow 8 9 (34,818 (117,583)|5,223 (17,637)
Muddy River near Glendale | GdmrGLEND_15 | 6/15/1958 Flow 8 9 132,442 (109,558)|4,866 (16,434)
Muddy River near Glendale | GAmrGLEND_16 | 6/15/1959 Flow 8 9 (32,461 (109,625)|4,869 (16,444)
Muddy River near Glendale | GAmrGLEND_17 | 6/15/1960 Flow 8 9 133,278 (112,382) 4,992 (16,857)
Muddy River near Glendale | GAmrGLEND_18 | 6/15/1961 Flow 8 9 32,854 (110,950) (4,928 (16,642)
Muddy River near Glendale | GdmrGLEND_19 | 6/15/1962 Flow 8 9 30,322 (102,400) (4,548 (15,360)
Muddy River near Glendale | GdmrGLEND_20 | 6/15/1963 Flow 8 9 28,453 (96,090) |4,268 (14,413)
Muddy River near Glendale| GdmrGLEND_21 | 6/15/1964 Flow 8 9 29,279 (98,879) (4,392 (14,832)
Muddy River near Glendale | GdmrGLEND_22 | 6/15/1965 Flow 8 9 131,302 (105,711)|4,695 (15,857)
Muddy River near Glendale| GdmrGLEND_23 | 6/15/1966 Flow 8 9 27,573 (93,117) |4,136 (13,968)
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Transient Numerical Model of Groundwater Flow for the CCRP

Table 4-30
Muddy River Gages, Discharge Targets, Errors, and Observation Names
(Page 3 of 3)

Calibration Standard

Observation Observation Target Deviation

Gage Name Name Date Type Segment|Reach afy (m%d) afy (m%d)
Muddy River near Glendale | GdmrGLEND_24 | 6/15/1967 Flow 8 9 29,826 (100,723) (4,474 (15,109)
Muddy River near Glendale | GdmrGLEND_25 | 6/15/1968 Flow 8 9 130,767 (103,904) 4,615 (15,586)
Muddy River near Glendale | GdmrGLEND_26 | 6/15/1969 Flow 8 9 30,927 (104,443) (4,639 (15,666)
Muddy River near Glendale | GdmrGLEND_27 | 6/15/1970 Flow 8 9 31,192 (105,337)|4,679 (15,801)
Muddy River near Glendale | GdmrGLEND_28 | 6/15/1971 Flow 8 9 29,614 (100,011) |4,442 (15,002)
Muddy River near Glendale | GdmrGLEND_29 | 6/15/1972 Flow 8 9 28,886 (97,552) | 4,333 (14633)
Muddy River near Glendale | GdmrGLEND_30 | 6/15/1973 Flow 8 9 29228 (98705) | 4384 (14,806)
Muddy River near Glendale | GdmrGLEND_31 | 6/15/1974 Flow 8 9 28,356 (95,762) |4,253 (14,364)
Muddy River near Glendale | GAmrGLEND_32 | 6/15/1975 Flow 8 9 27,873 (94,129) 14,181 (14,119)
Muddy River near Glendale | GdmrGLEND_33 | 6/15/1976 Flow 8 9 28,806 (97,279) |4,321 (14,592)
Muddy River near Glendale | GdmrGLEND_34 | 6/15/1977 Flow 8 9 24,872 (83,995) 3,731 (12,599)
Muddy River near Glendale | GdmrGLEND_35 | 6/15/1978 Flow 8 9 28,729 (97,019) 4,309 (14,553)
Muddy River near Glendale | GdmrGLEND_36 | 6/15/1979 Flow 8 9 26,945 (90,996) |4,042 (13,649)
Muddy River near Glendale | GdmrGLEND_37 | 6/15/1980 Flow 8 9 27,368 (92,425) |4,105 (13,864)
Muddy River near Glendale | GdmrGLEND_38 | 6/15/1981 Flow 8 9 25,642 (86,596) | 3,846 (12,989)
Muddy River near Glendale | GdmrGLEND_39 | 6/15/1982 Flow 8 9 26,642 (89,971) |3,996 (13,496)
Muddy River near Glendale | GdmrGLEND_42 | 6/15/1985 Flow 8 9 25,995 (87,786) 3,899 (13,168)
Muddy River near Glendale | GdmrGLEND_43 | 6/15/1986 Flow 8 9 26,934 (90,958) 4,040 (13,644)
Muddy River near Glendale | GdmrGLEND_44 | 6/15/1987 Flow 8 9 27,098 (91,512) |4,065 (13,727)
Muddy River near Glendale | GdmrGLEND_45 | 6/15/1988 Flow 8 9 25,865 (87,350) {3,880 (13,103)
Muddy River near Glendale | GdmrGLEND_46 | 6/15/1989 Flow 8 9 21,886 (73,911) (3,283 (11,087)
Muddy River near Glendale | GdmrGLEND_47 | 6/15/1990 Flow 8 9 23,395 (79,006) | 3,509 (11,851)
Muddy River near Glendale | GdmrGLEND_48 | 6/15/1991 Flow 8 9 24,855 (83,937) 3,728 (12,591)
Muddy River near Glendale| GdmrGLEND_49 | 6/15/1992 Flow 8 9 26,368 (89,048) |3,955 (13,357)
Muddy River near Glendale | GdmrGLEND_50 | 6/15/1993 Flow 8 9 28,760 (97,124) |4,314 (14,569)
Muddy River near Glendale | GdmrGLEND_51 | 6/15/1994 Flow 8 9 24,369 (82,296) |3,655 (12,344)
Muddy River near Glendale | GdmrGLEND_52 | 6/15/1995 Flow 8 9 23,192 (78,322) | 3,479 (11,748)
Muddy River near Glendale | GdmrGLEND_53 | 6/15/1996 Flow 8 9 22,130 (74,736) | 3,320 (11,210)
Muddy River near Glendale | GAmrGLEND_54 | 6/15/1997 Flow 8 9 23,104 (78,024) | 3,466 (11,704)
Muddy River near Glendale | GdmrGLEND_55 | 6/15/1998 Flow 8 9 27,674 (93,456) |4,151 (14,018)
Muddy River near Glendale | GdmrGLEND_56 | 6/15/1999 Flow 8 9 26,061 (88,011) (3,909 (13,202)
Muddy River near Glendale | GdmrGLEND_57 | 6/15/2000 Flow 8 9 24,211 (81,764) (3,632 (12,265)
Muddy River near Glendale | GdmrGLEND_58 | 6/15/2001 Flow 8 9 23,160 (78,212) | 3,474 (11,732)
Muddy River near Glendale | GdmrGLEND_59 | 6/15/2002 Flow 8 9 23,077 (77,933) | 3,462 (11,690)
Muddy River near Glendale | GdmrGLEND_60 | 6/15/2003 Flow 8 9 22,781 (76,934) | 3,417 (11,540)
Muddy River near Glendale | GdmrGLEND_61 | 6/15/2004 Flow 8 9 23,482 (79,302) | 3,522 (11,895)
Muddy River at Overton GdOVERTON_61 | 6/15/2004 Flow 12 1 9,903 (33,445) |5,000 (16,885)
Muddy River at Lake Mead | GALK_MEAD_01 |12/31/1944 Flow 12 9 7,403 (25,000) |5,000 (16,885)

Note: NA = Not applicable

Section 4.0



Table 4-31

Pahranagat Wash Gages, Discharge Targets, Errors, and Observation Names

Calibration Standard
Observation Observation Target Deviation

Gage Name Name Date Type Segment | Reach afy (m®/d) afy (m3/d)
Hiko Spring GdHIKO_01 12/31/1944 Flow 32 8 4,170 (14,082) 643 (2,173)
Crystal Springs GdXTL_61 6/15/2004 Flow 33 8 9,205 (31,086) | 5,713 (19,293)
zf;‘gfarl‘asgp"’:_itnvg“h at G_PW_XTL_01 | 12/31/1944 Flow 25 9 NA NA
Ash Springs GdASH_61 6/15/2004 Flow 34 8 13,027 (43,992) | 1,418 (4,788)
i";‘{]ﬁ{,‘f}ﬁgt Wash at G_PW_ASH_01 | 12/31/1944 Flow 26 11 NA NA
Pahranagat Wash #3 G_PW_3 01 12/31/1944 Flow 27 6 NA NA
Pahranagat Wash #4 G PW 4 01 12/31/1944 Flow 28 8 NA NA
Pahranagat Wash #5 G PW 5 01 12/31/1944 Flow 29 13 NA NA
Pahranagat Wash #6 G_PW_6_01 12/31/1944 Flow 39 7 NA NA
End of Pahranagat Wash | GdPW_7_01 | 12/31/1944 Flow 31 8 0 (0) 1,000 (3,377)
End of Pahranagat Wash GdPW_7_06 6/15/1949 Flow 31 8 0 (0) 1,000 (3,377)
End of Pahranagat Wash | GdPW_7_11 | 6/15/1954 Flow 31 8 0(0) 1,000 (3,377)
End of Pahranagat Wash | GdPW_7_16 | 6/15/1959 Flow 31 8 0 (0) 1,000 (3,377)
End of Pahranagat Wash | GdPW_7 21 | 6/15/1964 Flow 31 8 0 (0) 1,000 (3,377)
End of Pahranagat Wash GdPW_7_26 6/15/1969 Flow 31 8 0(0) 1,000 (3,377)
End of Pahranagat Wash GdPW_7_31 6/15/1974 Flow 31 8 0(0) 1,000 (3,377)
End of Pahranagat Wash | GdPW_7 36 | 6/15/1979 Flow 31 8 0 (0) 1,000 (3,377)
End of Pahranagat Wash | GdPW_7 41 | 6/15/1984 Flow 31 8 0 (0) 1,000 (3,377)
End of Pahranagat Wash GdPW_7_46 6/15/1989 Flow 31 8 0(0) 1,000 (3,377)
End of Pahranagat Wash GdPW_7_51 6/15/1994 Flow 31 8 0 (0) 1,000 (3,377)
End of Pahranagat Wash | GAPW_7 56 | 6/15/1999 Flow 31 8 0 (0) 1,000 (3,377)
End of Pahranagat Wash | GdPW_7 61 | 6/15/2004 Flow 31 8 0 (0) 1,000 (3,377)

Note: NA = Not available

4.7.7

Ground-Surface-Elevation Observations

Large parts of the numerical m odel have limited hydraulic-head observations, particularly in the
mountain blocks. The elevations of the ground surface were used as observations in the numerical
model to provide additional constraints on the simulated hydraulic heads in these areas. The intent of
these observations was to limit unrealistic groundwater mounding above the ground surface. Note
that these observations were made only during the steady-state stress period. Hydraulic heads should
only decline from steady-state conditions as pumping during the transient-state stress periods occur.
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Table 4-32
Big Springs Gages, Discharge Targets, Errors, and Observation Names
Calibration Standard
Observation Observation Target Deviation

Gage Name Name Date Time Type Segment | Reach | afy (m%d) afy (m%/d)
Big Springs GdBIG_SPR_61 | 6/15/2004 | 0:00 Flow 20 1 7,431 (25,094) | 411 (1,387)
gtt:gﬁ:’:da G_ST_LIN_01 | 12/31/1944 | 0:00 Flow 21 1 NA NA
Above Pruess Lake | GaLKPRUES_01 | 12/31/1944 | 0:00 Flow 22 1 NA NA
Pruess Lake G_LKPRUES_01 | 12/31/1944 | 0:00 Flow 23 1 NA NA
End of Lake Creek | GALKCK_END_01 | 12/31/1944 | 0:00 Flow 24 7 0 (0) 1,000 (3,377)
End of Lake Creek | GALKCK_END_06 | 6/15/1949 | 6:00 Flow 24 7 0 (0) 1,000 (3,377)
End of Lake Creek | GALKCK_END_11 | 6/15/1954 | 12:00 Flow 24 7 0 (0) 1,000 (3,377)
End of Lake Creek | GALKCK_END_16 | 6/15/1959 | 18:00 Flow 24 7 0 (0) 1,000 (3,377)
End of Lake Creek | GALKCK_END_21 | 6/15/1964 | 0:00 Flow 24 7 0 (0) 1,000 (3,377)
End of Lake Creek | GALKCK_END_26 | 6/15/1969 | 6:00 Flow 24 7 0 (0) 1,000 (3,377)
End of Lake Creek | GALKCK_END_31 | 6/15/1974 | 12:00 Flow 24 7 0 (0) 1,000 (3,377)
End of Lake Creek | GALKCK_END_36 | 6/15/1979 | 18:00 Flow 24 7 0 (0) 1,000 (3,377)
End of Lake Creek | GALKCK_END_41 | 6/15/1984 | 0:00 Flow 24 7 0 (0) 1,000 (3,377)
End of Lake Creek | GALKCK_END_46 | 6/15/1989 | 6:00 Flow 24 7 0 (0) 1,000 (3,377)
End of Lake Creek | GALKCK_END_51 | 6/15/1994 | 12:00 Flow 24 7 0 (0) 1,000 (3,377)
End of Lake Creek | GALKCK_END_56 | 6/15/1999 | 18:00 Flow 24 7 0 (0) 1,000 (3,377)
End of Lake Creek | GALKCK_END_61 | 6/15/2004 | 0:00 Flow 24 7 0 (0) 1,000 (3,377)

NA = Not available

It is necessary to understand that in groundwater ET areas, groundwater occurs at or near the ground
surface. Thus, simulated hydraulic head is expected to be near the ground surface in discharge areas.
Moreover, it is possible for a model cell on the surface to have a hydraulic head higher than the
ground surface. In fact, for water to flow out of an artesian spring, the hydraulic head must be higher
than the ground-surface elevation at the spring. Therefore, ground-surface observation targets were
used to minimize substantial mounding above ground surface without overconstraining the model.
To accomplish this goal, the maximum estimate of the ground-surface elevation within a grid cell was
used as a target and was calculated as follows:

T = ME+2SD (Eq. 4-5)
where,
T = Target not to exceed elevation
ME = Mean 30-m DEM elevation in the 247.1 acre (1 km?) grid cell
D) = Standard deviation of 30-m DEM elevations in the 247.1 acre (1 km?) grid cell
Section 4.0



The resulting ground-surface observations minimize mounding in valley bottoms but give flexibility
in steep topographic ar eas. Ground-surface observations were configured in UCODE 2005 as
follows:

» If the simulated hydraulic-head was below the target ground-surface elevation, the residual
was set to zero.

» If the simulated hydraulic head was above the target ground-surface elevation, the a ctual
residual was calculated.

Initially, a ground-surface target was used for every model grid cell, resulting in 53,581 observations.
This large number of observations significantly extended the model run time. Consequently, this
number was reduced by using every twenty-fifth cell (one on every fifth row and fifth column). This
reduced the number to 2,145 ground-sur face observations inthe final model conf iguration, as
depicted in Figure 4-43.
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Figure 4-43
Location of Ground-Surface Observations Used to Constrain Potentiometric Surface
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50 NUMERICAL MODEL CALIBRATION PROCESS AND
CONCEPTUAL MODEL TESTING

The process followed to calibrate the numerical model is described in this section, followed by a

presentation of calibration activities designed to test and adjust the conceptual model represented in
the numerical model. These calibration activities consisted of reweighting the observations and
testing and adjusting the various components of the conceptual model. Additional adjustments made
to the western portion of the model domain, which coincided mostly with the WRFS as defined in the
Conceptual Model Report (SNWA, 2009a), are presented separately at the end of this section. Model
parameters were also refined during these calibration activities, but the final parameter-estimation
simulations are discussed in Section 6.0 along with the evaluation of the calibrated numerical model.

51 Calibration Process

Although automated-regression techniques may constitute more efficient and accurate tools for model
calibration, manual trial-and-error calibration is often necessary to deve lop a reasonable
representation of a complex hydrogeologic system with sparse data and significant uncertainties. In
fact, combining the two methods provided greater flexibility in testing the representation of various
features of the flow system in the numerical model.

51.1 Model Calibration Guides

The parameter-estimation and testing-analysis capabilities of UCODE 2005 provided valuable
insights, which were used to guide the calibration of the numerical model. Useful model-calibration
guides consisted of indicators of data quality, the relative importance of e ach parameter in the
parameter-estimation process, and indicators of calibration improvement. Particularly useful were
the dimensionless sensitivities, the CSS, the SOSWR, and the weighted residuals.

* The dimensionless sensitivities quantify the influence of a single observation on a single
parameter estimate. They are not only used internally by UCODE 2005 to seek a solution,
but they were also used externally by the modelers to evaluate the importance of observations
to the parameter estimation.

* CSS were used during calibration to decide which parameters to include and exclude from the
parameter-optimization process. In general, parameters with relatively high CSS values were
typically included in the estimation process, while parameters with relatively low CSS values
were not. In the case of two correlated parameters (as determined from parameter-correlation
coefficients), the parameter with the lower sensitivity typically was not optimized directly.
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* As the SOSWR is a reflection of the f it of the simul ated values to the observed values, it
represents an indicator of overall model fit. A decrease in the SOSWR was used as a general
measure of improvement in model fit. Being dimensionless, the SOSWR is also useful for
comparing observation errors of different types, such as flows and hydraulic heads.

»  Weighted residuals, while indicative of model fit, are dimensionless and can be less intuitive
compared to unweighted residuals. A weighted residual is the product of the residual and the
square root of its weight. In UCODE 2005, the weight is the inverse of the va riance.
Considering that the variance is the square of the standard deviation, the we ighted residual
may be calculated as the ratio of the unweighted value to the standard deviation. Therefore, if
the unweighted residual is twice as large as the standard deviation, the value of the weighted
residual is 2.0 (Hill, 1998; Hill and Tiedeman, 2007). Decr easing weighted residuals of
individual observations indicate a better match to weighted observations and therefore an
improvement of model fit to those observations.

* Another indicator of model-c alibration improvement is more realistic calibrated parameter
values (Hill, 1998; Hill and Tiedeman, 2007).

5.1.2 Conceptual Model Testing and Adjustment Process

The representation of the conce ptual model in the numerical model was iteratively refined using a
combination of trial and error and the parameter-estimation methods of UCODE_2005.

An iteration generally consisted of (1) modify ing a given component of the ¢ onceptual model
representation (observation weight or model construc tion element), (2) adjusting the component by
trial and error (UCODE 2005 run with si ngle MODFLOW-2000 simulation), and (3) performing a
UCODE 2005 optimization run (UCODE 2005 run with multiple MODFLOW-2000 simulations),
when the results of the trial-and-error simulations were judged reasonable.

The results of the UCODE 2005 testing analyses were used throughout the process to evaluate the
state of the calibration and to make decisions about subsequent adjustments. These results were used
to reevaluate observation weights and to make changes to the model construction, both regionally and
locally, by adjusting defined parameters or modifying aspects of model construction.

51.3 Final Parameter Estimation

During the model simulations described in this section, the conceptual model representation in the
numerical model was refined to yield a better fit of the model to the observations. At the same time,
parameter estimates were improved but were not considered to all be final calibrated values. At the
end of the calibration process, attempts were made to refine these estimates using the optimization
capabilities of UCODE 2005. The details of these activities are provided in Section 6.1.

5-2 Section 5.0



Transient Numerical Model of Groundwater Flow for the CCRP

5.2 Observation Data Review and Reweighting

Weighted residuals simplify the evaluation of overall model fit by lumping observed data of different
types into a single observation data set. The weights were initially assigned based on the uncertainty
associated with each of the observations. During the model-calibration process, hydraulic-head and
drawdown, spring flow, stream flow, and groundwater-flow observations and corresponding weights
were evaluated to determine if they appropriately constrained the flow model.

The DVD included with this report provides a detailed listing of observation locations, target heads,
variances, rationale of varia nce calculations, and rationale for excluding the obs ervation.
Section 4.7.3 introduces variance adjustments performed in addition to t hose reported on the D VD.
As described in Section 4.0, several types of observations were used in the numerical model and these
are listed again in Table 5-1. During calibration of the numerical model, observations were given
equal consideration, regardless of type. In other words, a well observation with a COV of 10 percent
carried equal weight as a spring flow observation or an ET observation with a COV of 10 percent.
This approach gave hydraulic-head observations more overall importance in the model calibration
because of the significant number of hydraulic-head observations (see Table 5-1). A large number of
ground-surface observations were also used. However, ground-surface observations have small
individual weights.

Table 5-1
Number of Calibration Observations by Type
Observation Type Count Comment
Hydraulic-Head Observations 2,707 -
Hydraulic-Drawdown Observations 4,301
Spring Hydraulic-Head Observations 0 ---
Groundwater ET Discharge 126 Includes spring flows.
Steady-State Spring Flows 44
Transient Spring Flow Change 27 ---
CHD Boundary Flow 16 ---
Interbasin Flow 0 -
SFR2 Spring/Stream Gage 144 ---
Selected where surface ponding occurred but fell between the
locations. These targeted specific problem locations.
Total 9,510

The bias toward hydraulic-head observations was apparent during parameter-estimation simulations.
For example, an optimization simulation would converge (TOLPAR = 0.01). However, flow errors
from the major springs in Pahranagat Valley and Muddy River exceeded one standard deviation.
While the total SoS WR was reduced, the model fit at these key features was unacceptable. As a
result, the standard deviation of key spring and gage observations was adjusted (Table 5-2) by a factor
of 10, increasing the influence of these observations.
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Table 5-2
Selected Observations and Revised Standard Deviations

Standard Deviation

Original Deviation
Observation afy (m®/d) afy (m®/d) Rationale for Revising Observation Weight
GdBIG_SPR_61 --- - Intermediate spring (Big Springs; 2004)
GdLKCK_END_## | 1,000 (3,377) | 100 (337.7) | End of Big Springs Creek/Lake Creek. Channel should be dry.
GdASH_61 --- - Regional spring (Ash Springs; 2004)
GdHIKO_01 -—- - Regional spring (Hiko Spring; 1944)
GdXTL_61 --- - Regional spring (Crystal Springs; 2004)
GdPW_7_## 1,000 (3,377) | 100 (337.7) | End of Pahranagat Wash. Channel should be dry.

GdmrGLEND_08 | 4,813 (16,254) | 481 (1,625.4) | Muddy River near Glendale gage measurement (1951)

GdmrGLEND_## various various/10 | Muddy River near Glendale gage measurement (1952 to 2004)
GdmrMOAPA_02 | 5,008 (16,912) | 501 (1,691.2) | Muddy River near Moapa gage measurement (1945).

GdmrMOAPA_## various various/10 | Muddy River near Moapa gage measurement (1946 to 2004)
GdOVERTON_61 | 5,000 (16,885) | 500 (1,688.5) | Muddy River at Overton (2004)
GdLK_MEAD_01 | 5,000 (16,885) | 500 (1,688.5) | Muddy River at Lake Mead shore (1944)

## refers to stress-period identifier.

5.3 Conceptual Model Testing and Adjustment

As described in Section 3.0 and Section 4.0, variations of four major components of the conceptual
model were evaluated to te st additional features of the f low system. These variations were
refinements to the simplified conceptual model. Conceptual model variations were considered for
(1) hydrogeologic framework, (2) external flow boundaries, (3) definition of recharge processes, and
(4) definition of di scharge areas. For each change in the conceptual model, sensitivities were
calculated, and parameter values were estimated. In general, conceptual model changes contributing
to significant improvement in model fit, as indicat ed by a reduction in the SOSWR, were retained in
the final calibrated model. Variations in hydrogeologic framework interpretation contribute most to
improving the numerical model fit.

5.3.1 \Variations in the Hydrogeologic Framework

The simplified hydrogeologic framework developed for the conceptual model (SNWA, 2009a) lacks
sufficient detail to represent certain characteristics of the flow sys tems. Some of the se detailed
characteristics were obtained from SNWA (2008) or from the literature and were tested in the model
but only as allowed by the size of the model grid cells. Many of the hydrogeologic framework
complexities are much smaller than the size of the grid cells and cannot be represented in the model.
Tested aspects consist of the spatial variations in RMUs and the re presentation of partial barriers to
flow in the numerical model.
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5.3.1.1 Spatial Variations in RMUs

More details were added to the representation of the RMUs in the numerical model both at the scale
of the hydrographic areas and at the local scale.

At the scale of the hydrographic areas, zones wer e identified based on natural characteristics or
important processes at that scale. Zones were defined based on (1) lithologic variation, (2) regional
faulting, (3) thermal alteration, and (4) regional tectonism. In some cases, the final number of zones
was arrived at by evaluating dif ferent numbers of zones through multiple model sim ulations.
Multiplication factors on the original zone parameters were typically used to adjust zone pr operties.
The final zonation was described in Section 4.0. Parameters derived by UCODE 2005 define zones
with similar properties into a smaller set of model parameters.

The resolution of the numerical model grid inhibits accurate representation of geometries. In some
cases, the lack of de tail limits the ability to represent important local- or inte rmediate-scale
hydrogeologic features that result in springs or ET zones.

5.3.1.1.1  Warm Springs near Gandy, Utah

At Warm Springs near Gandy, Utah (Figure 4-25), the simplified hydrogeologic framework model
lacks sufficient detail to represent the interpreted geologic structure controlling spring flow. The
target flow is 12,027 afy (40,616 m*/d), but simulating flows larger than 4,341 afy (14,662 m>/d) has
proved elusive. To improve the representation of this spring and incre ase flow, the following steps
have been implemented or tested:

* In SNWA (2008), a carbonate feature is described as exte nding through the Qua ternary-
Tertiary alluvium (QTa) inthe UVF. This feature isnotre presented inthe regional
hydrogeologic framework (SNWA, 2009a). An LC zone was added into the UVF R MU to
incorporate this feature into the model and better approximate the interpreted hydrogeologic
setting. Spring flows increased slightly (100 to 800 afy) with this change. This adjustment
was kept in the numerical model.

* Mankinen and McKee (2009) identified a gravity anomaly area in the C onfusion Range.
Decreasing K in this area increases hydraulic heads along the east side of Snake Valley. This
adjustment increased flow at Warm Springs (hundreds of afy). This adjustment was kept in
the numerical model.

* Two large watersheds are west of Warm Springs. Runoff from these areas have the potential
to deliver significant volumes of water to the Warm Springs Area. Adjustments to runoff
pathways (see Section 4.5.3.3) were made to test the ef fects on spring flow. First the runoff
was arranged to occur near the spring or up-gradient of faults represented by HFBs. The
result was increased hydraulic heads yielding approximately 1,000 afy (2,961 m?/d) of
additional flow. Second, the runoff pathway was adjusted to place all runoff at the DRN
spring cells. This test yielded only 2,961 afy (10,000 m?/d) flow at Warm Springs (up from
about 1,000 afy). The first runoff pathway test was kept in the numerical model.
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* Numerous normal faults are mapped in the area. Some are represented in the f ramework
model. Additional HFBs were added in an attempt to direct flow toward the spring. Slight
increases in flow at Warm Springs were achieved. This adjustment was kept in the numerical
model.

* The K of the BASE RMU between northern Spring Valley and Snake Valley was increased.
This also had the advantage of moving some excess water out of Spring Valley. While this did
increase flows somewhat at Warm Springs, the total flow from Spring Valley to Snake Valley
was not considere d reasonable, and the K of the BASE RMU was returned to its starting
value.

* Recharge efficiencies were increased by 25 perc ent over the initial GSLDFS efficiencies
along the east side of the S nake Range in Snake Valley. This adjustment yielded 4,341 afy
(14,662 m*/day). This adjustment was kept in the numerical model.

While flow at Warm Springs is 36 pe rcent of the target, total discharge in Snake Valley is within
4 percent (Figure 6-18). Thus, discharges to ET zones on the basin floor account for the deficit of
spring flows.

5.3.1.1.2 Patterson Valley to Panaca Valley

Southern Patterson Valley and Panaca Valley had opposite problems, more or less, through most of
the model development. In southern Patterson Valley, the simulated water table was more than 82 ft
(25 m) above ground surf ace, while Panaca Spring flows were undersimulated at296 afy
(1,000 m*/day), and the tar get was 2,348 afy (7,930 m’/day). The framework model, however,
provided no means to move the e xcess water from Patterson Valley to Panaca Spring. Zonation
testing in the area was ineffective. Review of faulting mapped in the area (SNWA, 2008) indicates
northwest-southwest trending faults, which could provide preferential flow through t he mountain
block separating these valleys. A fault zone was added to the BASE, LC, and LVF RMU s to test the
possible connection from P atterson Valley to Panaca Spring. The r esult was decreased hydraulic
heads in southern Patterson Valley and increased flow at Panaca Spring. This adjustment to the
framework was kept in the numerical model.

53.1.1.3 Upper Meadow Valley Wash

The transient calibration process revealed shortcomings of the hydrogeologic framework in northern
Panaca Valley and the northern part of Meadow Valley Wash. For example, irrigation pumping from
surficial materials in these areas resulted in drawdowns of 1,640 ft (500 m). Expected drawdowns are
generally less than 5 m.

Comparison of the hydrogeologic framework model to the geologic maps indicates that
oversimulated drawdown occ urs in areas where the framework model has been oversimplified.
Specifically, unconsolidated deposits (UVF) are not represented in these areas. As a result, pumping
was simulated from the less permeable LVF. Zones (for K and S) along Meadow Valley Wash were
applied to these areas in the LVF and LC. Simulated drawdowns decreased to approximately 262 ft
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(80 m). The faulting applied to the mountain block between Patterson Valley and Panaca Spring
(described above) also reduced oversimulated drawdowns.

Significant improvements were achieved by the adjustments described above; however, drawdowns
in two observation wells remained significantly oversimulated. Errors from these wells (Z03 4 ##
and Z03 6 ##) accounted for over 40 percent of t he objective function SOSWR. As are sult,
parameter-estimation simulations were biased by these observations. To resolve this issue, the initial
hydraulic-head observation from each well was kept as an observation. The remaining drawdown
observations were not included as observations. This area is expected to continue reporting larger
than expected drawdowns during model prediction.

5.3.1.2 Horizontal Flow Barriers

The representation of some faults as partial barriers to groundwater flow wa s evaluated by
considering alternative conceptual models that would also result in reasonable simulated
hydraulic-head or spring flow distributions. During the initial stages of model development, two
basic conceptual models were considered. In the first one, roc ks in the m ountain blocks wer e
assigned significantly low hydraulic conductivities. In the second one, rocks in the mountain blocks
were assigned moderately low hydraulic conductivities associated with faults containing small
cross-fault transmissivity. During model calibra tion, focus shi fted from the first to t he second
conceptual model, which was implemented using the HFB package as described in Section 4.0. The
adoption of the second conceptual model was influenced by three major factors, which support the
explicit inclusion of faults in the model using the HFB package. These three factors are discussed in
the following text, followed by the final list of HFBs included in the model and their parameters.

5.3.1.2.1 Mountain-Block Hydraulic Heads, Recharge, and Runoff

Early in the model calibration, it was noted that mountain blocks with significantly low K created
very large groundwater recharge mounds (water modeled above the ground surface). To maintain
effective recharge rates under this conceptual model, it was necessary to increase recharge runoff.

Aspects of this increase of recharge that are of particular note include:

* For UA, BASE, and PLUT materials, because of their perceived competence, 98 percent of
the recharge applied to mountain blocks containing these units had to be moved to the valley
bottoms. Given the limited capacity of small-K mountain blocks to absorb water, matching
hydraulic-head elevations in these mountain blocks was very difficult. Small changes in the
recharge rate, the percent of in-place recharge, or the host rock K could all cause large changes
in hydraulic head.

* For carbonate (LC and UC) and LVF units, more evidence existed to suggest that more
infiltration was possible in these areas. Carbonates in the model area are known to act as good
aquifers. LVF materials, in many cases, were more transmissive than UA, BASE, and PLUT
units. Carbonate and LVF units required larger K to prevent mounding.
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* The hydraulic prope rties of the UVF unit also needed to be ade quately large to allow
infiltration of this water at the base of m ountain fronts. It was generally assumed that most
redistributed-runoft recharge occurred not more than2to5 mi from the m ountain-front
transitional areas. If too much runoff was generated, the model would predict large mounds in
these transitional areas, particularly in places where the UVF RMU was quite thin. To prevent
this, the following measures were taken:

- The K of the UVF unit was increased within reasonable limits.

- Runoff from the mountains was reduced. This lead to increasing K in the mountain block,
which sometimes resulted in a significant decrease in hydraulic heads in the mountain
block.

- Recharge was reduced; however, in many areas, recharge rates needed to be maintained in
order to maintain spring and ET flows.

53.1.2.2 Hydraulic-Head Changes across Faults

Regional water levels suggest thatfa ults act as barriers to groundwater flow. Although
well-documented examples are scarce, water levels occurring in several key areas close to, or on both
sides, of faults display significant hydraulic-head drops. One example of this occurs between Dry
Lake Valley and Patterson Valley (Figure 5-1). Hydraulic heads in Patterson Valley are fairly flat at
about 5,650 ft. There are additional hydraulic-head observations on the Dry Lake Valley side of the
carbonate mountain block, where hydraulic heads have droppedto 5,450 ft. The lar ge drop in
hydraulic head occ urs across two normal faults represented by HFBs. Hydraulic heads drop an
additional 1,100 ft down to about 4,300 ft in central Dry Lake Valley. Even with low K flow barriers,
the numerical model had trouble in this area matching the large hydraulic-head drop across the fault
zone on the Dry Lake Valley side of the mountain block (Bristol Range). From these and ot her
observations in Dry Lake Valley, the large hydraulic-head drop appears to be controlled by faulting
rather than by mountain-block material.

5.3.1.2.3 Spring Flows at Faults

The occurrence of springs in areas immediately up-gradient of faults is another indicator of faults
acting as hydraulic barriers to groundwater flow. Examples include Lund Spring (in White River
Valley) and Muddy Springs (in the Muddy River Springs Area). In many cases where springs are
associated with faults, sufficient flow was not simulated from these springs until a horizontal-flow
barrier was incorporated into the hydrogeologic framework and numerical model.

In most cases, model fit improved more dramatically when HFBs were used in these hydrogeologic
settings. HFBs were much more effective than using hydraulic-conductivity changes from small K
mountain-block units to larger K valley-fill units. Because HFBs were added in plac es where data
were present to indicate a dra matic hydraulic gra dient change, it is quite possible that there are
locations in the model domain where faults act as flow barriers, but the data were not available to
indicate their presence. Thus, the model may actually underrepresent HFBs model-wide.
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53.1.24 Final HFB Configuration

The evidence described above demonstrates that barriers to groundwater flow were necessary in
many cases to better control simulated hydraulic heads and improve gradients and flows. Therefore,
the second conceptual model was adopted with barriers to groundwater flow explicitly represented in
the model using HFBs . Initially, HFBs were assigned to lateral and normal faults of r egional
significance and were tested during model calibration. This testing resulted in the removal of many
faults as potential horizontal flow barriers. Table 5-3 lists all tested HFBs including the ones that
were removed during testing. Normal faults identified as potential barriers to flow ar e listed in
Table 5-3 and are illustrated in Figure 4-11. The selected normal and lateral faults were represented
both as high-transmissivity zones and HFBs (Section 4.0).

5.3.2 Location and Nature of Flow Boundaries

External boundary flows were estimated from sparse water-level data, interpretive hydrogeologic
framework information, and estimates from previous studies. Because of limited data, external
boundary flow observations are difficult to characterize. The model-calibration process includes
modification of external boundaries to test the adequacy of their representation. A djustments to
external boundaries include the following:

* Northern Steptoe Valley at the boundary with Goshute Valley (Figure 4-14) — This boundary
was shifted from the structural basin into a mountain-block area. Observed hydraulic heads
(W179 280 and W179 283) in the mountain-block area were 160 to 200 ft (50 to 60 m) lower
than surrounding water levels in northern S teptoe Valley. Water levels in Steptoe Valley
appear to be influenced by faults near these two observations.

» Tippett Valley (Figure 4-15) —An additional constant-head boundary was added to the
northeastern side of the hydrographic area near Deep Creek Valley. This was done because
hydraulic-head observations along the Ante lope and D eep Creek boundaries indicate a
relatively flat gradient, while hydraulic heads in central Tippett Valley show elevated heads.
The flatter gradient suggests some poss ible leakage through the mountain block to Deep
Creek Valley.

* Long Valley (Figure 4-17) — The target flow to Newark Valley was increased from 0 to 12,000
afy (40,525 m’/d). As discussed in Section 4.3.2.2, it was not possible to simulate large
quantities of groundwa ter flow from Long Valley to Jakes Valley, as sug gested in the
simplified conceptual model (SNWA, 2009a). To help balance the groundwater budget in
Long Valley, some of the excess water was allowed to flow out of the valley southwest into
Newark Valley and northwest into R uby Valley. Although the re vised target for flow to
Newark Valley is consistent with other interpretations (e.g., Prudic et al., 1995), it is highly
uncertain because of the lack of data in that area. The ta rget flow for the additional
flow-boundary segment adde d to the model to help remove the rest of the exc ess water
simulated in Long Valley wasset to 2,000 afy (6,754 m’/d). The location oft his
flow-boundary segment is also ¢ onsistent with Prudic et al. (1995). However, Prudic et al.
(1995) show, in their upper model layer for the nor thwestern boundary of Long Valley, that
flow moves into Long Valley.
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Table 5-3

Normal and Lateral Faults Identified as Flow Barriers

(Page 1 of 2)

Section 5.0

Extends Added
Through | and Tested Tested Modeled
Fault All During and Parameter Conductance

Fault Description Subdivision Type RMUs | Calibration | Eliminated Name (1/d)
Caliente Caldera Lateral |  Yes HFB_GROUP | 9.014E-07
Area -

East Normal Yes X X HFB_CALIFE 9.014E-07
California Wash -

West Normal Yes X - HFB_CALIFW 9.014E-07

North Lateral Yes - - HFB_CAVE_N 9.014E-07
Cave Valley Northeast Normal Yes X - HFB_CAVENE 9.014E-07

Southwest Normal Yes X -—- HFB_CAVESW 9.014E-07

North Normal Yes X - HFB_COAL_N 2.704E-06
Coal Valley

West Normal Yes X -—- HFB_COAL_W 2.323E-06

North Lateral Yes - - HFB_GROUP 9.014E-07

North Normal Yes X - HFB_DRYL_N 9.014E-07
Dry Lake Area South Lateral Yes -—- -—- HFB_GROUP 9.014E-07

East Normal Yes X - HFB_DRYL_E 9.014E-07

West Normal Yes X - HFB_DRYL_W 9.014E-07

Central Normal Yes X X HFB_GARD_C 9.014E-05

East Normal Yes X X HFB_GARD_E 9.014E-05
Garden Valley = =

North Normal Yes X - HFB_GARD_N 9.014E-07

West Normal Yes X - HFB_GARD_W | 2.704E-06
Hamlin Valley --- Normal Yes X X HFB_HAMLIN 9.014E-07
Kane Springs Area -—- Lateral Yes -—- - HFB_KANE 9.014E-07
Lake Mead Black Mountain Lateral Yes - - HFB_LAKEMD 9.014E-08
Long Valley East Normal Yes X - HFB_LONG_E 9.014E-07
Muddy River East of Muddy Springs | Normal |~ Yes X HFB_MUDDYR | 9.014E-04
Springs Area

Eastern Lateral Yes - - HFB_PAHR_E 1.426E-05
;sg;a”agat Shear "\ orthwestern Lateral | Yes HFB_PAHRNW | 2.704E-05

Southwestern Lateral Yes - - HFB_PAHRsW 2.704E-06

East Side of Wash

South to Ash Spring Normal Yes X - HFB_PAHR_1 9.014E-07
Pahranagat Valley  sixmile Flat - East Normal | Yes X HFB_B6MILEE | 9.014E-07

Sixmile Flat - West Normal Yes X X HFB_6MILEW 9.014E-07

North Pahroc to Normal |  Yes X X HFB_PROCDM | 9.014E-07

Delamar -

Central to Delamar Normal Yes X - HFB_PROCD2 9.014E-07
Pahroc Valley Cross Valley Normal | Yes X HFB_PROC_X | 9.014E-06

North Normal Yes X - HFB_PROC_N 2.704E-06

South Normal Yes X - HFB_PROC_S 9.014E-07
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Table 5-3

Normal and Lateral Faults Identified as Flow Barriers

(Page 2 of 2)

Extends Added
Through | and Tested Tested Modeled
Fault All During and Parameter Conductance
Fault Description Subdivision Type RMUs | Calibration | Eliminated Name (1/d)
Below Panaca Spring Normal Yes X -—- HFB_PANACA 9.014E-07
Panaca Valle i
Y Further South in Normal |  Yes X HFB_PANAC2 | 9.014E-07
Central Valley -
Central Valley Normal Yes X - HFB_PATV_1 9.014E-07
Patterson Valley
Southeast Normal Yes X - HFB_PATTSE 9.014E-07
At Warm Springs near Yes HFB_GANDY | 9.014E-08
Gandy, UT -
Eastern Flank, Normal |  Yes X HFB_SNRS_E | 1.532E-06
Southern Section - —
Eastern Flank, Central
Section, West of Warm | Normal Yes X - HFB_SNRCwE 9.014E-07
Snake Range and Springs
Snake Valley Eastern Flank, Central
Section, East of Warm | Normal Yes X - HFB_SNRCeE 4.507E-05
Springs
Eastern Flank, Normal |  Yes X HFB_SNRN_E | 9.014E-05
Northern Section - -
West of Baker Lateral Yes -—- - HFB_GROUP 9.014E-07
Near Confusion Normal Yes X - HFB_SNKCON 9.014E-07
Northeast Normal Yes X - HFB_SPR_CE 9.014E-07
Spring Valley
Central-east Normal Yes X - HFB_SPR_NE 9.014E-07
To Cave Valley Normal Yes X X HFB_SwSTEP 9.014E-07
Near McGill Spring Normal Yes X -—- HFB_MCGILL 9.014E-07
Steptoe Valley East Model Boundary Normal Yes X - HFB_STEPBE 9.014E-07
South Model Boundary | Normal Yes X -—- HFB_STEPBS 9.014E-07
West Model Boundary | Normal Yes X - HFB_STEPBW 9.014E-07
East Normal Yes X - HFB_TIPP_E 9.014E-07
Tippett Valley
West Normal Yes X - HFB_TIPP_W 9.014E-07
Caldera Lateral Yes -—- - HFB_WRCALD 9.014E-07
Cross Valley, Near Normal | Not UVF X HFB_WR_X_C | 9.014E-07
Moorman Spring - ==
East Side of Valley,
North Near Lund Normal Yes X - HFB_WR_E_N 9.014E-07
Hot Creek Springs
White River Valley | Area Normal Yes X - HFB_WR_HCS 9.014E-07
Near Pahroc Valley Normal | Not UVF X - HFB_WR_PRC 9.014E-07
West of Hot Creek
Springs Area, Along Normal Yes X - HFB_WR_WH 9.014E-07
. C
Mountain Block
Fast Side of Valley. | Normal | Yes X X HFB_WR E_S | 9.014E-07
Southern End _VWiR_E_
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» Pahranagat Valley (Figure 4-19) — During model calibration, discharge by groundwater ET
from Pahranagat Valley tended to be larger than expected. A constant-head boundary was
added to southwestern Pahranagat Valley to allow some of the discharge to flow out of the
model area through the Pahranagat Shear Zone, thereby decreasing discharge by groundwater
ET to more reasonable levels. This is consistent with some previous studies (Winograd and
Friedman, 1972; Dettinger, 1989; Kirk and Campana, 1990; Thomas et al., 1996), and models
(D’Agnese et al., 1997) have suggested that groundwater flow from Pahranagat Valley toward
the DVFS is possible. Howe ver, Thomas et al. (2001) and Thom as and Mihevc (2007)
balanced a deuter ium-mass-balance model of the WRF S based onu pdated deuterium
measurements without any subsu rface outflow from the wester n boundary of P ahranagat
Valley. San Juan et al. (2004) found that the most reasonable estimate of boundary flow
between Tikaboo Valley and Pahranagat Valley is 800 afy of inflow t o Pahranagat Valley.
While the calibrated groundwater ET rates are still high, opening the Pahranagat Shear Zone
boundary allows some of the excess water to exit. Atthe same time, adequate flow is
delivered to Coyote Spring Valley and the Muddy River through the Pahranagat Shear Zone.

* Confusion Range (Figure 4-16) — The ¢ onstant-head boundary at the Confusion Range in
southeastern Snake Valley was te sted to evaluate its extent along the range. A reduced
boundary length along the Confusion Range resulted in a better representation of hydraulic
heads in Snake and Hamlin valleys and discharges through ET and springs. In the conceptual
model, the Confusion Range boundary extended about 28 mi (45 km) north of that shown in
Figure 4-13. Simulated hydraulic heads were predicted to decline to the north. During model
calibration, this tended to reduce flows at Twin Springs and Foot e Reservoir Spring and to
lower hydraulic heads in the mountain block, often to levels lower than those seen on the floor
of Snake Valley. Analysis of recent data collection (Mankinen, pers. comm., 2008) suggests a
significant gravity anomaly in this northern section of the Confusion Range. This indicates a
change in material type from the southern boundary area. The K could be higher or lower, but
given the behavior of the model in the area, a low K zone appears more reasonable, making
representing this section with a constant-head boundary less reasonable. During early testing,
hydraulic heads were raised a long this boundary to improve flow at Twin Springs and
surrounding hydraulic-head observations. Howe ver, hydraulic heads were raised 650 ft
(200 m) along the norther n boundary before good matches were attained. Given that no
source existed for this water, the approach was abandoned and a reduction in boundary length
was used.

» Fish Springs Range/Fish Springs Area (Figure 4-16) — The source of water at Fish Springs
was evaluated throughout the model-calibration process. Initial calibration efforts assigned
no flow conditions along the Fish Springs Range between Snake Valley and Fish Springs Flat.
The volume of dischar ge at Fish Springs suggests that the origin of water occurs outside of
Fish Springs Flat (Bolke and Sumsion, 1978; Gates and Kruer, 1981; Carlton, 1985; Harrill
et al., 1988). The calibrated model suggests 718 afy (2,425 m3/d) is flowing into Snake Valley
from Fish Springs Flat. In general, small flows (<1,000 afy) across this boundary alternated
between, into, and out of the model domain. F lows predicted at this boundary appear to be
small, but whether flow is really into or out of the model domain is unclear.
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The flow-boundary segments and their re presentation in the model are only interpretations. Their
actual locations and fl ow rates may differ from simulated flow because of unce rtainties in the
recharge estimates and because the hydraulic properties of the rocks are unknown over most of the
model domain.

5.3.3  Definition of Recharge Processes

Section 4.5 describes the development of recharge input to the CCRP model. Recharge was based on
five basic processes, including:

* PRISM precipitation distribution

* Runoff watershed areas and catchment points

* Runoff distribution pathways

* Recharge efficiencies

» In-place versus runoff recharge percentages for potential recharge

Of the five processes, PRISM precipitation distribution and watershed areas and catchment points
were not modified during calibration. Runoff pathways, efficiencies, and in-place percentages were
adjusted during ca libration. The following sections describe the calibration of these recharge
processes.

5.3.3.1 Runoff Distribution Paths

The runoff distribution paths we re ther esult of an a utomated topographic-based geographic
information system (GIS) algorithm described in Section 4.0. The paths were not modified
programmatically during model calibration. Instead, they were adjusted manually prior to model
execution. The refore, runoff distribution paths were not manipulated by UCODE 2005 for
sensitivity calculations or parameter estimation. As part of the calibration process, adjustments to
runoff pathways refined the runoff recharge component. For example, the recharge process could
produce runoft to model cells with a very small thickness of permeable rock type. This could result in
unrealistic mounding. In addit ion, converging distribution paths could also result in un realistic
simulated mounds in the water table. In short, manual modifications to runoff pathways resolved
unrealistic mounding. Exte nding a distribution path typically resolved unrealistic water-table
mounding.

5.3.3.2 Recharge Efficiencies

SNWA (2009a) provides mitial estimates RE for the flow systems within the model domain. For each
flow system, four e fficiency intervals were defined in the model, a nd the following rules desc ribe
their implementation:

* RE for lar ger precipitation rates were equal to or larger than the efficiency for smaller
precipitation rates (i.e., RE4 = RE3 > RE2 > RE1 = 0.0).
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* RE were grouped with a multiplication factor by flow system. When the factor was modified,
all the efficiencies for the flow system were raised or lowered by an equal percentage.

* RE multiplication factors were limited to a range of 0.1 to 2.0 in UCODE 2005. A factor of
1.0 implies the initial RE were unchanged. A factor of 2 would imply twice the expected
recharge enters the flow system,a nd 0.1 wouldi mply only 10 percent of the expected
recharge enters the flow system. The bound on the multiplication factor was found to stabilize
the recharge-efficiency parameters during the estimation process.

Convergence issues were encountered with t he RE during parameter estimation. Therefore, manual
adjustment was the primary calibration method for these parameters.

During the calibration, the RE were some of the most sensitive model param eters, second to the
constant-head boundary parameters. Early in the calibration when using parameter estimation to
estimate parameter values, the initial values for RE were often unreasonable. In some c ases, rates
could exceed 100 percent of precipitation or trend toward zero. In the calibrated model, the RE
estimates were very similar to those defined in the conceptual model, with the exception of the
Goshute Valley Flow System (GVEFS) efficiencies. These were raised by 25 perc ent because
simulated heads and ET rates in Steptoe Valley were typically low and because the recharge rate used
in the conceptual model was at the low end of the literature for Steptoe Valley (discussed more in
Section 6.0).

5.3.3.3 In-Place and Runoff Recharge Efficiencies

The range of possible values of in-place recharge efficiency is 0.0 to 1.0 in UCODE 2005. Two
parameters, R ROCARB W and R ROLVF WT, are commonly sensitive parameters. The final
model calibration estimates these parameters. The R ROLVF WT parameter controls volcanic areas
and had significant influence on hydraulic-head observations in Clover Valley and the Caliente
Caldera Complex.

Convergence issues were encountered with the in-place and runoff efficiencies during parameter
estimation. Therefore, manual adjustment was the primary calibration method for these parameters.

5.3.3.4 Additional Recharge Zonations

In the original conceptual model, there were four primary recharge efficiency regions. The se
represented the Gre at Salt Lake Desert, Goshute Valley, Meadow Valley, and White River flow
systems. During model calibration, all the flow systems other than Goshute Valley were subdivided.
Because some of these flow systems cover extensive regions, it is not surprising that there would be
local variations.

Hamlin Valley is an example where the hydrogeologic conditions do not match the rechar ge
efficiencies established for the flow system. While Hamlin Valley is part of the GS LDFS (see
Figure 4-32), the climate and rock types in the southern half of the basin are more similar to those
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seen in the MVFS. As a result, Hamlin Valley was divided a pproximately in half for recharge
purposes, with the southern half being reassigned to the MVFS.

Long Valley was originally modeled as being part of the WRFS. As aresult of the calibration
process, Long Valley and the northern half of Jakes Valley appear to be part of th e Newark Valley
Flow System (see Figure 4-32). RE were originally equal to the WRFS efficiencies. However, RE
were decreased by 50 percent to minimize groundwater mounding simulated in the area.

An additional subzone was defined in the GSLDFS. This subzone occurs in Snake Valley in the
northern Snake Range south of the Kern Mountains (see Figure 4-32). This subzone was created in
an effort to increase spring flows at Warm Springs, west of Gandy, Utah (see Section 5.3.1.1.1). This
predominantly north- and east-facing area of the Snake Range was assumed to have a 25 percent
higher recharge efficiency.

In tests to reduce ET discharge in some areas, RE in Dry Lake and Garden Valley (Figure 4-32) were
defined. The final numerical model left the efficiencies in these areas unchanged (same as WREFES).

5.3.4  Definition of Discharge Areas

The two basic types of groundwater-discharge parameters defined in the numerical model are (1) ET
and spring flow discharge, which are simulated using the DRN pac kage and associated parameters,
and (2) spring-f ed stream flows, which a re simulated using the SF R2 package and a ssociated
parameters. Groundwater ET and spring flows are grouped because the water that discharges from
springs may be derived from greater depths in the flow system and supplies the wetlands, shrublands,
playas, and open water bodies. Spring-fe d stream flow is routed to ET ar eas that are somewhat
distant from immediate groundwater-discharge locations. Groundwater ET was represented with the
DRN package using four conduc tance modifiers treated as para meters and representing wetland,
shrubland, playa, and open water for both regional and intermediate discharge areas (Table 5-4).

Table 5-4
ET Regions and Conductance Modifier Parameters
ET Regions Parameter Name

Wetland ETrWET and ETIWET

Shrubland ETrSHR and ETiSHR

Playa/Wet Soil ETrPLY

Open Water ETrWAT

HA 209 Wetland ETr209WET

HA 209 Open Water ETr209WAT

Note: There are no intermediate Playa and Open Water ET areas.
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5.34.1 ET Sub-Basins

To better constrain the distribution of ET across large valley bottoms, larger valleys were subdivided
into ET sub-basins. ET estimates for each of the ET sub-basins were provided in SNWA (2009a).
This more detailed constraint on the spatial distribution of ET facilitated a more even distribution of
simulated ET along the lar ge valley bottoms. H owever, considering the unc ertainty inthe ET
estimates, matching these targets by hydrographic area remained the primary goal.

5.3.4.2 ET-Extinction Depth

The elevation of drains representing ET areas was initially defined to equal the minimum elevation of
the USGS 30-m DE M cell occurring within the 247.1-acre (1 km?) model grid cell, minus 33 ft
(10 m). Thisdraine levation approximates the elevation in the m odel domain below which
groundwater ET ceases (corresponds to extinction depth). As model calibration improved, some ET
areas required an adjustment to better approximate extinction depth. In the se areas, simulated
hydraulic heads were consistently low. To evaluate the ET-extinction depth, the depth subtracted
from the minimum DEM elevation was adjusted. In the calibrated model, one of two drain depths
was used: (1) the mean USGS 30-m DEM elevation within the 247.1-acre (1 km?) model grid cell,
minus 33 ft (10 m) or (2) the minimum USGS 30-m DEM elevation within the 247.1-acre (1 km?)
model grid cell, minus 16.4 ft (5 m). In a given m odel cell with an ET drain, the lower of these two
values was used.

5.3.4.3 Spring Depth

Different types of springs were conceptualized to draw water from different model layers (depths).
Regional springs were initially assigned to the uppermost model layer containing the LC RMU.
Spring flows at these regional springs improved when the springs were assigned to model layers
containing the LC RMU. Intermediate springs were initially assigned to the upper one or two model
layers to represent shallow groundwater flow features. Spring flows improved when these springs
were assigned to shallow and deep model layers, suggesting that these features have a mixture of deep
and shallow groundwater sources.

5.3.4.4 Spring Conductances

Drain conductance was adjusted during calibration to better simulate spring discharge. Table 5-5 lists
initial conductance estimates and the calibrated conductance. The largest modification (factor of 10)
to drain conductance occurs at Hot Creek Spring.

5.3.4.5 Spring (Riverbed) Hydraulic Conductivities

Springs simulated using the SFR2 package were assigned riverbed hydraulic conduc tivities. For
these springs, the riverbed hydraulic conductivities were adjusted manually to improve matches with
the spring flow obse rvations. Table 5-6 lists initial estimates and the ¢ alibrated hydraulic
conductivities.
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Table 5-5
Conductances for Springs Modeled with DRNs

Original Conductance Updated Conductance
Observation Estimate Estimate

Spring Name Name ft?/d (m?/d) ft2/d (m?/d)
Arnoldson Spring SPiw07_2_## 644.0 (59.83) No Change
Blue Point Spring SPiw15_2_ # 57.70 (5.360) 173.1 (16.08)
Brownie Spring SPis09_4_## 491.2 (45.63) No Change
Butterfield Spring SPib07_10_## 1,175 (109.2) 587.6 (54.59)
Cherry Creek Hot Springs SPr79_2 ## 3.693 (0.3431) No Change
Cold Spring SPiw07_3_## 428.8 (39.84) No Change
Emigrant Springs SPib07_15_## 537.7 (49.95) No Change
Flag Springs 1
Flag Springs 2 SPiw07_7_## 205.5 (19.09) 821.8 (76.35)
Flag Springs 3
Foote Res. Spring SPib95_12_## 2,199 (204.3) No Change
Hardy Spring NW
Hardy Springs SPis07_11_## 627.1 (58.26) No Change
Hot Creek Spring SPrO7_1_## 2,174 (202.0) 21,740 (2,020)
Keegan Spring SPis84_12_#i# 927.0 (86.12) No Change
Kell Spring SPis95_13_## 302.5 (28.10) No Change
Lund Spring SPib07_5_## 5,899 (548.0) 973.4 (90.42)
McGill Spring SPiw79_1_## 5,386 (500.4) No Change
Minerva Spring SPis84_13_## 1,484 (137.9) No Change
Monte Neva Hot Springs SPr17_3_## 141.3 (13.13) No Change
Moon River Spring SPrO7_14_## 380.0 (35.30) 759.9 (70.60)
Moorman Spring SPr07_6_## 206.0 (19.14) No Change
Nicolas Spring SPiw07_13_## 463.3 (43.04) No Change
North Millick Spring SPis84_3_## 1,069 (99.28) No Change
Panaca Spring SPr03_1_## 511.7 (47.54) No Change
Preston Big Spring SPrO7_4_## 1,218 (113.2) 3,655 (339.6)
Rogers Spring SPiw15_1_## 120.9 (11.23) 241.6 (22.45)
South Millick Spring SPib84_4 ## 1,114 (103.5) No Change
Twin Spring SPib95_15_ ## 3,514 (326.5) No Change
Warm Creek near Gandy, UT SPiw95_2 ## 2,947 (273.8) No Change
Willow Spring SPRiw184_1_## 6.958 (0.6464) No Change

## refers to stress-period identifier.
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Table 5-6

Hydraulic Conductivities for Springs Modeled with SFR2 Package

Hydraulic Updated Hydraulic
Conductivity Conductivity
Observation Parameter Estimate Estimate
Spring Name Name Name ft/d (m/d) ft/d (m/d)
Ash Springs G_ASH_SPR SFR_COND17 0.328 (0.1) No Change
Baldwin Spring G_MR_MOAPA SFR_COND19 0.328 (0.1) 0.131 (0.04)
Big Springs G_BIG_SPR SFR_COND3 0.328 (0.1) 3.28 (1.0)
Crystal Springs G_XTL_SPR SFR_COND16 0.328 (0.1) 0.0197 (0.006)
Hiko Spring G_HIKO_SPR SFR_COND15 0.328 (0.1) 0.0098 (0.003)
Jones Spring G_MR_MOAPA SFR_COND19 0.328 (0.1) 0.0328 (0.01)
M-10 G_MR_MOAPA SFR_COND19 0.328 (0.1) 0.131 (0.04)
M-11 G_WARM_SW SFR_COND19 0.328 (0.1) 0.0328 (0.01)
M-12 G_WARM_SW SFR_COND19 0.328 (0.1) 0.0328 (0.01)
M-13 G_WARM_SW SFR_COND19 0.328 (0.1) 0.0328 (0.01)
M-15 G_IVERSON SFR_COND19 0.328 (0.1) 0.0328 (0.01)
M-16 G_IVERSON SFR_COND19 0.328 (0.1) 0.0328 (0.01)
M-19 G_WARM_SW SFR_COND19 0.328 (0.1) 0.0328 (0.01)
M-20 G_IVERSON SFR_COND19 0.328 (0.1) 0.0328 (0.01)
Muddy Spring G_MR_MOAPA SFR_COND19 0.328 (0.1) 0.131 (0.04)
Pederson East Spring G_WARM_SW SFR_COND19 0.328 (0.1) 0.0328 (0.01)
Pederson Spring G_WARM_SW SFR_COND19 0.328 (0.1) 0.0328 (0.01)
Warm Springs East G_IVERSON SFR_COND19 0.328 (0.1) 0.0328 (0.01)

5.3.5 Storage Parameters

Many aquifer st orage parameters were gener ally found to be insensitive (see Section 6.0). T he
exception is UVF_SYTP. The sensitivity of the UVF storage parameter is reasonable because most
pumping occurs in the shallow unconsolidated UVF deposits. Relatively few features are in the
system to stress the other parameters.

The initial §, estimate for UVF_SYTP was 10 percent. Thiswas a conservative value for
unconsolidated deposits and within literature ranges. During initial modeling, though, drawdowns
across the model generally significantly exceeded observed drawdowns. Early parameter-estimation
runs predicted UVF §, values in excess of 30 percent regionally. This was considered unreasonably
large. During conversations with the USGS, and based on S NWA work (see Appendix A), UVF §
values in the Snake Valley and Baker, Nevada, area were estimated in the 12 to 28 percent range.
Based on this work, the UVF_SYTP was increased to 18 percent. Drawdown in some areas remains
overpredicted (e.g., 183 N06 E66 35C 1 USBLM - Pony Springs Well). However, this value appears
to be reasonable.
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5.4  Adjustments in Western Model Area

The western side of the numerical model study area was particularly difficult to calibrate and required
additional efforts. The difficulties stem from two major issues within the WRFS (1) groundwater flow
in the Long Valley area and (2) groundwater flow in the Pahranagat Valley area.

5.4.1 Groundwater Flow in Long Valley

Originally, the RE for Long Valley were assumed to be the same asthe restofthe WRFS.
Considering the relatively high elevation of Long Valley, relative to other nearby valleys (with lower
elevation), recharge was expected to be significant (i.e., nonzero). Based on the simplified
conceptual model used to derive the initial recharge distribution (SNWA, 2009a), 20,000 afy of
precipitation recharge and additional groundwater was estimated to flow from Long Valley to Jakes
Valley and, ultimately, to White River Valley.

The hydrogeologic framework model in the Long Valley area contains a significant thickness of the
UA RMU. The pre sence of such a thickness of UA in conjunction with the initial recharge rates
caused extreme groundwater mounding in Long Valley. The UA prevented vertical flow from the
upper unconsolidated UVF deposits to the lower carbonate (LC3). The UA acted more or less as an
effective confining unit at various tested thicknesses and/or hydraulic conductivities for the unit.

The northwestern portion of the model area, including Long and Jakes valleys, lacks well information
to accurately assess the thickness of the UA in this area. Faulting from Long Valley through Jakes
Valley and into White River Valley has been mapped from satellite imagery and aerial photography.
Tests were initially performed to identify appropriate adjustments to the hydrogeologic f ramework
model to allow approximately 37,000 afy of groundwater to flow fr om Long and Jakes Valley into
White River Valley. It was found that even with a zone of LC extending from Long Valley to White
River Valley, between the major normal faults through Jakes Valley, with K’s as high as 33 ft/d, large
fluxes through Jakes V alley were still not possible. This finding is consistent with the potential
presence of a groundwa ter divide in central Jakes Valley, with flow from northern Jake s Valley to
Long Valley to Newark Valley (Prudic et al., 1995). Because simulating large flows through Jakes
Valley was not possible, it was concluded that (1) either the initial recharge in Long and Jakes valleys
was too high (2) or the groundwater resulting from recharge had to be moving through areas other
than Jakes Valley. After review of earlier work in the area, it was found that Prudic et al. (1995)
simulated 12,700 afy of groundwater from Long Valley to Newark Valley. It was assumed that an
additional 4,000 afy of flow might be moving from Butte Valley and Long Valley northwest to Rose
Valley.

5.4.2  Groundwater Flow in Pahranagat Valley

The aquifer system of Pahranagat Valley was difficult to represent in the numerical model. This
difficulty is due to the large uncertainties associated with the hydrogeologic conceptualization of this
basin and vicinity. This basin occurs at the confluence of groundwater flow from many of the WRFS
valleys. The Pahranagat Shear Zone, which is locat ed at the southern e nd of Pahranagat Valley,
constitutes a major st ructural feature, controlling groundwater flow into Coyote Spring Valley and
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ultimately Muddy River Springs and Muddy River. Groundwater may also flow along the Pahranagat
Shear Zone to the southwest into Tikaboo Valley and on toward the Amargosa Desert (Prudic et al.,
1995). Further complicating the conceptual model of groundwater flow in Pahranagat Valley, nearly
90 percent of the ET discharging from this valley is reported to be a result of groundwater discharge
from Ash, Hiko, and Crystal springs. These springs discharge to the Pahranagat Wash and probably
feed the local riparian vegetation. Although no data are available to confirm it, Pahranagat Wash may
be interpreted to be perched or semiperched.

Given the representation of the simplified hydrogeology of the Pahranagat Valley region represented
in the model, it was not possible to simulate approximately 30,000 afy of groundwater discharge only
from Ash, Crystal, and Hiko springs. Simulating these large volumes of groundwater discharge from
the springs in the north end of the valley, while maintaining hydraulic heads well below land surface
in the southern part of the valley, was not feasible by reasonable means. To reduce the exc ess
groundwater flow in Pahranagat Valley a reduction in potential recharge in and around this basin was
tested. How ever, this reduction as a reduction in in-place recharge and/or an increase in runoff
recharge in basins up-gradient of Pahranagat Valley, resulted in undersimulated flow at many of the
important regional springs throughout the WRFS. This same issue occurred when rec harge was
reduced in Garden and Coal valleys. Therefore, the excess groundwater in Pahranagat Valley must be
removed from the basin by other processes: (1) groundwater flow through the Pahranagat Shear Zone
to Coyote Spring Valley (2) discharge into Pahranagat Wash and ET, and/or (3) groundwater flow by
another route.

Allowing more groundwater to flow though the Pahranagat Shear Zone results in anomalously high
water levels in Coyote Spring Valley. The water could be s ent farther south, but the hydraulic
properties required to transmit wa ter through faults and fractured carbonate rocks to Muddy Ri ver
Springs and Muddy River would nee d to be unreasonably large. Thus, the first route was deemed
unreasonable. Prudic et al. (1995) suggested that an additional 10,000 afy of ET may discharge from
a shallow water table south of the spring along Pahranagat Wash. A similar feature was included in
the numerical model but was insufficient to significantly reduce the excess groundwater simulated in
Pahranagat Valley to ac ceptable levels. Prev ious investigators (Winograd and Thordarson, 1975)
suggested that water from Pahranagat Valley may also flow sou thwest tot he Ash Meadows
groundwater basin. This interpretation corresponds to the third route and was incorporated in the
final version of t he numerical model. In summary, given the curr ent framework model, the best
solution was a combination of two processes: (1) allow more ET to discharge from Pahranagat Wash
as suggested by Kirk and Campana (1990) and (2) allow some groundwater to flow out to Tikaboo
Valley toward Amargosa Desert, as suggested by other researchers (Winograd and Thordarson, 1975).
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6.0 FINAL PARAMETER ESTIMATION AND MODEL
EVALUATION

This section presents the evaluation of the tra nsient numerical model calibration and describes the
final parameter-estimation simulations. The calibration process and conceptual model refinements
were presented in Section 5.0. The nonlinear regression method discussed in Section 5.0 provides a
better understanding of model strengths and weaknesses, and has a built-in protocol to help evaluate
how well simulated hydraulic heads and groundwater discharge match the observed values. It also
provides a means for assessing the relative sensitivity of e stimated parameter values and other
measures of parameter and prediction uncertainty.

The evaluation of the numerical model calibration includes (1) reviewing the model fit and simulated
hydraulic heads and flows, (2) evaluating parameter sensitivities and parame ter-estimation results,
and (3) evaluating the modeling parameter values. Finally, an evaluation of the flow systems as
simulated by the model is provided. This evaluation includes detailed descriptions of interbasin flow,
groundwater-flow regions, and groundwater budgets. The details are based on the optimized solution
obtained through model calibration using sparse data, which is only one of many other potential
reasonable solutions.

6.1 Evaluation of Model Fit

This section provides an e valuation of model fit, including a discussi on of ove rall model fit,
simulated hydraulic heads and drawdowns, simulated flows, distribution of weighted residuals versus
unweighted simulated values, and normality of weighted residuals and model linearity.

6.1.1 Overall Model Fit

The contributions of each type of observation to the objective function are listed in Table 6-1. The
SoSWR for the hydraulic-head observations constitute the largest portion of the objective function
(64.4 percent), followed by hydraulic-head drawdown observations (24.8 percent). SFR2 spring and
stream flow observations account for 7.5 percent of the objective function, but this percentage is only
this large because the standard deviations of the regional springs and Muddy River gage flow targets
were divided by 10.0. The standar d deviations for these observations were decreased because
(1) they were felt to be some of the most important observations in the study area, and (2) without the
modification, the parameter-estimation routine did not honor these obse rvations adequately.
ET-discharge observations constitute 2.35 percen t of the tot al SoSWR, and the remaining
observations contribute less than 1 percent of the objective function. More details on the model fit by
observation type are provided in the following sections.
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Table 6-1
Calibrated Model - Summary of Observation Statistics

Average Average
Positive Negative Percent of
Observation Weighted Weighted Objective
Observation Type Type Code Count Residuals Residuals SoSWR Function
Hydraulic-Head Observations w 2,707 1.1 -1.52 19,804.3 64.36%
Hydraulic-Drawdown Observations Z 4,301 0.68 -1 7,625.0 24.78%
Spring Head Observations S 0 0.0 0.00%
Groundwater ET E 126 2 -1.53 723.9 2.35%
Spring Flow SP 44 1.26 -1.67 251.4 0.82%
Spring Flow Change SD 27 0.28 - 13.3 0.04%
CHD Boundary Flow BND 16 0.79 -1.09 21.2 0.07%
Interbasin Flow IBF 0 - - 0.0 0.00%
SFR2 Spring/Stream Gage G 144 2.65 -3.38 2,312.6 7.52%
Ground Surface GS 2,145 -0.84 19.7 0.06%
Total 9,510 30,771.4 100.00%

As listed in Table 6-1, the SOSWR is 19,804 for hydraulic heads, 7,625 for hydraulic drawdowns, 724
for ET discharge, 265 for spring flow and spring flow change, 21 for CHD boundary flows, 2,313 for
spring and/or stream gage flows, and 20 for ground-surface observations. The standard error of the
regression equals 1.7994, which indicates that overall model fit is consistent with hydraulic-head
standard deviations that are 1.7994 times the assigned values. For flow out of groundwater ET cells,
overall model fitis consistent with 1.7994 times the assigned COVs of 10 to 120 percent. Thus,
effective model fit for groundwater ET is between approximately 18 and 216 percent.

The observations represented in the numerical model and listed in Table 6-1 fall into one of the
following categories:

* Observations used in the objective function for parameter-optimization purposes.

* Observations used to de rive observations used in the objective function for pa rameter-
optimization purposes (i.e., spring head observations).

» Observations not used by the objective function. These observations were for informational
or monitoring purposes only and did not affect model statistics.

Observations, such as hydraulic heads, hydraulic drawdowns, ET-discharge rates, spring flows, spring
flow changes, CHD boundary flow, and stream gage flow, were assigned realistic variances. The
uncertainty of these observa tions could be quantified. It was there fore reasonable to include them
when optimizing the parameters to minimize the objective function. In some cases, the variances
were reduced in order to increase the influence of some observations over others.
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Additional observations, such as estimated regional potential hydraulic head at a spring, small spring
flows, or interbasin flows, were typically flagged by using very large variances (greater than 1.0E10).
In UCODE, noncalibration target types were given a Use-Code Flag of “N” (see Appendix B). This
eliminated these observations from statistical consideration. These observations were treated in this
manner for one of the following re asons: (1) the observations were estimated with very little
confidence (e.g., interbasin flow); (2) the observations were related to a feature that could not be
reasonably simulated with a regional-scale model (e.g., small spring flows less than 1 cfs); or (3) the
observations were being tracked for informational purposes only (hydraulic heads at spring pools).

Observations monitored during model calibration, such as spring hydraulic heads, interbasin flows,
and small spring flows, w ere assigned large variances to minimize their weights in the objective
function. In the final sensitivity run, these parameters were removed from the model to simplify the
output and to eliminate their small contribution to the objective function. Similarly, 2,145
ground-surface observations with a zero residual were removed from the final sensitivity run. Ifthese
zero-residual pseudo-observations were used in the statistical analyses of the results, they would
create a significant statistical bias and inhibit the interpretation of model-calibration results.

6.1.2  Simulated Hydraulic Heads and Drawdowns

The simulated hydraulic heads are shown on Plates 2 and 3. While significantly more detail is in
these model results, the overall regional hydraulic-head levels and flow directions are consistent with
previous models and studies for this area (Prudic et al., 1995). The model re sults are compared in
greater detail in Section 6.4.2.

Stress period 1 in the numerical model is ste ady-state and represents predevelopment conditions.
Drawdown calculated for subsequent stress periods (2 through 61) represents changes in simulated
hydraulic head from stress period 1. Figure 6-1 shows drawdowns at the end of stress period 61
(December 31, 2004) in detail. Figure 6-2 shows the progression of drawdowns through time. Plots
of simulated hydraulic heads and drawdowns for all wells are presented in electronic form (see
DVD).

In general, simulated transient drawdowns match observed drawdowns. Seasonal and lar ger-term
climatic cycles are not simulated, but the overall trends also generally match well. Wells (C-11-17)
Ibde 2 and (C-20-20)12acc 1 are distributed across Snake Valley and represent how the numer ical
model matches the general trend of hydraulic-head observations (Figures 6-3 and 6-4). Similarly,
wells Behmer-MW and 219 S14 E65 21AC 1 EH-4 illustrate the response of wel Is in the Muddy
River Springs Area (Figures 6-5 and 6-6). In some instances, the numerical model may simulate one
well poorly and one well adequately in the same model cell. Wells 219 S14 E65 23BB 1 and 219 S14
E65 23ABBB 1 are examples (Figures 6-7 and 6-8).

6.1.2.1 Evaluation of Weighted Residuals

Statistics for the we ighted residuals associated with the observation groups were presented in
Table 6-1 and discussed in Section 6.1. The spatial distributions of hydraulic-head and drawdown
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Figure 6-1
Simulated Drawdowns for End of Stress Period 61 (December 31, 2004)
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Figure 6-2
Simulated Progression of Drawdowns
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Figure 6-3
Simulated and Observed Drawdowns for Well (C-11-17) 1bdc 2
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Figure 6-4
Simulated and Observed Drawdowns for Well (C-20-20) 12acc 1
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Figure 6-5
Simulated and Observed Drawdowns for Well Behmer-MW
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Figure 6-6
Simulated and Observed Drawdowns for Well 219 S14 E65 21AC 1 EH-4
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Figure 6-7
Simulated and Observed Drawdowns for Well 219 S14 E65 23BB 1
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Figure 6-8
Simulated and Observed Drawdowns for Well 219 S14 E65 23ABBB 1
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residuals are described and presented in figures in the following sections. More detailed versions of
these figures are also included on the DVD.

6.1.2.2 Unweighted Residuals

Statistics for the unweighted residuals associated with the observations are presented in Table 6-2.
Such statistics are listed for boundary flux, stream gage flow, ground-surface elevation, groundwater
ET discharge, spring flow, well head, and well drawdown.

Table 6-2
Unweighted Observed versus Simulated Observation Statistics
Root Expected Error
Number Mean Mean Target Size with
of Mean | Absolute | Square | Standard Data RMSE/ Increasing
Observation Type Units | Samples | Error Error Error | Deviation | Range | Range Target Size®
Boundary Flux afy 16 1,169 1,703 2,273 2,013 20,000 1% Increasing
Gage Flow® afy 140 255 1,211 1,687 1,674 35,672 5% Increasing
Ground Surface® ft 2,145 (0) 0 5 5 - NA Constant
Regional ET Discharge | afy 108 (250) 1,769 2,912 2,915 69,431 4% Increasing
Spring Flow® afy 48 (685) 816 1,666 1,534 13,027 13% Increasing
Well Drawdown ft 4,301 () 4 9 9 238 4% Constant
Well Head ft 2,707 15 45 91 90 6,461 1% Constant

NA = Not Applicable

8The error associated with hydraulic head would be expected to be constant with elevation. The error associated with spring flow would
be expected to increase with larger flows.

PAsh, Big, Crystal, and Hiko springs measurements removed from gage statistics.

°Because all ground-surface measurements were expected to be 0.0 (no mounding), the target data range is 0.0, and RMSE/Range
cannot be calculated.

dAsh, Big, Crystal, and Hiko springs measurements added to spring statistics.

Note that for observations such as hydraulic head and drawdown, average error is a useful metric
across the full range of data. The er ror in the model would be expected to be similar at low,
intermediate, and high elevations in the model. The average error for observations such as spring or
stream flow, however, may be less useful. For example, similar errors would be expected for a spring
with flows of 0.01 cfs and another with 100 cfs. For some observations, the magnitude of the error
should be fairly constant through the target data range (minimum to maximum observed value). For
other data types, the magnitude of the e rror would be expected to gr ow with the siz e of the
observation.

Figure 6-9 illustrates the spatial distribution of unweighted hydraulic-head residuals. Unweighted
residuals were calculated as observed hydraulic head minus simulated hydraulic he ad. Thus,
unweighted residuals provide a dire ct comparison of the observed to the simulated hydraulic heads.
As shown in Figure 6-9, large unweighted residuals are generally distributed across the model
domain, located within mountain r anges or at the mountain-block/valley bottom margin. Some
spatial bias, however, is illustrated with the unweighted residuals, i ncluding overestimates of
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hydraulic head ( negative residuals) in Pahroc Valley and Dry Lake V alley and underestimates
(positive residuals) in northern Cave Valley and Spring Valley.

Caution should be used when evaluating unweighted residuals because observation uncertainty is not
considered in the calculation of the residual. Observation uncertainty can include many factors and
can be significant in some cases. Appendix B describes the rigorous process used in developing the
hydraulic-head observation data set, which includes observation uncertainty. The observation
uncertainty is used by UCODE 2005 in the regression process. In simple terms, observations with
large uncertainty are considered less important in the regression. Thus, evalua tion of unweighted
residuals without consideration of observation uncertainty can lead to misleading interpretations.

6.1.2.3 Spatial Distribution of Weighted Residuals

Figure 6-10 illustrates the spatial distribution of unweighted drawdown residuals. The spatial
distributions of the weighted r esiduals of hydraulic heads and drawdowns are evaluated separately
and then in combination.

Figure 6-11 illustrates the spatial distribution of weighted hydraulic-head residuals. Less spatial bias
is observed with weighted residual hydraulic heads as compared to unweighted residual hydraulic
heads. This spatial distribution shows that wells with poorer model fit are generally scattered across
the model domain or are located predominantly within mountainra nges ora t the
mountain-block/valley bottom margins. Spatial bias, however, is still observed in Pahroc and Dry
Lake valleys.

Figure 6-12 illustrates the spatial distribution of weighted drawdown residuals. Overpredicted
drawdown is evident in northern White River Valley, southern Lake Valley, Dry Valley, and Panaca
Valley. Spatial bias is observed in Pahroc and Dry Lake valleys.

Figure 6-13 illustrates the spatial distribution of the SOSWR by well. The SoOSWR by well statistic
was developed to provide a single residual per well. The SOSWR by well statistic sums the squares of
weighted residuals for hydraulic heads and drawdowns at each well. In other wor ds, all weighted
hydraulic-head and dra wdown residuals are included in the S oOSWR by well. As shown in
Figure 6-13, the spatial distributi on shows that wells with poorer model fit are generally located in
isolated areas, predominantly within mountain ranges or at the mountain-block/valley bottom margin.
Areas with large SOSWR include central Steptoe Valley, central Cave Valley, southern Lake Valley,
northern Coal Valley, central Delamar Valley, southern Patterson Valley, and extre me southern
Hamlin Valley. In many cases, these ranges may represent areas where potentially and/or locally
controlled water levels were used inthe model as hydraulic-head targets to represent regional
groundwater conditions.

6.1.3 Evaluation of Simulated Flows

Evaluation of the si mulated flows to observed ranges using graphical methods is provided in t his
section. Simulated flows include flow into and out of external boundaries, groundwater discharge by
ET, discharge by springs, and discharge by stream flow routing.

6-11 Section 6.0



Transient Numerical Model of Groundwater Flow for the CCRP

600,000 800,000
1 1
T
\
\
\
\
\
\
\
\
‘\ Elko
¢ White Pine
L 175 Joogler I )
L R Juab
o ,s o
=3 =3
=) | =1
S - / =
=] t =1
ha i :fr,
- e e
\‘ _______________
§
P
r!
|
|
I
|
Eureka i
Nye N
s
J
___________ sl
—————————————— Y
¢
B
Legend
Unweighted Drawdown
Residuals (ft)
@ 60to-25 i’
-25t0-3 ‘I‘
S s
S -3to3 L]l &
© - -]
g 2 g
< HA Number HA Name Sto <
171 Coal Valley
172 |Garden Valley ® 25t0 186
174 Jakes Valle:
175 [Long Valkey ] CCRP Model Boundary | |
178B Butte Valley (Southern Part) m Hydrographic Area within
179 Steptoe Valley Model Boundary*
180 Cave Valley
181 Dry Lake Valley -
182 Delamar Valley = State Boundary
183 Lake Valley -1
184 Spring Valley ____j County Boundary
185 Tippett Valley . .
194 Pleasant Valley Hydrographic Area (HA) number shown
195 Snake Valley oorrgspor}d§ to HA number and name
196 Hamiin Valley provided in inset table. N —)
198 Dry Valley 0 10 20 30 )/
190 JRose Vel = — At
200 Eagle Valley -
201 Spring Valley = Miles N
202 Patterson Valley
203 Panaca Valley —J
204 [Clover Valley Ll |1
205 [Lower Meadow Valley Wash N —
206 Kane Springs Valley h_!'l\
207 White River Valley ~ LT
208 Pahroc Valley 3 '
209 Pahranagat Valley """
210 Coyote Spring Valley
212 Las Vegas Valley
- 215 [Black Mountains Area o
S 216 Garnet Valiey Projection:  Universal Transverse Mercator, S
S - 217 Hidden Valley (North) NAD83, Zone 11N. Hillshade developed from =y
S 218 __|California Wash 30-m DEM, Sun Angle 45°, Azimuth 315°. S
< 219 Muddy River Springs Area ~ <
220 Tower Moapa Valley MAP ID 16866-3211 11/19/2009 JAB
1
U U
600,000 800,000
Figure 6-10
Spatial Distribution of Unweighted Drawdown Residuals



600,000 800,000
1 1
T
1
\
\
\
\
\
\
\
\ Elko
White Pine
=3 (=3
=3 (=3
=] =]
S - =}
o o
< <
<« <«
£
r!
I
|
I
|
br Eureka i
Nye N
Millardi SRS e i
Beaver ol
!
Legend
Weighted Hydraulic-Head
Residuals (unitless)
] ® 2410-10 .\’
-10 to -2 ll.
g | s
S -2to 2 L]l S
=i — S
[ ~
< HA Number HA Name 21010 <
171 Coal Valley
172 |Garden Valley ® 10t022
174 Jakes Valle: n
T Vel % _{ =1 CCRP Model Boundary | |
1788 |Butte Valley (Southern Part) Washington C3 Hydrographic Area within
179 Steptoe Valley Model Boundary*
180 Cave Valley —
181 Dry Lake Valley State Boundal
182 Delamar Valley T ——— ry
183 Lake Valley [ —
184 |Spring Valley |<_t |____ County Boundary
185 Tippett Valle
— z =] *Hydrographic Area (HA) number shown
194 Pleasant Valley corresponds to HA number and name
195 Snakg Valley UTAH provided in inset table. =
196 Hamlin Valley R A — N 3
198 Dry Valley N‘ 0 10 20 30 H
195 [Rose Valley - ARIEON o 8-
200 |Eagle Valley Lincoln
201 Spring Valley [t
\. 202 Patterson Valley
203 Panaca Valley
204 Clover Valley
205 Lower Meadow Valley Wash |
206 Kane Springs Valley < >
207 White River Valley o |I Y
208___|Pahroc Valley <N
209 Pahranagat Valley > ! O
210 Coyote Spring Valley L =
212 Las Vegas Valley z l, >
- 215 [Black Mountains Area /'\ °
S 216 Garnet Valley J Projection: ~ Universal Transverse Mercator, 3
S - 217 Hidden Valley (North) & NAD83, Zone 11N. Hillshade developed from =)
g 8 California Wash _," 30-m DEM, Sun Angle 45°, Azimuth 315°. g
- Ag %ﬁﬁ:ﬁ'&ggﬁ:\%’;ﬁ; Area MAP ID 168693211 11/19/2009 JAB =
N & i
U U
600,000 800,000
Figure 6-11
Spatial Distribution of Weighted Hydraulic-Head Residuals

Section 6.0




Transient Numerical Model of Groundwater Flow for the CCRP

600,000 800,000
1 1
T
\
\
\
\
\
\
\
\
\ Elko
¢ White Pine
{75 R T Toogle | J
% Juab
o ,s o
=3 (=3
=1 1 S
S - ’ =3
o \ o
ha \ h
< AN Q00T o B TEER oo T RN T e el M e <
B TnSo AT g QY 0, 0 00 o BT L s
§
£
rf
I
|
I
|
br Eureka i
Nye Dy el
IS
3 Jd
Millardi SRS e __lx
Beaver L
\\4
Legend
Weighted Drawdown Residuals
(unitless)
e @ 12103 i"
-3to-1 ll‘
3 1 8
2 -1to1 Ll S
O - p— o
S S
< HA Number HA Name 1t03 <
171 Coal Valley
172 |Garden Valley ® 3to5
174 Jakes Valle: n
175 Lon, Valleyy .ﬂ___—|—r9——-—— G CCRP Model Boundary |
1788 |Butte Valley (Southern Part) Washingtor] C:S Hydrographic Area within
179 Steptoe Valley Model Boundary*
180 Cave Valley
181 Dry Lake Valley .
182 Delamar Valley L —- State Boundary
183 Lake Valley [ —
184 Spring Valley |____ County Boundary
185 Tippett Valley . .
194 Pleasant Valley Hydrographic Area (HA) number shown
corresponds to HA number and name
195 Snakg Valley UTAH provided in inset table. =
196 Hamlin Valley R A - 3
198 Dry Valley N B
199 Rose Valley ARlZO E
200 Eagle Valley
201 Spring Valley [t
\. 202 Patterson Valley
203 Panaca Valley
204 Clover Valley
205 Lower Meadow Valley Wash
206 Kane Springs Valley >
207 White River Valley E
208 Pahroc Valley N
209 Pahranagat Valley O
210 Coyote Spring Valley =
212 Las Vegas Valley >
- 215 [Black Mountains Area °
S 216 Garnet Valley Projection: ~ Universal Transverse Mercator, 3
S - 217 Hidden Valley (North) NAD83, Zone 11N. Hillshade developed from =)
g 8 California Wash 30-m DEM, Sun Angle 45°, Azimuth 315°. a
< 9 Muddy River Springs Area g <
5 'fower Moapa Valley MAP ID 16868-3211 11/19/2009 JAB
; I
U U
600,000 800,000
Figure 6-12
Spatial Distribution of Weighted Drawdown Residuals



600,000 800,000
1 1
T
\
\
\
\
\
\
\
\
‘\ Elko
i White Pine
{ 175538 Jrio JJRoo .« M 2V A e F N . N el il
\
{
o } o
=3 =3
=1 | =1
O - 7 =2=3
o \ o
< i :fr.
<
)
§
P
r!
|
|
I
|
r Eureka |
Nye N
y/ o4
\\
N
Sum of Squared Weighted
Residuals (unitless) T
Oto1 \1
= L
S © 1to5 e
S SR
S O 5t050 ~ S
¢ HA Number HA Name :'
<
171 Coal Valley O 50 to 250
172 Garden Valley
174 |Jakes Valley @ 500082
175 Long Valley e
1788 |Butte Valley (Southern Part) m Hydrographic Area within
179 Steptoe Valley Model Boundary*
180 Cave Valley
==
181 Dry Lake Valley '! State Boundary
182 Delamar Valley e
183 Lake Valley —
184 Spring Valley |____ | County Boundary
185 Tippett Valley * i
194 Pleasant Valley Hydrographic Area (HA) number shown
195 Snake Valle corresponds to HA number and name
n Y provided in inset table. <
6 Hamlin Valley N )]
8 [Dry Valley 0 10 20 30 /
9 JRoee villey —— V-
00 Eagle Valley il
0 Spring Valley et lies S
\. 02 Patterson Valley
0 Panaca Valley ——l
204 Clover Valley k_ - [
205 Lower Meadow Valley Wash | > r—
06 Kane Springs Valley h_!_,[
07, White River Valley Ly Ry
08 Pahroc Valley 3 f
209 Pahranagat Valley I”‘"
210 Coyote Spring Valley
212 Las Vegas Valle
° 215 Black Mountains Area °
S 216 G,amet Valley Projection:  Universal Transverse Mercator, 8
O - 217 Hidden Valley (North) NAD83, Zone 11N. Hillshade developed from ===}
a 218 California Wash 30-m DEM, Sun Angle 45°, Azimuth 315°. 3
N 219 Muddy River Springs Area MAP ID 16899-3211 11/17/2009 CAC -
220 IU)wer Moapa Valley )
s )
| |
600,000 800,000
Figure 6-13
Spatial Distribution of SOSWR for Wells

Section 6.0




Transient Numerical Model of Groundwater Flow for the CCRP

6.1.3.1 External Boundary Flow

This section describes the simulated steady-state groundwater flows through external boundaries in
the calibrated numerical model and their comparison to estimates provided in the Conceptual Model
Report (SNWA, 2009a) for predevelopment conditions.

The final CHD parameters, while being some of the most sensitive parameters in the numerical
model, were not optimized. These parameters were manually calibrated. This calibration was done
because the hy draulic heads wer e reasonably well known or beca use the lack of obs ervation
constraints near the boundary caused limited application of model parameter estimation. The final
hydraulic heads used at each constant-head boundary are defined in Table 6-3.

Table 6-3
Final Constant-Head Boundary (CHD) Values (Manually Estimated)
Final CHD
Parameter
Parameter Value? Calibrated Constant-Head Values
Name Flow-Boundary Segment Name ) ft (m)
C_BUTTE Butte Valley 1.021 6,211 (1,893)
C_COYOTE Coyote Spring Valley 1 2,362 (720)
C_FISH Fish Springs Flat (Depth) 0.988 4,287 (1,307)
C_FISH_G Fish Springs Flat (Ground Layer) 1 4,291 (1,308) — 4,335 (1,321)
C_GARDEN Garden Valley 1 4,806 (1,465)
C_LK_MEAD Lake Mead 1 1,169 (356.43)
C_LASVEGAS Las Vegas Valley 1 2,329 (710)
C_LONG_NW Long Valley (NW) 0.99 6,139 (1,871)
C_LONG_SW Long Valley (SW) 0.97 5,789 (1,764)
C_PAHRANAG Pahranagat Valley 0.985 3,167 (980) — 3,264 (995)
C_CONFUSON | Snake Valley (Confusion Range) 1.01 4,709 (1,435)
C_NSNAKE Snake Valley (North; Depth) 0.983 4,266 (1,300)
C_NSNAKE_G Snake Valley (North; Ground Layer) 1 4,267 (1,301)
C_E_SSNAKE Snake Valley (Southern - East) 0.99 4,944 (1,507)
C_W_SSNAKE Snake Valley (Southern - West) 1.005 5,045 (1,538)
C_NSTEPTOE Steptoe Valley 1 5,627 (1,715)
C_TIPPETT Tippett Valley 1 5,508 (1,679)

3The CHD parameters are factors used to adjust the constant heads at the boundary during calibration.

Figures 6-14 through 6-16 present the simulated and estimated target flows through external model
boundaries by flow system, hydrographic area, and individual flow-boundary segment. Intervals of
+2 standard deviations are shown on these figures to illustrate the uncertainties associated with the
targets. A negative sign indicates flow out of the numerical model domain; a positive sign indicates
flow into the numerical model domain. Table 6-4 lists the simulated and estimated target external
boundary fluxes. The boundary fluxes are within the expected flow range (Table 6-4).
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Table 6-4

Simulated and Target Values for Groundwater Flow

through External Boundaries

Simulated Target
Observation Value Value
Flow System HA Name Name afy (m®/d) afy (m®/d)
Butte Valley (Southern Part) B_BUTTE_001 -472 (-1,592) -1,000 (-3,377)
Goshute Valley
Steptoe Valley B_STEPTO_001 -2,145 (-7,245) -2,000 (-6,754)
Fish Springs Flat B_FISH_001 2,200 (7,428) 0 (0)

Great Salt Lake

B_CONFUS_001

-15,127 (-51,085)

-15,000 (-50,656)

B_NSNAKE_001

-13,354 (-45,097)

-9,375 (-31,660)

Desert Snake Valley B_SNAKEE_001 -2,053 (-6,933) 0(0)
B_SNAKEW_001 -1,387 (-4,684) 0(0)
Tippett Valley B_TIPPET_001 -4,170 (-14,082) | -3,874 (-13,083)
Black Mountains Area B_LM_BM_001 -512 (-1,729) 0(0)
Coyote Spring Valley B_COYOTE_001 2,004 (6,768) 5,000 (16,886)
Garden Valley B_GARDEN_001 -2,254 (-7,612) 0 (0)
White River Las Vegas Valley B_LASVEG_001 -1 (-5) 0 (0)

Long Valley

B_LONGNW_001

-449 (-1,516)

-2,000 (-8,754)

Lower Moapa Valley

B_MOAPA_001

-13,666 (-46,150)

-11,000 (-37,148)

Pahranagat Valley

B_PAHRAN_001

-9,526 (-32,169)

-4,000 (-13,508)

Note: Negative sign indicates flow out of model; simulated values are as output by model and do notimply this level of accuracy,
values were not rounded for tracking purposes.

It should be noted t hat external boundaries in Long and Pahranagat valleys differ from those
described in the Conceptual Model R eport (SNWA, 2009a). The numeric al model simulates a
regional flow divide at Jakes Valley (see Section 6.4 and Plates 2 and 3). Thus, an external boundary
(Long Valley to Newark Valley Flow System) was necessary to simulate hydraulic heads in Long
Valley. The Conceptual Model Report (SNWA, 2009a) describes the primary regional flowpath from
Long Valley to Jakes Valley but also indicates the possibility that some flow may occur from Long
Valley to Newark Valley.

The regional flowpath from Long Valley to Newark Valley is postulated in other investigations. The
Carbonate-Rock Province (CRP) model (Prudic et al., 1995) simulates 12,700 afy from Long Valley
to Newark Valley and simulates a regional divide in the Jakes Valley area. Regional potentiometric
surfaces from Belcher (2004) and Welch et al. (2008) suggest the potential for some outflow to occur
from Long Valley to Newark Valley. Others (Thomas et al., 2001; San Juan et al., 2004; and Thomas
and Mihevc, 2007) interpret flow across this boundary to be zero or in the other direction. Because of
the lack of data in this particular region, the flow patterns near this boundary are uncertain.

The numerical model also includes an external boundary between Pahranagat and Tikaboo valleys.
This external boundary was not considered in the conceptual model, which is c onsistent with the
interpretation of Eakin (1966). However, this boundary was necessary to simulate hydraulic head and
discharge in Pahranagat Valley. The target outflow in Pahranagat Valley along the Pahranagat Shear
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Zone was set to 4,000 afy. This target was based on estimates provided in S NWA (2009a). The
numerical model simulates approximately 9,500 afy of outflow from Pahranagat Valley.

6.1.3.2 Groundwater Discharge by ET

This section discusses simulated steady-state groundwater discharge in ET areas in the calibrated
numerical model. Simulated ET discharge and estimated ET targets include groundwater discharge to
regional springs. Section 6.1.3.3 discusses simulated discharge from re gional and interme diate
springs.

Figure 6-17 shows simul ated and estimated groundwater discharge in ET areas for flow systems.
Intervals of +2 standard deviations are shown to illustrate uncertainties of the targets. Simulated ET
discharge in Goshute, Meadow Valley, Great Salt Lake Desert, and White Ri ver flow systems are
within 10 percent, 1 percent, 2 percent, and less than 1 pe rcent of e stimated targets, respectively
(Figure 6-17). Figure 6-18 through Figure 6-19 summarize groundwater ET by hydrographic area
and sub-basin. For the entire numerical model domain, simulated groundwater discharge in ET areas
(491,700 afy) is within 3 percent of the estimated target (506,500 afy).

As shownin Figure 6-18, ET discharge in Steptoe Valley is undersimulated by approximately
8,000 afy. ET discharge (including spring discharge) in Snake Valley is undersimulated by 4,700 afy.
Although different from the estimated targets, these results are within the uncertainty ranges
associated with the ET-discharge estimates provided in SNWA (2009a).

As described in SNWA (2009a), groundwater discharge in Pahranagat Valley occurs as the result of
both spring flow and ET from a shallow water table. Spring flow discharge occurs at three regional
springs (Hiko, Ash, and Crystal). The target spring discharge is approximately 26,000 afy and the
simulated value is approximately 23,800 afy. The target ET discharge, which includes spring
discharge, in Pahranagat Valley is 28,500 afy and the simulated value is approximately 37,000 afy.

Figures 6-20 through 6-31 summarize simulated E T discharge by ET type for flow systems,
hydrographic areas, and sub-basins, respectively. The se figures provi