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EXECUTIVE SUMMARY

In this study, an evaluation of the Maxey-Eakin method for calculating recharge to ground-water
basins in Nevada was performed. The evaluation consisted of comparing Maxey-Eakin estimates
with independent estimates of recharge, and analyzing the nature of the differences between the
groups of estimates. In the comparison with the Maxey-Eakin estimates, two different groups
of independent estimates were used: (1) 40 recharge estimates that were identified from water
budgets contained in reports by the State of Nevada, and (2) 27 recharge estimates that were
identified from previous studies that used models.

The results of the comparisons indicate generally good agreement between the Maxey-Eakin
estimates and both groups of independent estimates. To quantify this agreement, an analysis was
conducted to estimate the uncertainty in the Maxey-Eakin method. The analysis produced an
upper bound on the standard deviation of the Maxey-Eakin estimate for a given basin. For the
group of 40 water-budget estimates, the upper bound on the standard deviation for an individual
basin is 4,800 acre-ft/yr, and the corresponding coefficient of variation of the Maxey-Eakin
estimate is no greater than 44 percent. For the group of 27 model estimates, the upper bound
on the standard deviation is 4,300 acre-ft/yr, and the corresponding coefficient of variation is
no greater than 25 percent.

A similar analysis of uncertainty was performed for 20 basins in which the District is applying
for the appropriation of ground water. This analysis showed that, for a total Maxey-Eakin
recharge estimate of 224,000 acre-ft/yr, an upper bound on the standard deviation of this
estimate is 21,500 acre-ft/yr. The corresponding coefficient of variation of the total Maxey-
Eakin estimate is no greater than 10 percent, which as expected illustrates that the uncertainty
in the Maxey-Eakin method decreases as more basins are included in the computation.

The conclusion from this study, that the Maxey-Eakin method is a fairly reliable predictor, is
in contrast to previous work by Watson and others (1976). Watson and others (1976) performed
multiple-linear regressions to determine the individual Maxey-Eakin coefficients based on using
water-budget discharges as the dependent variables. The Maxey-Eakin method was then judged
based on the confidence interval associated with each individual Maxey-Eakin coefficient
computed by regression. It is argued here that this statistical approach is not appropriate for
evaluating the predictive reliability of the Maxey-Eakin method.

iv
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1.0 INTRODUCTION

This report presents an evaluation of the Maxey-Eakin method for calculating recharge to
ground-water basins in Nevada. The Maxey-Eakin method, developed between 1947 and 1951,
has been the primary method of recharge estimation used by the State of Nevada in its
reconnaissance studies of ground-water resources. The method consists of an empirically-

derived relationship between precipitation and recharge to a ground-water basin.

The primary objective of this study was to evaluate the Maxey-Eakin method by comparing
Maxey-Eakin recharge estimates to ground-water discharge estimates that were independently
derived using other methods. Several steps were necessary to accomplish this. First, Maxey-
Eakin estimates for ground-water basins in Nevada were identified from two series of reports
by the State of Nevada, Department of Conservation and Natural Resources: the Ground-Water
Resources Reconnaissance Series and the Water-Resources Bulletins. Second, independent
estimates of discharge or recharge for the same basins were identified wherever possible.
Sources for these estimates included the state reports, publications of the U.S. Geological
Survey, university publications, and journal articles. Criteria were developed in order to screen
the data set for rejection of unsuitable estimates. Finally, the pairs of estimates were statistically
evaluated to characterize the nature of the differences between the Maxey-Eakin recharge
estimates and the independent estimates.

A second objective of the work was to evaluate the uncertainty in the Maxey-Eakin recharge
estimates reported for 20 basins in eastern and southern Nevada. This set of valleys is of
interest because the Las Vegas Valley Water District (District) filed for the appropriation of
ground water and, in one case, surface water in these basins. The locations of these basins are

shown in Figure 1.

The approach taken in this study has some similarities with an evaluation of the Maxey-Eakin
method performed by Watson and others (1976). A similar screening procedure was used to
identify suitable estimates of recharge. However, there are some significant differences in the

1
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two analyses. In this study nearly 20 years later, a broader literature survey was conducted and
more recent recharge estimates were included, resulting in a different and more comprehensive
data base. In addition, different techniques of statistical analysis were used, resulting in

conclusions that are different from those in the earlier evaluation.

2.0 GENERAL METHGDS FOR WSTIMATING RECHARGE

Several authors have provided comprehensive reviews of the various methods for estimating
ground-water recharge (Lerner and others, 1990; Simmers, 1988; Wilson and others, 1980).
A brief review is given in Watson and others (1976). Following is a summary of the principal
methods for estimating recharge.

2.1 DIRECT MEASUREMENT

The only direct way to measure recharge flux is by using lysimeters installed into the vadose
zone. The lysimeters actually measure the change in water content at various depths within the
soil zone. These data, along with an estimate of vertical permeability, are used to calculate the
recharge to the soil block. Lerner and others (1990) note that lysimeters are better suited to
humid rather than semi-arid climates. In arid and semi-arid regions, precipitation tends to be
highly variable, and thus a long period of measurement iS necessary to estimate average
recharge. Furthermore, uncertainty in the recharge estimate occurs due to uncertainty in the
assumed permeability value.

2.2 GROUND-WATER BUDGET METHODS

A general water budget for any ground-water basin can be defined as follows:

R = Qopr- Qw + ET + AS 1)
where
R = ground-water recharge,
ET = evapotranspiration from ground water,

3



Oy = ground-water inflow into basin,
Qour = ground-water outflow from basin, and
AS = change in ground-water storage within the basin.

Water-budget methods for estimating ground-water recharge can be broadly defined as all
methods that estimate the components of the water budget on the right side of Equation 1.
Determination of all the components of the water budget requires the collection of a large
amount of data. In practice, various terms of the budget are estimated, and the uncertainty in
these terms produces uncertainty in the recharge estimate. The various terms of the water

budget are commonly estimated as follows:

. Evapotranspiration (ET) is estimated by mapping areas of phreatophytes and playas from
which ground water evaporates, applying an accepted use rate, and calculating
consumption of ground water. In the Great Basin region, ET is usually a large
component of the total discharge. Accordingly, this technique for estimating ET has
been widely used in developing water budgets for basins within Nevada.

. Ground-water inflow or outflow is often estimated using Darcy’s Law in a form
commonly known as the TIW method, where the ground-water flux is calculated from
the product of the transmissivity (T), the horizontal hydraulic gradient (I), and the cross-
sectional width (W) through which flow occurs. Values for T and I are often assumed

where no data are available.

. Changes in ground-water storage can be estimated from water-level fluctuations measured
in wells. Water-level data are used with an estimate of the storage coefficient to
calculate the change in the volume of storage. However, in developing a water budget,
it is frequently assumed that the basin is in hydrologic equilibrium so that total recharge
is equal to total discharge, and there is no change in storage.
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Numerical ground-water flow models have been used to estimate ground-water recharge or to
refine earlier estimates of recharge. This type of analysis can be considered a water-budget
method, since the models produce a balance of ground-water inflows with outflows and change

in ground-water storage.

Mathematical models of soil-moisture infiltration may also be used to estimate ground-water
recharge. This type of analysis can also be considered a water-budget method, since the models
produce a soil-moisture balance. Such models may vary in the degree to which they simulate
physical infiltration processes in the unsaturated zone. Water-budget type models partition
precipitation at the land surface into evapotranspiration, runoff, recharge, and change in storage
using simplified representations of physical processes. More sophisticated models simulate the
infiltration of soil moisture using Richard’s equation for unsaturated flow (Freeze and Cherry,
1979).

2.3 GEOCHEMICAL MASS BALANCE METHODS

Estimates of recharge to ground water can be obtained using environmental tracers such as
chloride, deuterium, tritium, or oxygen-18. A mass balance principal is used to compare the
total quantity of tracer input from precipitation in recharge areas to tracer concentrations in the
ground water. Application of this basic technique to basins in Nevada has been performed by
Dettinger (1989) using chloride, and by Kirk and Campana (1990) using deuterium.

Chemical mass balance methods have been widely used for recharge estimation in arid and semi-
arid areas (Lerner and others, 1990). Dettinger (1989) provides a discussion of the assumptions
underlying the chemical-balance method and describes some potential sources of error.

24 EMPIRICAL METHODS

Empirical methods involve developing a correlation between recharge and other variables such
as precipitation, elevation, or temperature. Such relationships are derived from the study of a
basin or group of basins, and then applied to estimate recharge in other basins that are assumed

5



to have similar characteristics. The simplest form of an empirical relationship assumes recharge
R is a proportion of precipitation P (Lerner and others, 1990):

R = f(P) @
where the function f will depend on terrain and climate. More complex relationships may
include a threshold value for precipitation, below which there is no recharge, may be non-linear,
or may include dependence on other factors. An advantage of such empirical relationships is
that once developed, they are easy to use. However, Lerner and others (1990) stress the
importance of verifying the accuracy of the method by checking against independent estimates.

The remainder of this report will focus on one type of empirical method, the Maxey-Eakin
method. This method consists of an empirical relationship between precipitation and recharge,
which has been applied throughout Nevada. In accordance with conclusions reached by Lerner
and others (1990), this report compares Maxey-Eakin estimates to independent estimates of
recharge.

3.0 MAXEY-EAKIN METHOD

3.1 DEFINITION

The Maxey-Eakin method for estimating recharge to a ground-water basin was developed by G.
B. Maxey and T. E. Eakin between 1947 and 1951 and has been applied to over 200 basins in
Nevada and also in other western states. In brief, the Maxey-Eakin method consists of (1)
estimating the mean annual volumes of precipitation within several precipitation zones for the
drainage basin, (2) scaling these volumes by a factor representing losses from evapotranspiration
and surface-water runoff that does not become ground-water recharge, and (3) summing the
resulting recharge volumes to obtain an estimate of total recharge to the ground-water basin.

Watson and others (1976) review the development of the Maxey-Eakin method. In Water-
Resources Bulletin 8 (1949), Maxey and Eakin delineate the precipitation zones used in the
method, based on a map of precipitation in Nevada by Hardman (1936). According to Water-

6
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Resources Bulletin 8, discharge data for 13 valleys in east-central Nevada were used to
determine the recharge percentages by trial-and-error balancing of recharge with estimated
ground-water discharges. Watson and others (1976) report that a total of 21 valleys (see Figure
2) was ultimately used in the development of the method, based on Water-Resources Bulletins
8 and 12, and on personal communication with Maxey. Table 1 shows the precipitation zones,
referred to by Watson and others (1976) as Hardman zones, and the corresponding recharge
coefficients that were developed by Maxey and Eakin. Accordingly, calculation of the Maxey-
Eakin recharge for a given basin can be expressed mathematically as:

5

ME = Y ap, &)
i=1
where
ME = Maxey-Eakin recharge for a basin,
P, = volume of precipitation within each of the five Hardman zones, and
a = recharge coefficient for each of the five Hardman zones.
TABLE 1

PRECIPITATION ZONES AND CORRESPONDING COEFFICIENTS
FOR THE MAXEY-EAKIN METHOD

_Precipitation Zoie:© | Maxey-Eakin Coefficient (%)
>20 in. 25
15-20 in 15
12-15 in. 7
8-12 in. 3
<8 in. 0

References: =~ Water Resources Bulletin No. 8 (Maxey and Eakin, 1949), p.40.
Water Resources Bulletin No. 12 (Eakin and others, 1951), p. 80-81.
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A schematic depiction of the Maxey-Eakin recharge is given in the water budget shown in Figure
3. Virtually all of the ground-water recharge to a basin originates as precipitation in the
mountains. Some of that precipitation is lost to evapotranspiration, some infiltrates directly into
the ground water, and some becomes surface-water runoff. Runoff from the mountains onto the
alluvial fans provides an additional source of recharge to the ground-water basin. The bold
arrows in Figure 3 indicate these two components of the Maxey-Eakin ground-water recharge.

In understanding the Maxey-Eakin method, it is important to note that it is a direct relationship
between precipitation and recharge, and not a direct relationship between elevation and recharge.
Elevation is important only insofar as it is used to estimate the precipitation within each of the
five precipitation zones delineated by Maxey and Eakin. The relationship between precipitation
and elevation varies across the state of Nevada, depending on geography and climatic conditions.
For example, the 12- to 15-inch zone of precipitation falls between 6,000 and 7,000 ft elevation
in the San Emidio Desert area (Reconnaissance Report 44), 7,000 and 8,000 ft elevation in
Edwards Creek Valley (Reconnaissance Report 26), and 8,000 and 9,000 ft elevation in the
Sarcobatus Flat area (Reconnaissance Report 54). All that is required to apply the Maxey-Eakin
method is an estimate of the total volume of precipitation within each of precipitation zones
shown in Table 1. Determination of the appropriate precipitation-elevation relationship does
have an impact on the accuracy of the estimate of the volume of precipitation within each
Hardman zone, but an evaluation of the precipitation-elevation relationships used is not within
the scope of this report.

3.2 APPLICATION

As defined by Maxey and Eakin (Water-Resources Bulletins 8 and 12), the empirical method for
calculating recharge is straightforward. However, variations in the method are apparent in its
application to basins across Nevada. In the Reconnaissance Reports and Water-Resources
Bulletins, both the percentages of recharge applied to each precipitation zone and the estimates
of precipitation within each zone have sometimes been adjusted. The adjustments were
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presumably made to achieve a better balance between estimates of recharge and estimates of

ground-water discharge when it was judged that the discharge estimates were more accurate.

This unevenness in the application of the Maxey-Eakin method introduces complexity into the
evaluation process. In this report, as in Watson and others (1976), the "standard" Maxey-Eakin
method is defined as in Table 1. Accordingly, arbitrary variations of the method were identified
in this analysis. The following section describes in detail the criteria used for screening such
"non-standard" Maxey-Eakin estimates.

4.0 A ED E ATE MAXEY- METHO

The general approach used to evaluate the Maxey-Eakin method involved identifying independent
estimates of ground-water recharge to compare with the Maxey-Eakin estimates. In order to
compile the data base of estimates, three distinct stages of screening were performed. First,
reports by the State of Nevada were reviewed to identify usable Maxey-Eakin recharge
estimates. Second, independent estimates of ground-water discharge were identified from these
reports, where these discharges were compared to the Maxey-Eakin recharge estimates within
a ground-water budget. Third, independent estimates of recharge derived from modeling studies
were compiled. The following sections describe each of these procedures.

4.1 SCREENING OF MAXEY-EAKIN ESTIMATES

Maxey-Eakin estimates of recharge within ground-water basins in Nevada are contained within
two series of reports published by the State of Nevada, Department of Conservation and Natural

Resources: the Ground-Water Reconnaissance Series, a series of 60 reports written between
1960 and 1974, and the Water-Resources Bulletins, which include 44 reports produced between

1946 and 1976. A total of 233 Maxey-Eakin estimates were collected from these reports.
However, because of various reasons, some of the recharge estimates were considered potentially
unusable in the analysis. The estimates were organized into a computer worksheet, and the
following criteria were used to classify the estimates. The categories are similar, but not

11



entirely coincident, with those developed by Watson and others (1976). The number in brackets
after each category corresponds to the total number of estimates in that group.

0. A "standard" Maxey-Eakin estimate, as defined in Table 1, was identified and
calculations were given in the report. [146]

1. The Hardman zones for precipitation were not developed (and recharge was not
computed) or the zones were inconsistent with those normally used (see Table 1). [26]

2. The water table or capillary fringe was thought to be too close to the ground surface to
allow for significant infiltration. Therefore, the Maxey-Eakin method was not applied.
3]

3. The Maxey-Eakin coefficients were changed from the standard values of 25, 15, 7, 3,
and O percent. Common cases in which this occurred include (1) when precipitation was
judged to be less than the Hardman zones indicated, and the Maxey-Eakin coefficients
were reduced, and (2) when ground-water recharge was judged to be small because of
great depth to the water table. [13]

4. Earlier or duplicate estimate for a valley was discovered. When two differing estimates
for a valley were found, the most recent estimate was used. [14]

5. In computing the Maxey-Eakin recharge, values were rounded significantly or an error
was made in the calculation, resulting in a greater than 10 percent difference between the
computed and the reported values. [16]

6. An estimate reportedly based on the Maxey-Eakin method is given, but no calculations
were supplied. [15]

The results show a total of 146 estimates that can be considered as "standard" applications of
the Maxey-Eakin method, and 87 estimates that represent deviations from standard application
of the method. A listing of the basins that were screened and their corresponding classification
numbers from the above list is contained within Appendix A.

12
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4.2 SCREENING OF WATER-BUDGET ESTIMATES

The second level of screening that was performed was to review the Reconnaissance Reports and
Water-Resources Bulletins to identify independent estimates of recharge from the ground-water
budgets contained within these reports. In basins in which no change in storage could be
assumed, estimates of ground-water discharge were identified from the water budgets, and these
estimates were taken as independent estimates of recharge. In a few cases, revisions of the
ground-water budgets contained within the State publications were reported elsewhere, e.g. in
publications by the U.S. Geological Survey, or in journal articles. In these cases, the revised
discharge estimates were used for comparison with the Maxey-Eakin recharge estimates.

As with the screening of the Maxey-Eakin recharge estimates, a classification system was
developed in order to screen the discharge estimates. Following are the categories that were
used, where the number in brackets after each category refers to the total number of estimates
within that group.

0. Water-budget estimate of discharge is usable as an independent estimate of recharge. [56]

1. Estimate is for a subarea within a major basin that could not be used individually because
only the total discharge for the major basin was given. [31]

2. Componenti(s) of the ground-water budget were determined by difference. Thus, the
estimate of discharge is not independent of the Maxey-Eakin recharge. [64]

3. Ground-water inflow or outflow exists but was not estimated. [23]

4. Ground-water inflow was estimated by an analog model, and the results are considered
as provisional. [1)]

5. Ground-water discharge from within the basin cannot be separated out from the total
discharge, i.e., both surface water and ground water. [6]

6. A major river flows through the valley, and surface-water inflow and outflow dominate

the water budget in comparison to ground-water recharge and discharge within the basin.
Therefore, mainstem areas were rejected. [26]

13



7. Evapotranspiration by phreatophytes occurs but was not estimated and included in the
discharge estimate. [1]

8. Evaporation from playas, which is either unreliably estimated or not estimated, is a
significant portion of the total discharge. [2]

9. Uncertainty in the water budget results from transient interactions between a lake and
ground water. Examples are: (1) lake desiccation that results from depletion of ground-
water storage, and (2) lowering of lake water levels, which affects ground-water storage.

[4]

10.  Either an earlier estimate that was later revised, or a duplicate of an estimate reported
elsewhere. [9)

11.  Discharge estimate was reported, but no Maxey-Eakin recharge was computed, or
Maxey-Eakin calculation found to be erroneous. [6]

12. No water budget was reported. (2]

The resuits of this screening process indicated that, of the 229 water budgets reviewed, 56
estimates of discharge were usable as independent estimates of recharge. Appendix A gives a
complete listing of each basin and the corresponding classification of the discharge estimate for
that basin.

Potential bias may exist within this group of estimates, however, because the methods
historically used to develop the water budgets may have a subjective component that is not easily
identified from the State reports. In certain cases, knowledge about the discharge may have
been considered in developing a Maxey-Eakin recharge estimate. This is what probably resulted
in the various "non-standard” applications of the Maxey-Eakin method. Arguably, the set of 56
estimates should be reduced by the number that have "non-standard” Maxey-Eakin recharge
estimates, since adjustment of the Maxey-Eakin method may have reduced the difference
between the Maxey-Eakin estimates and the discharge estimates. Of the 56 discharge estimates,
16 have corresponding Maxey-Eakin recharge values that were computed in a non-standard way.
Removing these 16 estimates leaves the 40 estimates listed in Table 2. These 40 independent
estimates of discharge that are derived from water budgets will be referred to as the "budget
estimates” throughout the remainder of the report. The locations of the basins for the 40 budget

14
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estimates are shown in Figure 4. A comparison with Figure 2 shows that six of these basins are
in the set that was reportedly used to develop the Maxey-Eakin method.

TABLE 2
LIST OF THE 40 WATER-BUDGET ESTIMATES OF RECHARGE
Hydrogeaphis MAXEV-EAKIN WATER-BUDGET .
Arca BASIN RECHARGE DISCHARGE SOURCEY
e e A (AC-FTIVRY {AC-FI/YRY -
16 | DUCK LAKE 9000 7000 R17
18 | PAINTERS FLAT 1300 1200 | R44
21 | SMOKE CREEK DESERT 13000 18620 | Rr44
22 | SAN EMIDIO DESERT 2100 3200 | R44
‘ 24 | HUALAPAI KLAT 7000 6700 ) R11,B37
| 29 | PINE FOREST 10000 14100 | R4
53 | PINE 45500 24000 | ®2,B32
55 | CARICO LAKE 4300 4500 | R37
71 | GRASS (HUMBOLDT) 12000 16800 { R29,B32
84 | WARM SPRINGS 6000 2000 | R43
85 | SPANISH SPRINGS 600 1000 | R43
J 86 | SUN $0 25 | ra3
] 92 | LEMMON 1800 900 | R43
95 | DRY 2400 2300 | R43
96 | NEWCOMB LAKE 300 130 | R43
97 | HONEY LAKE (E ONLY) 1500 10500 | R43
111 | ALKALIN 400 300 | RS2
113 | HUNTOON 800 300 | R52
114 | TEELS MARSH 1300 1400 | RS2
117 | FISH LAKE 33000 27000 | RS8
118 | COLUMBUS SALT MARSH 700 3800 | RS2
119 | RHODES SALT MARSH 500 600 | RS2
121 | SODA SPRING E 600 700 | RS2
121 | SODA SPRING W 100 270 | RS2
125127 %Amé COWKICK, 6000 6000 | R23
128 | DIXXE 6000 9200 | R23
132 | JERSEY 800 300 | r23
133 | EDWARDS CREEK 8000 7600 | R26
134 | SMITH CREEK 9600 7000 | R28,P1409E
136 | MONTE CRISTO 500 400 | RS2
138 | GRASS (LANDER) 13000 13000 | R37
150 | LITTLE FISH LAKE 11000 10000 | R38
153 | DIAMOND total 21000 21000 | R6, B35
156 | HOT CREEK 7000 6100 | R38
170 | PENOYER 4300 3800 | R60
178 | BUTTES 15000 12000 | R49
178 | BUTTEN 3900 8700 | R49
179 | STEPTOE 85000 70000 | R42
183 | LAKE 13000 11500 | R24
184 | SPRING 75000 74000 | R33

! Ground-water discharges are adjusted by removing any sdditional ground-water inflows reported in the water budget, allowing
comparison with Maxey-Eakin recharge.

2 R = Reconmaizsance Report, Nevada Department of Conservation and Natural Resources

B = Water-Resources Bulletin, Nevada Department of Conservation and Natural Resources

P = U.S. Geological Survey Professional Paper
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4.3 SCREENING OF MODEL ESTIMATES

The third stage in gathering the data base used in the analysis was to conduct a general literature
review to identify other independent estimates of ground-water recharge for basins within
Nevada. Sources for the estimates collected included U.S. Geological Survey reports,
publications of the Desert Research Institute of the University of Nevada, and scholarly articles.
A total of 27 independent estimates of recharge that were derived from techniques other than
water budgeting were identified during this process. The methods used to derive these recharge
estimates include the following, where the numbers in brackets refer to the total number of

estimates:

. Chloride mass balance [12],

. Deuterium-calibrated mixing-cell flow model [11],
. Numerical ground-water flow models [3], and

. Infiltration model [1].

Because most of these estimates were obtained using models, this group of 27 estimates will be
referred to as the "mode] estimates.”" The 27 mode] estimates are listed in Table 3, and Figure
S shows the locations of the basins for the group. Each of the types of model estimates is
discussed briefly below.

The 12 chloride mass balance estimates of recharge were reported in two publications (Dettinger,
1989; Thomas and others, 1989). In Dettinger’s study, a total of 16 estimates were derived.
However, only 11 of the estimates were used in this analysis. The estimates in three basins (N.
Butte, Mesquite, and N. Railroad) were excluded based on a discussion of their recharge
estimates by Dettinger (1989). Dettinger noted that the chloride balance estimates in these
basins may be inaccurate because subsurface inflows that were not considered may have resulted
in an underestimate of recharge. Therefore, these three estimates were rejected. An additional
estimate (for Independence Valley) was rejected because there was no documented Maxey-Eakin
recharge estimate with which to compare it. Finally, one of the estimates (for Upper Reese
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River Valley) was rejected because the corresponding Maxey-Eakin recharge estimate was
computed in a non-standard way. In addition to the 11 estimates by Dettinger (1989), one
chloride mass balance estimate was obtained for Smith Creek Valley from Thomas and others
(1989).

Eleven independent estimates of recharge were derived using a deuterium-calibrated mixing-cell
flow model of the White River Flow System in southeastern Nevada (Kirk and Campana, 1990).
The model consists of an interconnected network of cells through which water and deuterium
are routed. A two-layer hydrologic system was modeled, assuming a carbonate layer
underlying an alluvial layer. Assumptions regarding the flow paths were made, and the model
was calibrated using the spatial distribution of the deuterium isotope. Three slightly different
flow scenarios were calibrated; however, a consistent set of recharge values was obtained. For
this analysis, where a range of recharge values was reported by Kirk and Campana (1990), the
mean recharge from the three scenarios was selected.

Three independent estimates of recharge were obtained from numerical ground-water flow
models. The first estimate (Water-Resources Bulletin 44) was developed by simulating steady-
state ground-water flow conditions in Las Vegas Valley. Recharge was one of the parameters
calibrated in the model, along with transmissivity values, to match measured hydraulic heads.
The second estimate (Harrill, 1986), for Pahrump Valley, was developed in a similar way. The
third estimate (Handman and others, 1990) was obtained from a numerical ground-water flow
model for a subarea within Honey Lake Valley. The recharge values initially selected for use
in this model were derived from an infiltration model, but were adjusted during model
calibration.

The study of Honey Lake Valley (Handman and others, 1990) provided a second independent
estimate of recharge that was based on the results of an infiltration model. Direct infiltration
of precipitation was estimated using a numerical model that determines the soil-moisture budget
(evapotranspiration, runoff, and recharge) based on long-term data for precipitation, temperature,
soil characteristics, and vegetative cover. Surface-water infiltration was separately estimated
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from streamflow data and added to the direct infiltration computed by the model to obtain an
estimate of 99,000 acre-ft/yr for the total ground-water recharge to Honey Lake Valley.

5.0 DISCUSSION OF RESULTS

The screening processes described previously resulted in 40 water-budget estimates and 27 model
estimates of recharge for comparison to their corresponding Maxey-Eakin recharge estimates.
Table 4 summarizes the characteristics of the two groups of estimates. Together, the 67
independent estimates cover a total of 57 basins in Nevada. The number of basins covered is
fewer than 67 because there is some overlap between the two groups of estimates, and also
because within one group, there may be more than one estimate for a particular basin. For the
purposes of the analysis, the two groups of estimates were separately compared to the Maxey-
Eakin estimates to see if any differences in the groups were apparent.

TABLE 4

GROUPING OF RECHARGE ESTIMATES IDENTIFIED BY SCREENING PROCESS

Group v Budget Estimates Model Estimates 1‘
Number || 40 27
Dcxs;éﬁpti_;jn Recharge estimates Recharge estimates determined from
"~ || determined from independent estimates of | geochemical models (23), numerical flow
.}l discharge reported in ground-water models (3), and infiltration model (1).
o budgets.
Sourwe - ‘]l Nevada Department of Conservation and ® U.S. Geological Survey reports
- || Natural Resources: ® Desert Research Institute, University of
|| ® Reconnaissance Reports Nevada reports
| & Water-Resources Bulletns ® Journal articles |
21



As a qualitative evaluation of the degree of agreement between the Maxey-Eakin recharge
estimates and the two groups of independent estimates, scatter diagrams were prepared. Figure
6 shows the scatter for the group of 40 water-budget estimates of recharge. Figure 7 shows the
scatter for the group of 27 model estimates of recharge. A line having a one-to-one slope is
shown on both plots for comparison. If the pairs of estimates were in perfect agreement, all of
the points would fall on this line. The scatter of the points about this line is a measure of the
degree of agreement between the Maxey-Eakin estimates and the independent estimates. From
the scatter diagrams, one may conclude that the general agreement between the Maxey-Eakin
estimates and the independent estimates indicates that the Maxey-Eakin method is fairly good.

5.1  ANALYSIS OF UNCERTAINTY

An analysis can be performed to evaluate the uncertainty in both groups of Maxey-Eakin
estimates, i.e., the 40 budget estimates and the 27 model estimates. If either group of basins
is taken as representative of any ground-water basin in Nevada, then the uncertainty determined
from this analysis provides a measure of the uncertainty in the Maxey-Eakin method in general.

Several definitions are necessary for the analysis. For each pairs of estimates within a group,
the difference in the estimates is the residual R, where

R=ME-D @)
where
ME = the Maxey-Eakin recharge estimate (acre-ft/yr), and
D = the independent estimate of discharge (acre-ft/yr).

Each value of ME and D can be considered as a random variable with a probability distribution

having an expected value and associated uncertainty, i.e., a mean and a variance or standard

deviation. Accordingly, the values ME and D can each be broken down into random-variable
components

ME = ME’ + e\; )

D=D’+e¢, (6)
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where
ME’ = the true value for the Maxey-Eakin recharge,
D’ = the true value for the discharge,
b = the error in the Maxey-Eakin recharge estimate, and
e = the error in the estimate of discharge.

However, by definition,
ME’ =D’ )

Therefore, substituting Equations 5, 6, and 7 into Equation 4 above gives an expression for the
residual as follows:

R=1¢z-¢ ®

The degree of uncertainty in the Maxey-Eakin method can be evaluated by determining the
structure of the random variable e,,, i.e, the variance or the standard deviation of the
distribution. The appropriate formula for the variance of a function of the form y = g(,) is as
follows (Benjamin and Cornell, 1970):

Varly] = E[grm[x,l ©

i=1

where it is assumed that the x; are not correlated. Applying this relation to Equation 8 produces

Var(R] = Varfe,g] + Varfey] (10)
Finally, rearranging gives
Varfe,s] = Var[R] - Varfep] (11)
25



This relationship gives the variance in the Maxey-Eakin errors as a function of the variance in
the residuals and the variance in the discharge errors. The term Var/R] can be computed
directly from the 40 residuals. However, the term Varfe,] is not known. Therefore, the known
value of Var/R] will provide an upper bound on the value of Var/e,z/, since Equation 11 dictates
that

Varfe,z] < Var[R] (12)

Because it has the same units as the estimate, the standard deviation is a more convenient
measure of uncertainty than the variance. The above relation can be expressed in terms of
standard deviations by taking the square root of both sides, giving

ofexsl < o[R] (13)

The relation expressed by Equation 13 can now be applied to both groups of estimates-- the 40
water-budget estimates and the 27 model estimates. As calculated from the 40 water-budget
residuals, o/RJ is 4,800 acre-ft/yr. Therefore, as an upper bound on d/e,,/, the standard
deviation of the Maxey-Eakin estimate for a particular ground-water basin in this group is 4,800
acre-ft/yr. For the group of 27 estimates, the upper bound on the standard deviation of the
Maxey-Eakin estimate is 4,300 acre-ft/yr.

The coefficient of variation ¢,, which gives a measure of the relative dispersion or closeness of
the set of values, can be computed from the relation

¢, = (14)

g
B

where
= the standard deviation of the distribution, and
U = the mean of the distribution.
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For the group of 40 estimates, the maximum standard deviation of 4,800 acre-ft/yr is divided
by the mean Maxey-Eakin estimate, which is 10,800 acre-ft/yr, to obtain a coefficient of
variation no greater than 0.44, or 44 percent. For the group of 27 estimates, the maximum
standard deviation of 4,300 acre-ft/yr is divided by the mean Maxey-Eakin estimate, which is
17,400 acre-ft/yr, to produce a coefficient of variation no greater than 0.25, or 25 percent.

The results of this uncertainty analysis indicate that the degree of uncertainty in a Maxey-Eakin
estimate is somewhat less for the group of model estimates than for the group of water-budget
estimates. As the model estimates were generally derived later in time than the water-budget
estimates and presumably utilized previous knowledge about a basin, this result i$ not surprising.

If the errors in each group of Maxey-Eakin estimates were normally distributed, 68 percent of

these values would fall within plus or minus one standard deviation of the mean. As a
qualitative assessment of the shape of the distribution of ¢, the distribution of the residuals R
can be examined for each group of estimates. Figures 8 and 9 show histograms of the 40 and
27 residuals, respectively. The mean residuals are 600 and 400 ac-ft/yr for the two groups,
respectively. It can be demonstrated statistically that these sample means are not significantly
different from a mean of zero. Therefore, although both mean residuals are greater than zero,
there is no indication of statistical bias in the Maxey-Eakin method.

Figures 8 and 9 indicate one standard deviation in either direction from the mean of the
distribution and show the number of residuals within this range. For the group of 40 residuals,
this range contains 83 percent of the residuals. For the group of 27 residuals, this range
contains 78 percent of the residuals. Thus, for both groups of estimates, the residuals are
clustered more closely about the mean than they would be in a normal distribution.

27
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5.2 COMPARISON TO PREVIOUS WORK

5.2.1 Study by Watson and Others (1976)

A previous evaluation of the Maxey-Eakin method was performed by Watson and others (1976),
with the objective of examining the statistical validity of the method. In that anmalysis, a
multiple-linear regression was performed to compute the five Maxey-Eakin coefficients based
on data from the Reconnaissance Reports. The regression was of the form

5
Y=Y ap, (s)
i=1

where
Y = water-budget discharge (dependent variable),
P; = volume of precipitation within each Hardman zone (independent variable), and
g; = the Maxey-Eakin coefficient for each Hardman zone (regression coefficient).

The regression was computed using 63 observations that were collected by screening the
Reconnaissance Reports according to a set of criteria similar to that used in this report.

The results of the analysis were reported as the computed Maxey-Eakin coefficients and their
corresponding 95-percent confidence intervals. Because the 95-percent confidence intervals for
the five coefficients were relatively large, Watson and others (1976) concluded that the
predictive capability of the Maxey-Eakin method is suspect.

Based on these conclusions, other authors have dismissed the reliability of the Maxey-Eakin
method. For example, Lerner and others (1990) cite Watson’s study as an illustration of the low
accuracy of simple precipitation-recharge relations. Lemer and others (1990) conclude that “the
wide confidence intervals make the coefficients unusable for prediction, despite being derived
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from a large, carefully assembled database.”" Burbey and Prudic (1991) also reference the
Watson study, noting the conclusion that "the method could not reliably predict recharge other

than provide an approximation.”

However, it may not be appropriate to draw conclusions about the overall reliability of the
Maxey-Eakin method based on the individual confidence intervals for each coefficient. What
is most important is the overall predictive reliability of the Maxey-Eakin method as compared
against independent estimates of recharge. This predictive reliability is only indirectly related
to the standard emror of the individual Maxey-Eakin coefficients. Rather, the predictive
reliability is measured by the standard error of prediction of the regression, which is nearly
equivalent to the standard deviation of the residuals that was discussed in the analysis of
uncertainty in Section 5.1. Therefore, this report argues that the overall predictive reliability
of the Maxey-Eakin method can best be evaluated by the type of uncertainty analysis presented
here.

In addition to the difference in analytical approach, the current study is distinguished from
Watson and others (1976) by an expanded and improved data base. In order to separate the
effects of the two differences, the technique used by Watson and others (1976) was applied to
the current data set. A multiple-linear regression of the form used by Watson and others (1976)
was performed using the group of 40 water-budget estimates identified in this study. The results
of this regression are compared to the results obtained by Watson and others (1976) in Table 5.

Table 5 shows that, for three of the five precipitation zones, the approximate 95-percent
confidence intervals computed in this analysis are smaller than those by Watson. This indicates
less variability in those Maxey-Eakin coefficients, which suggests that the data base of 40
observations used in this analysis is somewhat better than the data base used by Watson and
others (1976). Despite these improvements, however, it appears that the final conclusion
reached by Watson and others (1976) would not have changed if the current data base had been
available. This is because both analyses generally indicate high variability of the Maxey-Eakin
coefficients as computed by regression.
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TABLE §
RESULTS OF MULTIPLE-LINEAR REGRESSIONS

Maxey-Eakin 95% Confidence Tntervals (%)
L Coefficients (%) .
Precipitation : ’ - 1
Zene (in.) Watson This . | Watson This . |
{(1976) Analysis’ (1976) Analysis?
>20 24 20.3 +15 +10.4
15-20 19 20.4 +16 +10.0
12-15 -1 -3.5 +6 + 55
8-12 4 6.7 +2 + 2.5
<8 0 1.1 +1 +14

63 observations.

40 observations.

3 95% confidence intervals were estimated as equal to
two standard deviations.

The approach used in the current analysis suggests that the Maxey-Eakin method provides
estimates of recharge that are generally in good agreement with independent estimates. This
conclusion contradicts that of Watson and others (1976) because the two analyses have used
different statistical indicators as a measure of predictive reliability. The methods used in this
report are more appropriate to evaluate the total uncertainty in the Maxey-Eakin method. The
predictive reliability of the Maxey-Eakin method should not be judged by the standard error of
the individual coefficients as computed by regression.

5.2.2 Study by Bredenkamp (1990)

Another evaluation of an empirical relationship for determining recharge from precipitation was
conducted by Bredenkamp (1990). The results of Bredenkamp’s investigation parallel the
conclusion of this study that an empirical relationship for calculating recharge provides
reasonably good estimates of recharge.
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The study by Bredenkamp (1990) focussed on the dolomite region in South Africa. Bredenkamp
identified independent estimates of recharge for 14 basins to compare with recharge estimates
determined from this empirical relationship:

R =0.35(P- 360) (16)
where
R = annual recharge (in mm), and
P = annual precipitation (in mm).

The independent estimates used by Bredenkamp, referred to as "reconstructed estimates,” were
derived primarily from water balances, ground-water flow models, and chemical mass balances.
The results of the analysis showed good general agreement between the two groups of estimates.
However, the relation that best fit the data was provided by:

R =0.30 (R - 313) a7

This relationship was determined by regression using the rainfall estimates as the independent
variables and the "reconstructed” recharge estimates as the dependent variables. As Bredenkamp
notes, "The high correlation coefficient (r = 0.989) reflects excellent agreement between the
reconstructed and reference recharge values."

6.0 VALUATION OQF UNC INTY R 20 BASINS

The results of the previous analysis of uncertainty can be used to evaluate the uncertainty in the
Maxey-Eakin estimates for the 20 basins in which the District has applied for the appropriation
of ground water (Figure 1). In order to produce results that are conservative, the group of 40
budget estimates is selected as a basis for the analysis because this group displays somewhat
greater uncertainty than the group of 27 model! estimates. Consequently, the analysis in this
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section assumes that the residuals for the 20 basins have the same distribution as the residuals

for the 40 basins.

Maxey-Eakin recharge estimates have been computed for all of the 20 basins of interest and are
given in the Reconnaissance Reports. The cumulative Maxey-Eakin recharge can be designated
as ME,,;, and is equal to the sum of these 20 estimates. Proceeding as in the earlier analysis,
this quantity can be separated into two components:

ME,, = ME’y, + €y (18)
where
ME’,, = the true value for the total Maxey-Eakin recharge to the 20 basins, and
eyex = the error in the total Maxey-Eakin estimate of recharge for the 20 basins.

In turn, the total error e,,,, can be expressed as the sum of the individual errors in each of the

20 basins as follows:

20
CuE20 ~ Eei (19)

Taking the variance of the above relation produces

0)

2
Varleyz,l = Var{E e

i=i

But, if it assumed that the errors for each of the 20 basins are distributed the same as for the

group of 40, then
Var{e,wn] = 20 Varfey;] 1)
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Square-rooting both sides of Equation 21 to obtain an expression in terms of standard deviations

gives

oleypol= v20 ale,,l (22)

The previous analysis established an upper bound for the standard deviation of the Maxey-Eakin
estimate for an individual basin, ofe,;/, equal to 4,800 acre-ft/yr. Using this value in Equation
22 produces ofe,z0] < 21,500 acre-ft/yr. This means that the standard deviation of the total
Maxey-Eakin recharge estimate for the 20 valleys is no greater than 21,500 acre-ft/yr.

The coefficient of variation ¢, (Equation 14) of the total recharge estimate can be computed by
dividing the maximum standard deviation of 21,500 acre-ft/yr by the total Maxey-Eakin recharge
from the 20 basins, which is 224,000 acre-ft/yr. The result is a coefficient of variation no
greater than 0.10, or 10 percent. This value for ¢, can be compared to the value computed for
the individual basins within the group of 40, which was 44 percent. Mathematically, it can be
demonstrated that the coefficient of variation for the sum of a2 number of basins decreases as
more basins are included in the computation. In the general case, the decrease in ¢, is inversely
proportional to the square root of the number of basins included in the analysis. Therefore, the
predictive reliability of a total Maxey-Eakin recharge estimate for a group of basins increases
with the number of basins used.

70 CO S

Based on the findings from this current analysis of the Maxey-Eakin method, the conclusions
of this report are:

* The Maxey-Eakin method provides fairly reliable estimates of recharge to ground-water
basins in Nevada,
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Using a group of 40 independent estimates of recharge obtained from water budgets, an
analysis of the uncertainty in the method indicates that the standard deviation of a Maxey-
Eakin estimate for a given ground-water basin is not more than 4,800 acre-ft/yr, with a
maximum coefficient of variation of 44 percent,

Using a group of 27 independent estimates of recharge obtained from models, the
uncertainty analysis indicates that the standard deviation of a Maxey-Eakin estimate for
a given ground-water basin is not more than 4,300 acre-ft/yr, with a maximum
coefficient of variation of 25 percent,

Applying the results of the uncertainty analysis from the 40 water-budget estimates to the
total Maxey-Eakin recharge estimate from 20 selected basins indicates that the standard
deviation of this estimate is not more than 21,500 acre-ft/yr, with a maximum coefficient
of variation of 10 percent, and

In the general case, the predictive reliability of a Maxey-Eakin recharge estimate for a

group of basins, as measured by the coefficient of variation, is expected to increase with
the number of basins evaluated.
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8.0 REFERENCES

8.1 STATE OF NEVADA REPORT SERIES

(Report Series arranged alphabetically on
basis of series abbreviation)

R. -- RECONNAISSANCE SERIES REPORTS

R1
R2
R3
R4
RS
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24

R26
R27
R28
R29
R30
R31

Newark Valley: T.E. Eakin, 1960.
Pine Valley: T.E. Eakin, 1961.

Long Valley {White Pine County]: T.E. Eakin, 1961.
Pine Forest Valley: W.C. Sinclair, 1962.
Imlay area: T.E. Eakin, 1962.

Diamond Valley: T.E. Eakin, 1962.
Desert Valley: W.C. Sinclair, 1962.

ence Valley: T.E. Eakin, 1962.
Gabbs Valley: T.E. Eakin, 1962.
Sarcobatus Flat and Oagis Valley: G.T. Malmberg and T.E. Eakin, 1962.
Hualapai Flat: W.C. Sinclair, 1962.
Ralston and Stonecahip Valleys: T-E. Eakin, 1962.
Cave Valley: T.E. Eakin, 1962.
Amaragosa Desert: G.E. Walker and T.E. Eakin, 1963.
Long Valley—-Massacre Lake region: T.E. Eakin, 1963.
Dry Lake and Delamar Valleys: T.E. Eakin, 1963.
Duck Lake Valley: W.C. Sinclair, 1963.

gm@ en and Coal Valleys: T.E. Eakin, 1963.
d Middle River V. s: E.G. Crosthwaite, 1963.

lgck Rock Desert area: W.C. Sinclair, 1963.
Pahranagat and Pahroc Valleys: T.E. Eakin, 1963.

Pueblo Valley--Continental I ake region: W.C. Sinclair, 1963.
Dixie-Fairview Valley area: Philip Cohen and D.E. Everett, 1963.
Lake Valley: F.E. Rush and T.E. Eakin, 1963.

0 i e Spring V: Muddy River Springs area: T.E. Eakin,
1964.
Edwards Creek Valley: D.E. Everett, 1964.

Meadow Valley area: F.E. Rush, 1964.
Smith Creek and Jone Valleys: D.E. Everett and F.E. Rush, 1964.
Grass Valley (Pershing County): Phillip Cohen, 1964.

Monitor, Antelope, and Kobeh Vaileys: F.E. Rush and D.E. Everett, 1964.
Upper Reese Valley: T.E. Eakin, D.O. Moore, and D.E. Everett, 1965.
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R32
R33
R34
R35
R36
R37
R38

R39
R40
R41
R42
R43
R44
R45
R46
R47
R48
R49
R50
R51
R52

R53
R54
RS5
RS56
R57
R58
R59
R60

Lovelock Valley: D.E. Everett and F.E. Rush, 1965.
Spring Valley: F.E. Rush and S.A. T. Kazmi, 1965.

Snake Valley area: J.W. Hood and F.E. Rush, 1965.

Huntington Valley area: F.E. Rush and D.E. Everett, 1965.
Eldorado-Piute Valley area: F.E. Rush and C.J. Huxel, Jr., 1966.
Grass and Carico Lake Valleys: D.E. Everett and F.E. Rush, 1966.

Little Fish Take, Hot Creek, and Little Smoky Valleys: F.E. Rush and D.E. Everett,
1966.

Eagle Valley: G.F. Worts, Jr., and G.T. Malmberg, 1966.

Walker Lake area: D.E. Everett and F.E. Rush, 1967.

Washoe Valley: F.E. Rush, 1967.

Steptoe Valley: T.E. Eakin and J.L. Hughes, 1967.

Warm Springs-Lemmon Valley area: F.E. Rush and P.A. Glancy, 1967.
Smoke Creck and San Emidio Deserts: P.A. Glancy and F.E. Rush, 1968.
Clayton Valley-Stonewall Flat area: F.E. Rush, 1968.
Mesquite-Ivanpah Valley area: P.A. Glancy, 1968.

Thousand Springs Valley: F.E. Rush, 1968.

Snake River Basin: D.O. Moore and T.E. Eakin, 1968.

Butte Valley: P.A. Glancy, 1968.

Lower Moapa-Lake Mead area: F.E. Rush, 1968.

Virgin River Valley: P.A. Glancy, 1968.

Columbus Sait Marsh-Soda Spring Valley area: A.S. Van Denburgh, and P.A. Glancy,
1970.

Antelope Valley and East Walker area, Nevada: P.A. Glancy, 1971.
Nevada Test Site area: F.E. Rush, 1970.

Granite Springs Valley area: J.R. Harrili, 1970.

Pilot Creek Valley area: J.R. Harrill, 1971.
Truckee River basin: A.S. Van Denburgh, R.D. Lamke, and J.L. Hughes, 1972.

Fish I ake Valley: F.E. Rush and T.L. Katzer, 1973.
Carson River basin: P.A. Glancy and T.L. Katzer, 1975.

i P Valleys: A.S. Van Denburgh and F.E. Rush, 1974,

B. - WATER-RESOURCES BULLETINS

B3

B5
B6

B8

Water Tcvels and Artcsian Precsure In Wells In Las Vegas Vallev ITn Wells In Other

Valleys In Nevada. 1913-1945: Robinson, T.W., G.B. Maxey, J.C. Fredericks, and
C.H. Jameson 1947

Maxey, GB and T. E Fakin, 1949,
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B10
B11
B12
B13
BI8
B19
B22
B24

B27
B29

B32
B33
B34
B35
B37
B38

B39

B4l

B42

B43

B44

Ground Water In Paradise Valle umboldt Coun: evada: Loeltz, O.]., D.A.
Phoenix, and T.W. Robinson, 1949.
Preliminary R 0 ounnd Water in Fish Valley, Nev d_California:

Eakin, T.E., 1950.
i to the Hydrology o n_Nevada: Eakin, T.E., G.B. Maxey, T.W.
Robinson, J.C. Fredericks, and O.J. Loeltz, 1951.

Geolo: Gr: ~Water Resources of Buena Vi ley. Pershing Cou; ev
Loeltz, O.J. and D.A. Phoenix, 1955.

ummary of drolo; f the Ve, nd-Water in, Nevada, Wi
Specia] Reference to the Available Supply: Malmberg, G.T., 1961.
Prelimi esults emij tudies in the H Idt River Valle

Wmnemum, Hey_gdg Cohen | 1962

Cohen thp,wes

AnE f Water f umboldt River Valle Winnemu
Nevada: Cohen, Philip, 1963.

Water in the Humboldt River Valley Near Winnemucca, Nevada: Cohen, Philip, 1964.
Ground Water in Las Vegas Valley: Domenico, P.A., D.A. Stephenson, and G.B.
Maxey, 1964.

umboldt Rive sin, Nevada: Eakin, T.E., and
R.D. Lamke, 1966.

Regional In i - r System j White River South
Nevada: Eakin, T.E., 1966.
Eff igation nt_on_the W; ly of Quinn Ri ley Ar

Nﬂm_gmm._ﬂt& Huxel, C.J. Jr 1966.

_gy_m._],m Huxel C.J., Ir andEE Hams 1969
of d-Wa Devlm e Water R« i alle
mboldt vada, 1948-68 drologic Reconnai of the Trib
Argg; Hamll JR andDO Moore, 1970.

Rush F E and c V. Schroer 1971

Water R i

is on Effects of evel Hamll James R., 1973.
p_gggg,msaﬂz Rush, FE and C. v Schroer, 1976

letion of Ground-Water S Vi Nev: 55-74:

Han'ill, .Tames R., 1976.
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