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Allometric Responses in Coupled Groundwater — Surface
Water - Reservoir Systems

Thomas S Bugo
Consulting Hydrogeologist, Inc.
PO Box 127
Blue Diamond, Nevada 89004

In this research, the concept of allometry (thegaif change of two or more aspects of a
system) is applied to two coupled groundwater-sgrfaater-reservoir systems, the Regional
Carbonate Aquifer — Muddy Springs — Muddy River - Lake M&gtem in southern Nevada,
and the Navajo Sandstone — Lake Powell system in southern Udahoatihern Arizona.
Springs discharging in the Muddy Springs area, in northwestern Clark Cblavigga, provide
the source for the Muddy River and habitat for émelangered Moapa Dace. The springs
discharge about 33,000 acre feet per year, and heee described as the terminal discharge
point for the White River flow system. Dischargetla¢ springs depends upon a number of
independent variables including geology, climatd eecharge, water withdrawals, water level
variations, aquifer confinement, and base level elevat

Since the mid 1980’s, data set have been collestethe climate, water levels, water
withdrawals, and base level. The other independent variables are coogénthe
geologically short time frame. Observed changeswater levels, precipitation, and
groundwater withdrawals can not fully account for observed variations in the discharge at
springs in the area. Examination of lake stagelitioms at Lake Mead suggests that a decline
in stage that began in 2000 is a contributing factor in the decline of spring discharge rates.
Simple hydraulic calculations and cross-sectionaherical models of the groundwater regime
verify that this type of response is numerically possible.

Because data are lacking on water levels in thedyiugprings area prior to 1980, water
levels in the Navajo Sandstone near Lake Powelevexaluated to examine the effects of
reservoir filling. Prior to the construction ofettrdam, the local hydrologic base level was
represented by the top of base flow in the Colorado River. During thmumdment of the
Colorado River by the Glen Canyon Dam, the locaebkevel rapidly rose as the reservoir
filled. The effect on water levels in the Navajanfistone was pronounced, with groundwater
level rises of more than 300 feet documented aadaixteen miles from Lake Powell.

These findings suggest that the Muddy Spring asewi the terminus of the White River
flow system. Under pre-lake conditions, a sigmifit quantity of groundwater discharged
along the Muddy River and Virgin River bottoms.idtpostulated that the change in head that
resulted from lake filling, and the correspondiregiéase in groundwater discharge along the
river bottoms, caused an allometric response thrdbg system that resulted in rises in both
water levels in the carbonate aquifer and sprirsgldirge rates in the Muddy Springs area.
Analyses are continuing to determine the response of spring discharge to e#uh of
independent variables that form the system to kskalthe actual impacts of groundwater
withdrawals on this complex hydrogeologic regime. Final confirmation mayenpobsible
until the current drought ends and the stage otllkad rises to its 1998 to 1999 levels.
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INTRODUCTION

One of the most important factors considered irugdovater development is the effect of
the water withdrawals on the hydrologic regime. vAge impacts that may result from
groundwater pumping include unacceptable leveldratvdown in the vicinity of the pumping
well, reductions in spring discharge rates or strdbbows, and degradation of water quality.
Because of the nature of Nevada's hydrologic camult it is often necessary to evaluate
impacts from three perspectives: the local level i@@ividual water well or well field); the
regional level (the basin in which the developmeniocated); and the synoptic level (the
regional groundwater flow system). Most of the ugrdwater flow systems are also in direct
communication with surface water systems. In thesgpled systems, groundwater recharge
over distant source areas flows down gradient tdwagional sinks where groundwater is
discharged to evapotranspiration, flow to down graidbasins, to the surface water regime, or to
all three.

An example of a coupled groundwater—surface wagstem in southern Nevada is the
Carbonate Aquifer — Muddy Springs — Muddy Riverake Mead system. Since 2000, declines
in spring discharge rates and water levels in Htbanate aquifer have been observed. The U.S.
Fish and Wildlife Service (Mayer 2003) presentedadand suggested that the declines “are
coincident with increased pumping from the carbereatd alluvial aquifers that has occurred
since 1998”. The Southern Nevada Water Author2§0@) evaluated spring discharge and
water level trends with respect to precipitatioardmetric pressure fluctuations, and pumping
from the carbonate aquifer, and observed that wiatezl declines could be interpreted to
occurring as a result of Arrow Canyon pumping, thfre was considerable uncertainty because
of regional drought..

At present, the only groundwater withdrawals from the carbonate aquifer are by the Moapa
Valley Water District. The District produces wafesm the carbonate aquifer from two wells
(MX-6 and the Arrow Canyon well), and two sprindgst discharge from the aquifer. As a
condition of their water rights, the District mamis their withdrawals, water levels, and spring
discharge in the area. This monitoring is donedoperation with Nevada Power Company, the
Fish and Wildlife Service, the National Park Seeyiand the Southern Nevada Water Authority
to monitor and evaluate the impacts of presentpacined future groundwater development. In
recognition of the concerns expressed by others mijard to the decline in water levels and
spring discharge rates, the District is conductisgown evaluations. This paper presents the
preliminary results of a research effort to evaduhe potential causes of the observed decline.

COUPLED SURFACE WATER — GROUNDWATER SYSTEMS

In this paper, the concept of allometry is apptiedwo coupled groundwater-surface water-
reservoir systems, the Carbonate Aquifer — Muddyngp — Lake Mead system, and the Navajo
Sandstone — Lake Powell system. Allometry is defimas the study of the relative rates of
change of two or more aspects of a system. Thisequt was originally developed in biology
and has been used by paleontologists and geomogbisl in studying changes in species
morphology and landform changes over time (Bull, 1975).

41



In a hydrologic system, equilibrium is achievedotigh a complex set of dependent and
independent variables; e.g., spring dischargedisp@ndent variable that responds to a number of
independent variables that include hydraulic gnailithe size of the natural orifice, and local
boundary conditions. Some of these variablesratern dependent upon other variables such as
climate, geology, recharge, and base level. The independedepeddent variables are related

by a complex set of interactions referred to asllfeek mechanisms.

Reduction in spring

discharge rates due to pumping is an example of a feedback mechanism.

Another important concept in the application ofalktry is the critical threshold. The
critical threshold is the level of change in onetpH the system that results in a change in
another part of the system. Stream flow may baaed by well pumping if the area of influence
of the well intercepts the surface water. Bubatdr pumping rates, the well may not impact the
stream, a simple example of a critical threshol@ne of the complexities in natural systems is
that the rates of change in each part of the syatenfrequently different both in magnitude and
frequency, and the levels of the critical thresholds eaguite difficult to ascertain.

COLORADO
FLOW SYSTEM

\ White River

System

!l MeadowValley
. System

§ '\ Virgin Valley
System

%
ooy
SPRINGS
AREA

Figure 1. The Colorado flow system, subsystems, @n
basins.
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CARBONATE  AQUIFER -
MUDDY SPRINGS - MUDDY
RIVER - LAKE MEAD

Figure 1 shows the basins and
sub systems of the Colorado flow
system. The carbonate aquifer
system underlies most of the flow
system. The area of investigation is
within the White River subsystem,
detailed by Eakin (1966). This
subsystem includes thirteen
individual  hydrographic  basins.
Groundwater flows from recharge
areas in the uplands to discharge
areas in White River Valley,
Pahranagat Valley, and the Muddy
Springs area. Large spring
discharges at the Muddy Springs
area, in northwestern Clark County,
provide the source water for the
Muddy River as well as critical
habitat for an endangered fish
species, the Moapa Dace. These
springs, with discharge rates ranging
from less than 0.2 cfs to more than 6
cfs, historically = have  been
considered the terminal discharge
point for the White River flow
systems.
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Groundwater and surface water
supplies in the area have been
heavily developed for power,
generation, agricultural, wildlife
domestic, municipal, industrial,
recreational, and other purposes.
Because of the environmental
sensitivity of the Muddy Springs
area, the area has been
increasingly instrumented and
monitored since 1987. Surface
water and groundwater
production, spring discharges,
groundwater levels and
temperature, and other key
parameters are monitored.
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Table 1. Examples of Independent and Dependent Vaibles of a Coupled Hydrologic System.

Independent Variables

System Dependent Variables

loal Dependent Variable

Cli

mate Recharge

Aquifer types and properties

Heads and hydraubdcligint

Boundary conditions and locations

Groundwater flux to springs,

evapotranspiration areas

interbasin flow, streams, sinks, an

—

d Discharge, head, and gradier]
at any given location within thg

D

Groundwater withdrawals

Groundwater flux to sinkse)

system

Surface water diversions and capture

Surface Jilateto sinks (use)

Source of recharge

Heads, gradients, and fluxes

Base level

Heads and hydraulic gradient

independent variables.

The major variables that effect groundwater leagld spring discharge rates are categorized
in Table 1 as independent variables, system depéndeiables, and local dependent variables.
The discharge of a spring or the head in a wedrgt given point within a coupled system is

dependent upon a number of system variables tainaturn dependent upon a number of

Since the mid 1980s, atantisl data set has been collected that

guantifies the temporal changes in the key vargableclimate, water levels, spring discharge
rates, groundwater withdrawals, and base leveteenMuddy Springs area and Coyote Spring
Valley. The other independent variables (such as aquifer typeprapdrties and boundary
conditions and locations) are constant over théoggeally short time frame.

Departure from Long Term Mea r

Cumulative Departure from Long-Term Mean Annual Pre  ciptation 1937 - 2003
Based on Desert Range, Las Vegas, Overton, and Vall ey of Fire Station Average

-30

1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Year

Figure 3. Long-term cumulative departure from meanannual
precipitation for four index stations.
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Precipitation - Precipitation
records are available for a
number of stations in the
region. Data for the Desert
Range, Las Vegas, Overton,
and Valley of Fire stations
were used to develop a long-
term precipitation index.
Figure 3  shows the
cumulative departure from the
long-term  mean  annual
average precipitation for the
four-station index for 1935 to
2002. The longer period of
history shows the pronounced
drought of 1941 to 1975 and
the much wetter period
between 1976 through 1984.
Since 1984, the cumulative
departure has shown some
variability but has not shown
a significant trend either
upward or downward.



Figure 4 shows the
annual precipitation, in
inches for the period
between 1980 and 2002.
During that period there
were five wet years with
more than seven inches of
precipitation, and three dry
years when less than 3
inches of precipitation were
recorded. The scant rainfall
in 2002 marked the driest
year since 1968.

Four of the five wet
years occurred between
1980 and 1992. The
Figure 4. Average annual precipitation fothe index stations. ~ average index precipitation

over those years was 5.6
inches. During the next 10 years (1993 throug?220ie average precipitation was 4.2 inches.
The single wet year was 1998 when the index pratipn average was 8.8 inches almost double
the long-term index average of 4.5 inches (193d@ugin 2002). Between 1999 and 2002, the
index precipitation average was only 3.2 inches per year, about 70 percent of the long-term
average.

Carbonate Water Levels and Spring Discharge

Figure 5 shows water levels in two key carbonatgfagmonitoring wells (EH-5B and EH-
4) in the Muddy Spring area and daily dischargénat key springs, Warm Springs West the
main source of water on the wildlife refuge, andddy Spring. Water level and December
spring discharge records are reasonably good &opéniod 1987 to 2003. The water levels in
the carbonate aquifer show very similar trends dber period of record. The water levels
declined slightly from 1987 through the end of 199his decline was followed by rising water
levels through 1993, when water levels reachedrdebgghs in the two wells in the Muddy
Springs area, partly in response to the high pitatipn in 1992 the third wettest year in the 66
years of record. Water levels then remained redbticonstant through the end of 1996. A
slight decline then began and continued throughl A®98. Since that time, water levels have
continuously declined at a rate of about 0.4 ft per year.

Spring discharge records in the region are aval&dl the period of record but are less than

ideal because of up stream diversions and/or dartageeirs. Diversions up gradient of the
Warm Springs West gage were metered beginning in February 1998. The divessiged
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Carbonate Well EH-5b 1987 - 2003
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Figure 5. Hydrographs for Wells and Springs with Long-Term Records.
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Warm Springs West — Monthly Average Discharge — 06/ 12/1996 — 05/05/2004
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Figure 6. 1996 - 2004 Records for Warm Springs Westith and without adjustment for diversions.

between 0.0 and 0.14 cfs and averaged 0.03 cft thetiend of June 1999 when diversions
stopped. Numerous diversions up gradient of MuBidySpring have affected the data from this
gage for the entire period of record. Becauseheté diversions, the spring records do not
correspond well with the water levels in the cadienwvells except for the 1998 to 2003 records
for Warm Spring West when diversions up gradienth&f gage were metered on a monthly
basis. Figure 6 shows the unadjusted and adjustatthly average discharge for the period
from January 1996 to April 2004. The dischargeertwisa historic high in the spring of 1998,
probably reflecting the high precipitation in thallfand spring of 1997 to 1998. Discharge
declined from this high to 3.7 cfs in December 1888 then remained relatively uniform (with
seasonal variations) until October 2000 when tlseldirge began to decline. The decline has
continued since that time at a rate of about Of9®er year.

Muddy River

Gaging records for the Muddy River at Moapa, i& Buddy Spring area, are available for
the period July 1913 through September 1918 andb@ct1944 through June 2004 (Figure 7).
Discharge in the river is affected by diversions for agriculture and power generation. The river
discharge has been declining since about 1960.

Muddy River Discharge 10/1/1913 - 6/22/2004
100 T
00 | -
80 - ) T
70 : — = .
60 =
40 - |
30 *
20
10

(0} T T T T T T
1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Figure 7. Daily discharges less than 100 cferfMuddy River near Moapa.

B ey,

CFS
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Lake Mead Stage Conditions

Figure 8 shows the lake stage elevation of Lakeadvitor the entire period of record,
including the filling of the lake between 1935 df#B8. As shown, the lake level rose about 475
ft during filling to an elevation of about 1,175chas fluctuated between 1,084 and 1,222 ft
since 1938. In April 2003, the lake stage felldvelan elevation of 1,150 ft for the first time
since June 1971, and continued to decline throu@IB8 2and into 2004. The declining water
levels at Lake Mead (as well as Lake Powell) halready significantly decreased power
generation output and are now threatening to resulteduced water for municipal and
agricultural use in Nevada, Arizona, and California. The declining lake level is directly
attributable to the current drought in the upper basin states of Colordddtah.

Lake Mead Monthly Average Stage 1935 - 2003

1300
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Hewadtionf t

Figure 8. Elevation of Lake Mead water surface for hatory of lake.
Evaluation of Variables

To evaluate the causes of the decline in spring discharge at Bfamng West, the changes
in precipitation, carbonate water levels, lake stagnd carbonate water withdrawals were
evaluated for the period of common record 19873032 The results are shown in Figure 9.
Regression analyses of precipitation data (cunudadieparture, monthly, and mean monthly)
did not indicate a statistically significant relationship with carbonatier levels, lake stage, nor
spring discharge but some responses to wet petiod@dgppear to have an effect on water levels.
A distinct rise in carbonate water levels to recbrghs occurred in 1993. This rise is likely
related to the above average precipitation thaiofedr the region between September 1997 and
March 1998. The total precipitation over this semeonth period was about 125 percent of the
average annual precipitation. Other rises in wdéels in response to above average
precipitation occurred in 1996 and 1999 with anaappt lag time of about nine months between
the beginning of the wet period and the rise iloaate water levels.

Statistical regressions of the rate of change ke latage versus the rate of change in
carbonate water levels resulted in the highest correlation coefficients tthrraonth time lag
between a change in lake stage and a corresponldamge in carbonate water levels. Between
1987 and 1996 the lake stage variations are remarkabhastmihe variations in the carbonate
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water levels. Between October 1996 and Februa®B 1the lake stage rose almost 24 feet but,
no corresponding rise in water levels in the carbonate aquifer was obsefiesl.lack of
correspondence is likely due to a number of factockiding the effects of pumping from the
carbonate aquifer, below normal precipitation over region, and the controlled flood of 1996
that released about 2.5 million acre feet of stoseder from Lake Powell into the Colorado
River up gradient of Lake Mead. The Lake Mead estthgctuated until January 2000 when the
present decline began; between January 2002 anenthef 2003, the lake stage declined an
astounding 75 feet to its lowest level in 32 years.

192 092 M-93 J-93 NO93 M-04 The effects of groundwater withdrawals from
‘ . ‘ the carbonate aquifer on water levels is evident in
|04,06,94Test Ends 1— the change in shape of the hydrograph peak in late
1993 and early 1994, when the major producing
265 1 well was tested at a continuous rate of 2,900
|12/06/93Test Begins gallons per minute for 121 consecutive days. The
effects are also apparent in the summer seasons of
1998 onward. Prior to carbonate aquifer
975 | development, the water levels in the carbonate
aquifer fluctuated seasonally with an average
_/ amplitude of 0.7 ft during the dry period of 1989
through 1991. Carbonate water withdrawals
A increased from1998 through 2000 and remained
285 - relatively constant through 2003. During this
Inferred water level period of pumping, the seasonal amplitude
without purmping averaged 1.3 ft., with the change of 0.5 ft directl
attributable to the withdrawal of groundwater from

Figure 10. the carbonate aquifer.
Effect of aquifer test on water levels.

26

N
By

Depth to Water (feet )
&

29

The visual and statistical evaluation of the variables suggests that thes deat@rbonate
aquifer water levels is a result of three majotdesz The first factor is the withdrawals from the
carbonate aquifer that resulted in a rather uniforénft of decline in the nearest observation well
(EH5B). The second major factor is the declinelgevation of Lake Mead. The groundwater
declines associated with the falling lake stageahag early 2000 and totaled more than one foot
by the spring of 2003. No direct statistical ctatien with periods of low precipitation could be
established, but precipitation is a third fact®eriods of intense rainfall clearly correspond with
water level rises in some instances but again, lear cstatistical relationship could be
established. Similarly, no significant correlatiovith periods of local drought could be
established, despite the fact that precipitatiawben 1999 and 2002 was only about 70 percent
of the norm. The lack of correlations between pitation and water levels may be due to
inherent difficulties in correlating measures of péation with rates of change of water levels.

Based upon these results it is postulated thafalliag lake stage results in an allometric
response throughout the carbonate aquifer thattsesucorresponding declines of water levels
in the aquifer, and the rates of spring discharge from the aquifer. Under natural pre-lake
conditions, groundwater likely discharged along bwtomlands of the lower Muddy River
Valley and the Virgin River Valley where it eitheas lost to evapotranspiration, or contributed
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Natural System With River Impounded

Q Spring 1 Q Spring 2
> >
) ) G2 LAKE
Gl
>» QF1 RIVER|D» QF2
> ﬂ)
QR
> >

Figure 11. Conceptual model of the effects of rivempoundment on groundwater levels.
In the natural system shown on left, groundwater enters th area from up gradient flow
(QF1) and discharges at a spring and into the river (QR). With the rivermpounded, the
base level rises and discharge into the river bottom is revsed with lake water infiltrating
into the aquifer (QL). The resulting rise in head inthe aquifer reduces the hydraulic
gradient between the springs and the lake (G1 > G2), resulgj in increased discharge at
the spring. The higher heads also reduce the grasht between the recharge area and the
springs thereby reducing the flux of groundwater into the system (QF1 > QF2).

to river flows, as shown in Figure 11. As the lakas filled, the hydraulic head in the lowland
areas was dramatically increased. This increaseeads reduced the natural discharge and
resulted in increased heads over a large regidheo€arbonate system. As heads in the aquifer
increased, the corresponding pressure increaskeesuthe spring discharges rising. Today, as
the lake level drops, this process is reversed déttreasing discharge from the springs; water
level declines in the carbonate aquifer, and priyhabcreased groundwater discharge into the
lowland areas and the bottom of the shrinking lake.

Testing of Hypothesis

If the hypothesis of a direct allometric relatioipsbhetween Lake Mead levels, carbonate
water levels, and spring discharge rates is cqrteenh certain conditions must be met. First,
spring discharge rates should have increased Hieckake was filled. Secondly, the magnitude
of lake stage changes and carbonate water levagelamust be within the realm of hydraulic
reality as predicted on the basis of analytical mmeherical methods. Third, the hypothesis must
be consistent with historic pre-lake water level conditions. Lastly, there should be evidence of
such responses elsewhere in the western United Statéstaphgin a similar geologic setting.
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Muddy River Summer Base Flow <45 cfs

Muddy River Summer Base Flow < 45 cfs
10/1/1944 - 9/30/1949
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Figure 12. Baseflow in the Muddy River 1913 — 191a8nd 1944 — 1949.

Records for spring discharge rates prior to thenfjllof Lake Mead are lacking. To
determine if discharge from the springs increadtat the impoundment of the lake, the historic
discharge records for the Muddy River at Moapa were evaluated. TH&s @®1shown in
Figure 12. Base-flow conditions during two fiveayeeriods, 1913 to 1918 and 1944 to 1949
were selected as they represent the first availaderds before and after the lake was created.
The limited available data indicates that base $low the Muddy River increased after Lake
Mead was created. Data concerning possible riverslons during the two time periods is not
available. However, the observed increase in flageis consistent with the hypothesis of a
connection between the lake and the river dischaigehe spring flows that are the source of
the river.

To determine if the observed changes are hydrdyligaossible, simple gradient
calculations were performed and a simple numenoadlel was developed. The assumptions
and calculations are shown in Table 2. Assumiegrestant head boundary located about 39 to
37.5 miles from Lake Mead (the distance changdbeakake level drops) with a head of 2,200 ft
(based upon 2004 water level measurements in mar@eyote Spring Valley north of the Kane
Springs fault), the change in water levels at caat® well EH-5B (located 24 miles from the
lake) in response to a 75 ft drop in lake stage would beeoartter of 2 ft. The observed decline
in carbonate water levels over the same periodraf was 1.9 ft. While it is recognized that this
approach is quite simplistic, it does demonstratg the effects of a change in elevation of a
large surface water body can theoretically be pyated very large distances through a confined
aquifer system.

A simple cross-sectional groundwater flow model wiaseloped using the MODFLOW
code. Simulations were run with a pre-lake head@f ft in the carbonate aquifer along the
Muddy River bottomlands and with a filled lake hezdl200 ft and historic water level values
in the Muddy Springs area. The models were rustéady state and the results compared. The
simulated water levels in the carbonate aquifee &30 ft within one mile of the lake, 30 feet at
a distance of 15 miles, and about 20 feet at antist of 20 miles.
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Assumptions and Calculations

(units are feet except for gradients which are dimensionless)

1. Constant head boundary is located 39 miles from lake at time T1 and 37.5 miles from lake at time T2.
2. S1 =Lake Stage 1 = Jan 2000 = 1214.26

3. S2 = Lake Stage 2 = Oct 2003 = 1141.17

4. Well EH-5B is 24 miles from lake

5. C1 =Water Level 1 =Mar 2000 = 1814.04

6. C2 =Water Level 2 = Dec 2003 = 1812.18

7. Bl =Head at Recharge Boundary = 2200

Calculate H1 = Head at EH-5B at Time T1

Gradient 1 = G1 = (B1-S1)/d =

0.0048

H1

= (G1x 24 x5280) +S1 =

1820.87

Calculate H2 - Head at EH-5B at Time T2

Gradient 2 = G2 = (B1-S2)/d = 0.0053
H2 = (G2 x 24 x 5280) +S2 = 1818.82
H1 - H2 (ft) | 2.05

—> OU>»mI

d =19 mi

1645 ft

TIME

Figure 12. Cross-Section Model of Coupled Surface Water — Groundwater Regime.
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MODFLOW Cross — Sectional
Grid Configuration

A simple 2-layer model

constructed with 2 rows and 25
Two lake stages were
simulated representing an empty lake
and a full lake. The results of the
simulations showed that groundwater
levels rose rapidly in response to the

columns.

filling of the lake.




Table 3. Mass Balances for Numerical Model.

The results of the mass balances for the model atiouk, listed in Table 3, are illustrative.
A large increase in groundwater storage occurrddlaswater infiltrated into the aquifer. With
the simulated reservoir filled, there was a cormesiing reduction in the flux of groundwater
discharging into the lake, a rise in groundwateele in the aquifer, and a reduction in the flow
into the up gradient boundary of the model. The f groundwater from the aquifer into the
lake decreased by 25 percent, a result in the aserén head over the discharge area along the
Muddy River and Colorado River bottoms. The sirtiataresulted in rises in water levels that
were directly proportional to the distance from take. The flux of groundwater flowing into
the model from up gradient areas was reduced byéf@ent, reflecting a reduction in the
hydraulic gradient across the model boundary asvdter levels in the aquifer rose. The results
demonstrate that an allometric relation betweee ktlage and distant water level in a confined
aquifer are possible and can be simulated with leimpmerical models.

The hypothesis is also consistent with the limitestoric groundwater level data that are
available. Carpenter (1915) presents a map ofrédggon that shows that the depth to
groundwater in the Muddy River bottoms between Overton and St. Thomas (a former town that
was inundated by Lake Mead but which has now rasaed) was shallow, only 11 feet below
land surface in one well. A railroad water welathwas located on the fan up gradient of St.
Thomas had a reported depth to water of 284 fivioédmd surface. If the hypothesis is correct,
then groundwater level rises of several hundred feet in the vicinity of Ladad Mhust be
hydraulically possible. The results of the numar&nalysis suggest that it is not unreasonable
for the water levels under and near Lake Mead rise signilycas the lake filled.

The last test of the hypothesis, a similar examplelved the screening of records on lake
stage and groundwater levels in other western ar@atata review for Lake Powell, in northern
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Arizona and southern Utah, found that good recads available for water levels at five
locations near the lake and excellent records sadladle for the entire history of the lake.
Further, the effects of the impoundment on wateelke have already been documented by the
U.S. Geological Survey.

Thomas (1986) studied the effects of the impoundnwnlLake Powell on regional
groundwater levels and developed numerical simanatof those effects. The lake rose 550 feet
between 1963 and 1983 and has fluctuated sincdittat Figure 13 shows the general location
of the lake, the water level records for five welish long-term records, and the daily lake stage
for the period 1963 to 2003. Data collected during impoundment of the Colorado River
showed increases in water levels of 275 to more than 300 feet withimief the lake, an
increase of 15 feet in a well four miles from the lake, andncrease of 300 feet in one well
located 16 miles to the southeast of the lake. Waier levels rose steadily as the lake filled and
up completion, began to fluctuate up and down a the lake fit@tyeation.

The numerical simulations predicted water levedsi®f as much as 50 ft at distances as
great as 15 miles from the lake and more than 6@@dr the southern shore. The results of the
model suggested that groundwater storage in thajN&@andstone increased by 25,000 acre-feet
per mile of shoreline. The lake stage and wateglleecords for the Colorado River — Navajo
Sandstone — Lake Powell system provide similar eswié of the allometric response of an
aquifer system to the impoundment of a river in the iessaithwest.

This example illustrates that a link between déaginake stage, groundwater levels, and
spring discharge rates in the Muddy Spring aremnsasonable hypothesis. It should be noted
that the Colorado River—Navajo Sandstone—Lake Haxaimple is not a perfect analog for the
regional Cabonate Aquifer-Muddy Springs—Lake Mead system. The Navajo Sandstvapsou
under portions of Lake Powell and likely has coasidbly different hydraulic properties than the
limestone and dolomite aquifers in the Muddy Spremga. There are also differences in
precipitation rates and patterns and recharge.etietess, the Lake Powell example establishes
that linkages between man-made reservoirs can ave Ihad a demonstrable impact on
groundwater levels on a regional basis.

CONCLUSIONS

Based upon a review of the available records ferMluddy Springs and Lake Powell areas,
it is concluded that these coupled groundwater andace water systems share similar
characteristics including an allometric responssveen changes in lake stage and groundwater
levels. In the Muddy Spring area, the spring disgh rates respond to water levels changes in
the carbonate aquifer system, local climate comasti stage conditions at Lake Mead, and local
water withdrawals from the carbonate aquifer.

Because of unreliable spring records, it is notsiime at this time to quantitatively define the
exact relationship between spring discharge ratdgfee variables on which they are dependent.
It is possible however, to conclude that precipitation above a certain threstolid in transient
responses in both carbonate water levels and sgisaparge rates. The effects of local drought
conditions are not readily apparent in the avadatdta sets. While there are likely to be some
effects from deficient local precipitation, they appeadréanasked by other factors.
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Lake Powell Daily Stage Elevation

Stage Elevation ft>m ¢

Daily Lake Stage
d=4mi d =1mi d=<1lmi reso 1963 - 2003
15 ft > 300 ft > 325 ft
I
- d =16 mi
d =<1lmi 300 ft
> 275 ft

Figure 13. Lake stage in Lake Powell and groundwater levels in the Navajo Sandstone.
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Lake stage fluctuations correspond well with obsdrgarbonate water level variations and
probably are a major contributing factor in theialility of the springs and the decline in water
levels and spring discharges since 2000. Watdrdnaivals from the carbonate aquifer system
are also a contributing factor and probably accdantabout 0.6 ft of the observed decline in
nearby monitoring wells.

These findings suggest that the Muddy Spring asaaot the terminus of the White River
flow system; rather a significant quantity of growater flows under the spring area and
discharges into Lake Mead, probably in the areacatbe original Muddy River, Virgin River,
and Colorado River bottoms. The change in heat rbsulted from lake filling, and the
corresponding decrease in groundwater discharge along the river bottont @awdbmetric
response over a large area of the system. Thi®mes was manifested in rises in both water
levels in the carbonate aquifer and in spring disgé rates in the Muddy Springs area. As the
lake began to decline in 2000, the response redensd water levels and spring discharge rates
began to decline. Analyses are continuing to datex the response of spring discharge to each
of the independent variables that form the systetoetter quantify the impacts of groundwater
withdrawals on this complex hydrogeologic regime. However, final confirmatiay not be
possible until the current drought conditions akered and the stage of Lake Mead rises to its
1998 to 1999 levels.
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