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HYDROLOGIC ANALYSIS OF MOJAVE RIVER BASIN, CALIFORNIA, USING

ELECTRIC ANALOG MODEL

By William F, Hardt

ABSTRACT

The water needs of the Mojave River basin will increase because of
population and industrial growth. The Mojave Water Agency is responsible for
providing sufficient water of good quality for the full economic development
of the area. The U.S. Geological Survey suggested an electric analog model of
the basin as a predictive tool to aid management.

About 1,375 square miles of the alluvial basin was simulated by a passive
resistor-capacitor network. The Mojave River, the main source of recharge,
was simulated by subdividing the river into 13 reaches, depending on
intermittent or perennial flow and on phreatophytes. The water loss to the
aquifer was based on records at five gaging stations. The aquifer system
depends on river recharge to maintain the water table as most of the
ground-water pumping and development is adjacent to the river.

The accuracy and reliability of the model was assessed by comparing the
water-level changes computed by the model for the period 1930-63 with the
changes determined from field data for the same period.

The model was used to predict the effects on the physical system by
determining basin-wide water-level changes from 1930-2000 under different
pumping rates and extremes in flow of the Mojave River. Future pumping was
based on the 1960-63 rate, on an increase of 20 percent from this rate, and on
population projections to 2000 in the Barstow area. For future predictions,
the Mojave River was modeled as average flow based on 1931-65 records, and
also as high flow, 1937-46, and low flow, 1947-65.

Other model runs included water-level change 1930-63 assuming aquifer
depletion only and no recharge, effects of a well field pumping 10,000 acre-
feet in 4 months north of Victorville and southeast of Yermo, and effects of
importing 10,000, 35,000, and 50,800 acre-feet of water per year from the
California Water Project into the Mojave River for conveyance downstream.





ELECTRIC ANALOG MODEL, MOJAVE RIVER BASIN, CALIF.

Analysis of the hydrologic system in the Mojave River basin, using the
electric analog model, indicates that the long-term pumping is exceeding
natural recharge, the water table is declining, and an overdraft or aquifer
depletion is occurring. Ground-water pumpage was about 40,000 acre~feet in
1930 and more than 200,000 acre-feet in 1963. The depletion is only
1-2 percent of the water in storage. Unfortunately, the depletion is not
uniform throughout the basin but is localized because of pumping in the
developed parts of the basin. Areas of maximum water-level declines are near
Harper Lake, Hinkley, and Daggett, and east of Hesperia.

The model showed that the boundary conditions in the aquifer, such as
faults, configuration of the basin, large variations in aquifer
transmissivity, recharge areas, and pumping patterns, have a pronounced effect
on water-level changes. 1In general, the water-level declines to the year 2000
are approximately straight-line projections of the documented decline from
1930 to 1963.

The upper basin gets first opportunity for replenishment because of its
proximity to the main sources of recharge, the headwaters of the Mojave River,
and runoff from the San Bernardino-San Gabriel Mountains. These areas account
for about 97 percent of the basin recharge. A geohydrologic anomaly along the
Hojave River near The Forks in the upper basin indicates that a confining
layer of low permeability hinders river recharge to the deeper aquifer, as
evidenced by maximum declines east of Hesperia. Downstream, perennial flow in
the river for 15 miles in the Victorville area has stabilized water levels.,

The model indicates that if floodflows are not available to replenish
the aquifer, the Hinkley-Barstow-Daggett area may experience water
deficiencies earlier than other parts of the basin. The reasons are greatly
increased pumping predicted in the Barstow area, and low storage capacity of
the aquifer with its narrow, highly permeable channel between the mountains.
The aquifer boundary and its small cross—sectional area cause large water—
level fluctuations from pumping patterns or flood sequences. East of Daggett
the aquifer is wide and deep, and long-term water levels will not fluctuate
greatly under proposed future pumping patterns. Much of the water pumped is
from storage in the aquifer, so continued minimal water-level declines
are anticipated,

Wet and dry climatic periods result in extremes of flow in the river and
in different rates of water-level change. Flow in the Mojave River accounts
for about 80 percent of the recharge to the basin, and 85 percent of the
average flow (1931-68) entering the basin at The Forks remains upstream from
Afton., Generally less water becomes available downstream, and the influence
of the river as a conduit system diminishes. Low flows do not normally reach
Barstow because the river channel is highly permeable and susceptible to
recharge. Most of the recharge to the aquifer downstream from Barstow results
from floods, From 1931 to 1968 only 27 percent of the water that entered the
basin at The Forks reached Barstow, and that mostly during the floods of 1932,
1937-38, 1941, 1943-46, 1952, 1958, and 1965-66.

The analog-model analysis should be regarded as the beginning of a new
phase of geohydrologic study in the Mojave River basin. The knowledge gained
from this initial model study will be helpful in formulating programs of





INTRODUCTION

better data collection, as well as testing concepts of the flow system under
varied conditions. Hydrologic modeling should be a part of the total
management program, as the model can be continually updated and improved.

INTRODUCTION

The Mojave River basin is in the Mojave Desert region of southern
California about 80 miles northeast of Los Angeles (fig. 1). Like similar
desert regions in the southwestern part of the United States, the Mojave
River basin has accelerated in population and industrial growth during the
1960's, The proximity of the Mojave Desert region to the highly urbanized
Los Angeles complex will be a stimulus to economic growth in the desert as
land in the coastal areas becomes unattainable and costs continue to rise.
Economic studies of the basin suggest an increasing rate of growth in the
future, provided adequate supplies of water of good quality are available.
The water supply for the present economic development comes from surface
water in the Mojave River and from the large quantity of ground water stored
in the alluvial aquifers.

REPORT

0 0 90 100 Mileh

FIGURE 1l.=--Index map.
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Recent hydrologic studies of the basin indicate that ground-water
discharge, mainly from pumping by wells, exceeds the natural recharge, and
consequently the water table is declining in many parts of the basin.

Although a large quantity of water is stored in the basin, a potential
deficiency in water supply is possible and is of concern to farmers, industry,
water purveyors, and the public. To remedy this potential deficiency and to
provide for better management of the water resources, the Mojave Water Agency
was authorized by the State Legislature and created by a vote of the people
within the Mojave Desert area in 1960. To provide sufficient water for future
economic development to the year 1990 or later, the agency has contracted with
the State to purchase water from the California Aqueduct starting in 1972 if
the water is needed to augment the local natural supply.

The general purpose of this study was to aid the Mojave Water Agency in
fulfilling its obligation to the people by efficiently managing all the water
resources within its boundaries. The agency's program includes utilization of
the ground-water reservoirs, the Mojave River, imported California Aqueduct
water, and reclamation of sewage and waste water. The agency's main purpose
is to see that sufficient water of acceptable quality is distributed to all
present and potential customers.

As an aid for solving technical water problems in the Mojave River basin
and predicting alternatives, an analog model was constructed. The model's
primary purpose is to simulate the flow pattern of ground water and the change
in water levels with time due to pumping and river recharge in the physical
system. Any theoretical or alternative set of water-use conditions can be
programed into the model, and the effects on the water table measured,
although precise answers are not always possible due to the inexactness of the
field data that are simulated in the model. These predictions can be done
quickly and at low cost compared with detailed field studies with trial-and-
error methods where costs in time and money can be great. The analog model
may be refined as more precise information is available. The present analysis
should be regarded as the beginning of a new phase of hydrologic study of the
Mojave River basin, and not as the study that ends all studies.

The scope of the study included (1) gathering and analyzing available
geohydrologic data, (2) obtaining needed additional data by field studies or
test drilling, (3) converting these data for use in an electric analog model,
(4) constructing and operating the model, (5) verifying and refining the
model by updating the field studies, (6) predicting hydrologic cause-and-
effect relations, and (7) a continuing program of answering specific
hydrologic questions that may come up.

The scope also included the study of additional hydrologic parameters
obtained from the field and the model, such as (1) recharge water from the
Mojave River and the California Aqueduct, (2) head measurements and rates of
inflow and outflow at the boundaries, (3) evaluation of the aquifer
transmissivity and storage coefficient, (4) effects of phreatophytes on the
hydrologic system, (5) discharge rates from the dry lakes, and (6) areas of
productive wells,
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Technical problems answered by the model include (1) the importance of
the Mojave River as a source of ground-water recharge to the basin,
(2) predictions of basin-wide water-level changes based on different pumping
regimens, (3) prediction of water-level change in the aquifer system caused by
extended floods (high flow) and droughts (low flow) in the Mojave River,
(4) effects on the aquifer system of high-rate, short-term pumping at selected
locations, and (5) future water-level changes caused by recharge of imported
water from the California Aqueduct into the Mojave River, and the distance the
surface water moves downstream.

This study and report were made in cooperation with the Mojave Water
Agency; U.S. Marine Corps Supply Center, Barstow; and George Air Force Base.
The work was done during 1966-70 by the U.S. Geological Survey, Water
Resources Division, under the general direction of R. Stanley Lord, district
chief in charge of water-resources investigations in California, and the
immediate direction of L. C. Dutcher, J. L. Cook, and R. E. Miller,
successive chiefs of the Garden Grove subdistrict. The analog model was
constructed and analyzed by Geological Survey personnel at Phoenix, Ariz.,
under the supervision of E. P. Patten, and valuable work was contributed by
Stanley Longwill, Michael Field, and Joseph Reid.

REGIONAL SETTING

The Mojave River (fig. 2) is the main stream traversing the study area
and is the main source of recharge to the aquifers. The river originates in
the San Bernardino Mountains and joins Deep Creek at the base of the
mountains at an altitude of about 3,000 feet above mean sea level. The
junction of the two rivers is called The Forks. The river flows northward
through Victorville, then eastward through Barstow, and leaves the basin at
Afton at an altitude of about 1,400 feet above mean sea level and about
100 miles downstream from The Forks. The land-surface gradient of the
Mojave River is 15-20 feet per mile. On the sides of the valley the slopes
are steeper, and tributary washes with gradients of 50-100 feet per mile are
common. Recharge to the basin from most of the tributaries is not
significant.

The climate of the Mojave River basin is typical of arid regions of
southern California. It is characterized by low precipitation, low humidity,
high summer temperatures, and strong winds at certain times of the year.

These climatic factors combine to cause high evaporation rates from open-water
surfaces and soil-moisture deficiences in the unsaturated zone above the
water table,
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FIGURE 2,--Geology of study area.
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REGIONAL SETTING

Generally, rainfall in the Mojave River basin occurs in two
characteristic patterns. About 70 percent of the average annual rainfall at
Victorville and Barstow occurs from November through March. The winter
storms generally move from the Pacific Ocean eastward, are as much as 4 to
5 days in duration, and come when crops are mostly dormant. Therefore, the
soil-moisture content in the unsaturated zone may be higher in the winter than
in the summer. The summer rains are short, intense, and more local, and come
from thunderstorms that move up from Arizona. Summer rainfall is of little
value to agriculture because there is so little rain and evaporation losses
are high.

Data from the National Weather Service (U.S. Weather Bureau) indicate
that the mean annual precipitation at Victorville and Barstow for 1939-68 was
4,97 and 4.16 inches, respectively. Recharge to the aquifers from direct
precipitation on the desert floor probably is negligible. The mean annual
temperature at Victorville for 1940-65 was 59.6°F (15.4°C), and the mean
monthly temperature ranged from 42.6°F (5.9°C) in January to 78.7°F (26.0°C)
in July. At Barstow for 1924-65 the mean annual temperature was 64,1°F
(17.8°C), and the mean monthly temperature ranged from 45.9°F (7.7°C) in
January to 84.5°F (29.2°C) in July. In July and August midday temperatures
in the basin are frequently more than 100°F (37.8°C).

In arid and semiarid regions, the quantity of water that actually
evaporates and transpires from the soil is less than the potential because
water is not always available. Thornthwaite (1948) devised a method for
computing potential evapotranspiration from the soil based on mean monthly
temperatures and the latitude of the area. These data were compared to the
mean monthly precipitation of the Mojave River basin (fig. 3). The
climatological data for Victorville and Barstow were averaged to represent
the desert region of the basin. Precipitation exceeds potential
evapotranspiration during only 3 months of the year (January, February, and
December), and then only by a slight amount. The computed potential
evapotranspiration from the soil was about 35-1/2 inches per year or
7-1/2 times greater than the annual precipitation. Figure 3 shows the high
ratio of potential evapotranspiration from soil to precipitation available for
recharge to the aquifers from the desert floor.

Evaporation from a National Weather Service class A evaporation pan for
1931-33 averaged about 83 inches per year (Blaney, 1933, p. 24) at a station
on the east side of the Mojave River at the upper narrows near Victorville.
The annual evaporation from the Mojave River surface is about 5 feet, or
1-1/2 times greater than the computed potential evapotranspiration from the
soil. Water loss from the river surface is greater than from the soil because
of high air temperature, low atmospheric humidity, and wind action on the
water. Soil cover reduces the effectiveness of these parameters and lessens
water loss.
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Precipitation, National Weather Service (U.S. Weather Bureau), records
averaged for stations at Victorviile (1938-65) and Barstow (1889-97;
1903-20; 1939-65). Potential evapotranspiration from Thornthwaite
method (1948)

EXPLANATION

Precipitation, in excess of potential
evapotranspiration

Potential evapotranspiration 1n excess
of precipitation

Mean menthly precipitation for March
through November. Mean monthly
evapotranspiration for January,
February, and December

FIGURE 3.-=Precipitation and potential evapotranspiration.
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WELL-NUMBERING SYSTEM

The well-numbering system used in the Mojave River basin has been used
by the Geological Survey in California since 1940, and is in accordance with
the Bureau of Land Management's system of land subdivision. The system has
been adopted by the California Department of Water Resources, California Water
Pollution Control Board, and many local water districts. As shown by the
diagram, that part of the number preceding the slash, as in 9N/2E-13Ql,
indicates the township (T. 9 N.); the number following the slash indicates the
range (R. 2 E.); the number following the hyphen indicates the section
(sec. 13); the letter following the section number indicates the 40-acre
subdivision according to the lettered diagram. The final digit is a serial
number for wells in each 40-acre subdivision and indicates the first well to
be listed in the SW%SE% sec. 13, T. 9 N., R. 2 E. The area covered by this
report lies east and west of the San Bernardino meridian and north of the
San Bernardino base line (fig. 2).

T.I2N.

ARDINO MERIDIAN
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GEOHYDROLOGY OF THE MODELED AREA

The geohydrology of the Mojave River basin has been described in previous
reports (California Department of Water Resources, 1967; Thompson, 19293
Miller, 1969; and Kunkel, 1962). This section describes and analyzes only
that geohydrologic information pertinent to the construction, verification,
and operation of an electric analog model. During the geohydrologic analysis,
and particularly during the many model runs, several anomalies became apparent
in the available data. Thus the model was helpful in developing ideas and
enhancing knowledge of the geology and hydrology. The use of the
geohydrologic data will be more fully described in the section on analysis of
the hydrologic system by the electric analog model.

About 1,375 square miles of the Mojave River basin is simulated by the
electric analog model. Previous hydrologic studies have, for convenience,
arbitrarily divided the llojave River basin into the upper, middle, and lower
Mojave, and Harper Lake (fig. 2). All the modeled area is an alluviated
plain, sloping gently northeastward, with ground water stored in the basin
sediments. Hydrologically, the study area is one flow system and extends from
The Forks at the base of the San Bernardino Mountains to Afton and includes
the dry Harper, Coyote, and Troy Lakes. Part of the basin is undeveloped, but
historically, most of the irrigable lands and centers of population, such as
Victorville and Barstow, are adjacent to the Mojave River. Surrounding the
ground-water basin are the consolidated rocks of the mountains, mainly
non~water-bearing crystalline and metamorphic rocks.

The physical system of the basin includes the hydrology of the Mojave
River; variations in geologic framework, both laterally and vertically; the
boundary or perimeter of the study area; and the aquifer properties of
hydraulic conductivity (permeability), transmissivity, and storage. These
characteristics of the basin are essential for the solution of cause~and-
effect relations in the model.

Prior to man's extensive development the ground-water flow system for the
model study was considered to be in equilibrium, with recharge equal to
discharge and no permanent change in ground-water storage. This is not
exactly correct, as the hydrologic system is a dynamic condition resulting
from flow in the Mojave River during extremes of wet and dry periods.

However, the long-term hydrologic changes were considered as minor. After
development by pumping of wells the flow system was measurably unbalanced,

and recharge and discharge conditions changed from the natural state. The
geohydrology under natural and steady-state conditions will be described under
the section, verification of the model.
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Geology of the Aquifer

The geologic units are grouped into two broad categories (1) consolidated
non-water-bearing rocks, and (2) unconsolidated water-bearing deposits. The
consolidated rocks comprise the mountain ranges that surround the alluvial
plains of the basin (fig. 2). They include metamorphic and igneous rocks, of
pre-Tertiary age, which, except for minor quantities of water in cracks and
weathered zones, are considered non-water-bearing. These rocks are primarily
outside the modeled area and are not discussed further. The unconsolidated
deposits underlie the basin within the mountain boundaries. These deposits
are highly permeable, transmit ground water, constitute the subsurface storage
reservoir for ground water, and were modeled for this study.

The unconsolidated water-bearing deposits range in size from coarse
gravel to clay and are generally less permeable with depth. The deposits in
the valley result primarily from erosion in the adjacent mountains. The
mountain streams carry debris onto the valley floor during floodflows, forming
alluvial fans at the base of the mountains. As the distance from the
mountains becomes greater, the stream gradients and water velocity become
less, and the sediment-carrying capacity of the stream becomes less, resulting
in deposition of finer-grained material, such as silt and clay, in the lowest
part of the basin. This general deposition pattern is interrupted by the
Mojave River traversing the valley and cutting a channel through both coarse
and fine-grained material, and then refilling with coarse-grained, permeable
river deposits.

Geologically, the age of the unconsolidated deposits ranges from
Pleistocene to Holocene. These sediments are divided into Mojave River
deposits, playa deposits, dune sand, younger alluvium, younger fan deposits,
0ld lake and lakeshore deposits, older alluvium, older fan deposits, landslide
breccia, Shoemaker Gravel, and the Harold Formation.

The Mojave River deposits and the older alluvium are important to the
analog model because of their water-~bearing characteristics, large areal
extent, and relation to ground-water development. The Mojave River deposits
are the most important aquifer and probably the most permeable of any of the
geologic units. The deposits range from 1/4 to 1-1/2 miles wide, accept river
recharge, and yield most of the ground water pumped in the basin. The river
deposits include boulders, gravel, sand, and silt with some clay and are as
much as 200 feet thick. Well yields from these deposits generally range from
100 to 2,000 gpm (gallons per minute) and average about 500 gpm. Wells
drilled in 1970 about 6 miles west of Barstow have been tested at 4,000 gpm.
With proper well construction and development, unusually high yields are
possible in these deposits.
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The older alluvium underlies most of the study area and ranges from a
few inches to about 1,000 feet thick. This unit contains most of the
ground water in storage. The deposits range from unconsolidated to
moderately consolidated and consist of interbedded gravel, sand, silt, and
clay. The deposits are weathered, and some cementation has developed, mostly
in the form of caliche. The yield of wells from these deposits varies
considerably depending on the permeability of the alluvium. For example,
wells near Hesperia and Daggett yield more than 2,000 gpm, whereas, wells
north of Adelanto yield about 25 gpm or less.

The other geologic units are of lesser hydrologic importance in the

model analysis because they are generally above the water table or localized
in the basin.

The Mojave River

About 92 percent of the long-term recharge to the Mojave River basin
originates in the San Bernardino Mountains. Tributary runoff from the San
Gabriel Mountains contributes about 5 percent of basin recharge. The
remaining 3 percent is derived as underflow from adjacent areas. About
80 percent of the total basin recharge is from one source--the Mojave River,
The river has been largely uncontrollable, and the channel is a natural
conduit for moving water toward the lower part of the basin (fig. 4).
Modeling the basin requires an analysis of the surface-water hydrology of the
river in order to better understand the relation between streamflow, water
loss between gaging stations, and recharge to the ground-water aquifer. The
recharge characteristics of the river are difficult to assess and simulate in
the model because of variations in geology and streamflow.

The streamflow in the river is monitored at six sites (fig. 4). Of the
flow that passed The Forks during the period 1931-68, 85 percent stayed in the
basin upstream from Afton. The remaining 15 percent conmsisted of floodflow
that moved out of the basin past Afton. Floods such as occurred in January
and February 1969 allow much of the potential recharge to flow past Afton
because the aquifer cannot absorb the water fast enough.

Recharge to the aquifer is directly related to availability of water in
the river. Most of the floodflow occurs from November to about March. The
source of this water is precipitation in the San Bernardino Mountains, which
range in altitude from about 3,000 feet above mean sea level to about
8,500 feet. Precipitation at Squirrel Inn (altitude 5,200 feet) averaged
about 40 inches per year for 1910-68 (fig. 5). Higher altitudes in the
mountains have as much as 60-70 inches of rainfall per year. In contrast,
precipitation in the basin at Victorville (altitude 2,800 feet) averaged about
5 inches per year for 1939-68 (fig. 5).





BLACK

MTN
35%0¢"
KRAMER
HILLS
{THORN e/
WASH > 10-
Helendaler
&
SHADOW ;S/
MTN
SILVER
MTN

3
MIRAGE 10-2615

VALLEY § Lower Narrows

\

’

7 .
.’l/ Hesperia
:

L]

ALVORD MTN

H, .
Arg,

70, 5% G, CALICO
Lo, 10 K, MTS

H,ll S\’*\‘ff. \ ‘

Camp Cady

% ~~ " Newberry
6'4? NEWBERRY
7
2, KANE
Zr WASH
S/OF
< Mg,
FAIRVIEW
MTN
GRANITE
MTS
LUCERNE
VALLEY

SAN BERNARDINO
MTS

Streamfiow at Water loss
The Forks (recharge)
Stations 10-2610 The Forks-
and 10-2605 victorvilie

Afton

AFTON 35°00
River [/ CANYON

A

Mode! boundary

EXPLANATION

Dashed where water enters or
leaves basin (arbitrary
boundary); arrow shows
jecharge or dirscharge

Bry period (1947-84)

5

Graph number refers to location of
gaging station or potential
recharge reach of river

908

3

Streamflow at
Victorville,
including
base flow
Station 10-2615

FIGURE &4.~--Hydrology of study area.

VIV QITHAOW AHL 40 XD0TOEAAHOID

€1





IN INCHES,

CUMULATIVE DEPARTURE OF PRECIPITATION,

~ FROM LONG-TERM AVERAGE

(=]
o

80

60

40

20

Precipitation

Average annual — Squirrel Inn, 39.88 inches (1910-68)

AN

Victarville, 4.97 inches (1939-68)

SQUIRREL INN

VICTORVILLE

FIGURE 5.--Cumulative departure of precipitation, 1910-68.

9T

*AITYD ‘NISVE YAATY FAVLOW *TAAOW DOTVNV JTIINATH





GEOHYDROLOGY OF THE MODELED AREA 15

Figure 5 shows the cumulative departure from average precipitation at
Squirrel Inn (1910-68) and at Victorville (1939-68) . The long-term record at
Squirrel Inn is of value to the model study because wet and dry climatic
periods can be determined and correlated with streamflow records at The Forks.
Prior to the middle 1920°s, the wet and dry periods were about the same
length. An extended dry period, 1924-35, was followed by an equally long wet
period, 1937-46. A dry period extended from 1947 to 1965. Since 1965 data
are inconclusive as to a climatic trend. Rainfall in 1969 was greatly above
average at Squirrel Inn. In 1970 rainfall was below the long-term average.

The relatively short-term precipitation records at Victorville generally
conform to the trend at Squirrel Inn. However, ground-water recharge to the
aquifer as direct infiltration from precipitation is minimal, as shown by
figure 3.

The flow of the Mojave River is extremely complex in the model study
area. The upstream area between The Forks and Helendale is favorably
situated for receiving river recharge. The lower half of the basin receives
its primary recharge from large floods. Structural and geologic features at
three places in the Mojave River channel cause perennial flow at the land
surface. At Victorville a constriction of shallow bedrock at the upper and
lower narrows (fig. 4) causes water from the aquifer to enter the river
channel for about 15 miles. In the lower basin near Camp Cady, clay deposits
of an ancestral lake obstruct ground-water flow resulting in surface flow.

In Afton Canyon, where the alluvium is less than 50 feet thick and underlain
by bedrock, perennial streamflow is derived from local ground-water discharge.

Streamflow available for recharge can differ greatly each year because of
climatic conditions and river-channel characteristics. The extremes in river
flow were simulated into the model in predicting water-level trends. Figure 4
shows wet and dry periods correlated with the long-term average flow or
recharge conditions.

Recharge or water losses between gaging stations is not uniform because
of differences in floodflow characteristics, location of phreatophytes,
geologic parameters, and antecedent conditions of soil moisture above the
water table. Water losses to the subsurface are much greater during the
first high flow or flood of the winter because the soil is dry after
6~8 months of no flow in the river. After the river bottom has been wetted,
subsequent floods of similar discharge move farther downstream.

Table 1 shows the yearly flow, in acre-feet, of the Mojave River past the
main gaging stations for 1931-68. The progressive loss of water downstream is
considered primarily as recharge to the aquifer. Phreatophyte use, surface
evaporation, and flood outflow account for some of the water losses.

The average inflow at The Forks for 1931-68 was 56,100 acre-feet per
year, and outflow at Afton was about 8,300 acre-feet per year. Extremes in
streamflow at The Forks ranged from 104,000 acre-feet per year for the wet
period of 1937-46 to 31,000 acre-feet per year for the dry period 1947-64,
Outflow at Afton was about 26,200 acre-feet and 1,000 acre-feet for the
respective periods.
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TABLE l.-=Streamflow in Mojave River at selected stations, 1931-68

(Acre-feet)

D ) 3 (4) [E)) (6)
West Fork Mojave River
Deep Creek Mojave River The Forks at lower Mojave River Mojave River
Calendar near Hesperia eJ Hesperia column narrows near at Barstow at Afton
year (10-2605) o ?50_2630) 1) + (2) Victorvil]).e (10-2625) (10-2630)
(10-2615
1931 14,620 5,090 19,710 22,400 0 1,270
1932 64,320 32,570 96,890 84,400 37,460 al8,850
1933 15,800 8,290 24,090 23,850 0 al,000
1934 14,730 4,960 19,690 23,610 0 al,000
1935 35,170 16,760 51,930 33,370 1,180 al,100
1936 21,030 7,780 28,810 21,270 0 al,000
1937 109,900 55,150 165,050 150,200 103,900 a54,070
1938 145,000 79,250 224,250 189,300 138,100 a72,200
1939 27,740 7,840 35,580 29,920 550 al,000
1940 30,630 8,460 39,090 28,030 0 al,000
1941 98,360 59,010 157,370 143,000 96,000 a49,900
1942 15,320 5,620 20,940 24,590 101 al,000
1943 95,990 59,020 155,010 128,700 90,980 a47,200
1944 50,390 46,990 97,380 76,770 36,260 al8,200
1945 51,800 23,010 74,810 56,820 22,270 al0,800
1946 44,000 27,890 71,890 51,550 14,570 a6,720
1947 11,700 7,140 18,840 26,850 701 al,000
1948 10,210 3,120 13,330 25,250 0 al,000
1949 16,540 8,520 25,060 22,270 0 al,000
1950 7,580 2,640 10,220 21,140 0 al,000
1951 7,410 1,180 8,590 21,220 0 al,000
1952 55,010 42,970 97,980 66,790 12,540 a2,190
1953 5,560 1,800 7,360 21,870 0 989
1954 38,670 17,080 55,750 31,790 0 928
1955 11,820 4,780 16,600 21,790 0 893
1956 14,000 2,120 16,120 21,420 0 890
1957 27,630 4,790 32,420 20,670 0 730
1958 94,390 44 440 138,830 98,650 20,070 2,770
1959 14,040 4,700 18,740 21,000 0 604
1960 9,270 226 9,496 18,720 0 718
1961 7,510 586 8,096 20,000 3 608
1962 46,770 15,810 62,580 24,340 732 558
1963 6,280 85 6,365 18,330 0 771
1964 9,780 732 10,512 15,560 1 495
1965 75,090 30,460 105,550 46,760 6,310 4,690
1966 55,850 18,860 74,710 40,240 7,160 5,650
1967 51,440 40,610 92,050 54,650 531 700
1968 13,428 4,796 18,244 17,514 0 202
Average:
1931-68 37,494 18,557 56,051 46,437 15,308 a8,308
Wet period
(1937-46) 66,913 37,224 104,137 87,888 50,273 a26,209
Dry period
(1947-64) 21,898 9,040 30,938 28,758 1,892 al,008
Model period
(1931-65) 37,259 18,311 55,570 47,205 16,440 a8,833

a. Incomplete record--estimated from Barstow station and base flow data at Afton.
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These records were used in distributing recharge to the aquifer in the

17

analog model simulation. For the model the long-term average flow conditions
in the Mojave River are based on the 1931-65 records.
represents the longest complete period of record available from The Forks,
Victorville, and Barstow gages at the time the model was constructed. At

The Forks, 13 years exceeded the 35~year average flow.

This time interval

The vearly flow is

variable with the high flows prior to 1931 not included. The model period

represents the historical climatic conditions, with the dry period since 1947
Because of the variable flow in the river,

Detailed analysis of the river simulation is

balanced by prior wet years.
extremes were also modeled.

described under model verification.

Another hydrologic characteristic of the river is the peak flows derived
from short-term floods. Since 1931 major floods in the river system have

occurred in 1932, 1937, 1938, 1941, 1943-46, 1952, 1958, 1965-66, and 1969.
Table 2 shows the peak flows (1932-69) for the gaging stations in the study
area. The March 1938 flood had the highest peaks, with about twice the peak

discharge of the 1969 floods.

333,000 acre-feet (Hardt, 1969, p. 4).

As a result of two flood peaks in 1969 and
longer flow duration, more water entered the basin in 1969 than in 1938.
Total inflow at The Forks for the 1938 flood (February-May) was about
172,000 acre-feet and for the 1969 floods (January-May) was nearly

TABLE 2.--Peak discharges in Mojave River, 1932-69

Stream—-gaging

Deep Creek near
Hesperia
(10~-2605)

West Fork Mojave
River near
Hesperia
(10-2610)

Mojave River at
lower narrows
near Victorville
(10-2615)

Mojave River
at Barstow
(10-2625)

Mojave River
at Afton
(10-2630)

Period
of

1904-22
1929-69

1904-22
1929-69

1899-1906

1930-69

1930-69

1929-32
1952-69

Drainage

area

1,290

2,120

Peak discharge
(cubic feet per second)

2- 9-32
2-14-37
3- 2-38
1-23-43
11-22-65
12-29-65
1-25-69
2-25-69

2- 8-32
3-13-37
3- 2-38
1-23-43
11-22-65
12-29-65
1-25-69
2-25-69
2- 9-32
2-14-37
3- 2-38
1-23-43
11-23-65
12-30-65
1-25-69
2-25-69
2- 9-32
2-15-37
3- 3-38
1-23~43
11-23-65
12-30-65
1-25-69
2-25-69

2-10-32
11-23-65
12-31-65

1-26-69

2-26-68

7,900

6,800
46,600
19,000
21,700
20,800
23,000
18,000

8,500

4,100
26,100
23,000

8,420
21,200
13,200
20,000
12,500

8,880
70,600
32,000
17,100
32,800
33,800
34,500

8,300
6,000
64,300
26,000
4,600
8,970
29,000
30,000

3,550
8
4,150
18,000
16,400
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The Mojave River between The Forks and Victorville has both perennial and
intermittent flow. The streamflow records from 1931-68 show highly irregular
yearly flows, due to floods, at The Forks whereas perennial base flow at
Victorville is fairly uniform. Figure 6 shows the correlation between
base flow at Victorville and the water loss or recharge from The Forks to
Victorville for 1931-68. Water loss is considered as the total flow at
The Forks minus the floodflow past Victorville. Much of this recharged water
reappears in the river 4 miles south of Victorville. In some yvears the
base flow at Victorville exceeds the inflow at The Forks. Ground=water
discharge from the aquifer makes up the deficit. For example, in the
5-year period 1947-51, the average inflow at The Forks was 15,200 acre=feet
per year, and the flow downstream at Victorville was 23,300 acre-feet per
year. In dry periods the Mojave River is a drain for the upper ground-water
basin. This unique situation is a valuable asset for the future development
of water supplies for Victorville.

Another method of analyzing the streamflow records on the Mojave River
is by double-mass curves of cumulative total flow at The Forks versus
downstream flow or water losses. The curves show the influence of long-term
ground-water pumping, phreatophyte losses, climatic conditions, recharge
characteristics of the aquifer, and other interrelated factors between
stations. All correlations of hydrologic data of the basin~flow system are
useful in preparing an analog model. Usually, the better the hydrology is
defined, the more accurate the working model.

EXPLANATION

Water loss (recharge) between The Forks and
Victorvilie (total flow at The Foiks minus
{losdflow past Victorviitfe)

Base Tlow at Victorville

vz

Time interval when base flow exceeds
waler loss (yecharge)

35

THOUSANDS OF ACRE-FEET
N
5

FIGURE 6.—-Flow characteristics in Mojave River between The Forks
and Victorville, 1931-68,
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Figure 7 shows that the line plot of total flow at The Forks versus
Victorville is fairly straight from 1931 to 1964. The slope of this line is
about 0.87, meaning that about 87 percent of all flow at The Forks passed
Victorville for 34 years regardless of any geohydrologic conditions. Since
1964 total flow at Victorville has declined slightly in relation to the flow
at The Forks, as indicated by the decreased slope of the line. The reasons
for this decline are unknown, but it probably reflects the effects of
ground=-water development between the two stations. Also, floodflow at
Victorville and total flow at Barstow have decreased since 1946, as shown by
the flattening of these two lines. This time interval coincides with the dry
period shown in figure 5. The slope of the line representing base flow at
Victorville increased after 1946, indicating an increased proportion of
ground water in the total flow at Victorville and less flow at The Forks.
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Boundary Conditions

The general boundary of the model is the demarcation between the
consolidated non-water-bearing rocks of the mountains and the water-bearing
unconsolidated deposits of the alluvial plain. The bedrock forms the boundary
of the area and of the model except for arbitrary boundaries where recharge
enters and discharge leaves the basin. Arbitrary boundaries were required
where bedrock boundaries are missing and where the alluvial sediments extend
beyond the study area. The boundary was chosen so that cause-and-effect
relations (pumpage, recharge) outside the model area would not affect the flow
system inside the model area. Figure 4 shows the boundary and hydrologic
forces on the study area simplified for the model.

The boundary along the front of the western San Bernardino and eastern
San Gabriel Mountains was modeled as a recharge boundary. Ground-water-level
contours from well data indicate that these mountains are a source of recharge
to the basin, primarily from runoff of several minor tributaries. The
arbitrary boundary between the modeled Mojave River basin and E1 Mirage Valley
is neither a recharge nor a discharge boundary because the ground-water
movement in the alluvium from the mountains is parallel to the boundary.
Downgradient the underflow separates because of Shadow Mountain, with part of
the flow moving toward El Mirage Valley and part moving toward the Mojave
River basin.

Lucerne Valley, Buckthorn Wash, Kramer, and Cuddeback (fig. 4) are
recharge boundaries through which underflow in the alluvium enters the Mojave
River basin from outside the model area. Sparse water-level measurements near
Coyote Lake indicate a gradient toward the lake from the surrounding
mountains, and thus, a minor source of recharge. Recharge from Kane Wash is
also minor and occurs only when occasional floodflows enter the basin and
recharge the aquifer locally.

The only external discharging boundary from the model is at Afton.
Bedrock in the narrow Mojave River channel is within 50 feet of the land
surface, and underflow in the alluvium is less than a few hundred acre-feet
per year. Surface-water base flow is mainly ground-water discharge locally
and averages about 1,000 acre-feet per year.

Natural discharging areas within the model boundaries include the
playas of the dry Harper, Coyote, and Troy Lakes.,

Within the basin in the unconsolidated water-bearing deposits are other
boundaries--geologic configurations that affect ground-water flow and must be
considered in modeling. They include faults, anticlines, synclines, and
bedrock highs or lows. The structural features are generally well defined in
the consolidated rocks of the mountains, but usually obscured or covered by
alluvium in the valley.
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The main obstructions to ground-water movement within the basin are
faults that trend northwest-southeast. They are associated with the
San Andreas and Garlock fault systems of southern Californmia. Many faults
have been mapped in the Mojave basin, but of special importance to the model
are the Helendale fault, the Lockhart fault, the Waterman fault, and the
Calico~Newberry fault (figs. 2 and 4).

The Helendale fault extends from the east side of the Kramer Hills,
across the Mojave River, southeastward to the Sidewinder Mountains, and into
Lucerne Valley outside the study area. Ground-water levels in wells adjacent
to the Mojave River near Helendale indicate that the Helendale fault impedes
flow in the older alluvium, but not within the overlying Mojave River
deposits. Most of the pumping and development is in the shallow river
deposits, and ground-water movement is affected little by the fault. In this
part of the basin the underlying older alluvium has a low permeability. The
fault in the older alluvium acts as a barrier and causes water to move upward
to the land surface, which in part accounts for the abundant phreatophytes
upstream from the fault.

The Lockhart fault extends from north of Kramer, southeastward south of
Harper Lake, through Lynx Cat Mountain, into Hinkley Valley, and across the
Mojave River toward Daggett Ridge. This fault impedes the movement of ground
water in the Harper Lake area and in the older alluvium within Hinkley Valley.
The sparse well data in the Harper Lake area for the period prior to
widespread pumping indicate a water table 10~20 feet higher on the southwest
side of the fault. The Lockhart fault does not extend to the land surface in
Hinkley Valley, and some water moves through the alluvial fill over the top
of the fault. Water-level data indicate that on the southwest side of the
fault higher water levels occur with a slight drop of 5-10 feet across
the fault,

The Waterman fault, about 5 miles east of Barstow, cuts across the

narrow part of the valley from the Waterman Hills on the north to the Newberry
Mountains on the south. North of the river the fault is exposed in the
consolidated rock at the land surface, but south of the river, the fault is
buried by alluvium. Test drilling adjacent to the fault (Miller, 1969,
p. 44-45) indicated that the water level in March 1966 on the upstream or
southwest side of the fault was about 45 feet higher than the water level
across the fault., Most of the ground-water flow is probably through the
river deposits overlying the fault,

The Calico-Newberry fault trends southeastward from the Calico Mountains,
across the Mojave River valley, and past the Newberry Mountains on the south
side of the basin. Water levels on the southwest side of the fault are
20-50 feet higher than those on the northeast side. The fault is well defined
across the basin and is a barrier that impedes eastward ground-water movement
in the older alluvium.
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The model simulates an aquifer thickness of 800-1,000 feet below the land
surface as determined by data from deep wells. Below these depths, the
sediments are probably of low permeability and the ground-water movement is
relatively undisturbed by pumping. In the Mojave River channel between
Victorville and Daggett, the modeled aquifer thickness is about 100-200 feet,
coinciding with the bottom of the river deposits. Here, the lower, older
alluvium contributes little water, as most of the water is in the highly
permeable river deposits. A pumping test of a well 5 miles east of Barstow
(Roehler, 1970, p. 20) indicated that most of the well water came from depths
of less than 200 feet. In the upper basin at Hesperia, and downstream from
Daggett, the aquifer is permeable at depths of as much as 1,000 feet, and the
model reflects this aquifer thickness.

Aquifer Transmissivity and Storage Coefficient

The basic physical parameters that define the geohydrologic properties of
the aquifer are permeability or hydraulic conductivity, transmissivity,
aquifer thickness, and storage coefficient. These parameters form the basis
of a conceptual design used in constructing the passive resistance-capacitance
alectrical network for the analog model. To accurately simulate the
aydrologic environment, these parameters should be known at all locations
throughout the area being modeled. As this is often impossible, the
hydrologist must use the available data and interpolate where necessary.

Permeability or hydraulic conductivity as described by Meinzer (1923,
p. 44) is the measure of the ability of an aquifer to transmit water, and is
defined as the rate of flow of water in gallons per day through a cross-—
sectional area of 1 square foot under unit hydraulic gradient. Transmissivity
is another way of expressing the ability of an aquifer to transmit water and
is the rate of flow in gallons per day, through a vertical strip of aquifer
1 foot wide extending the full height of the aquifer under unit hydraulic
gradient (Theis, 1935, p. 519-524). Aquifer thickness multiplied by
permeability equals aquifer transmissivity. In model studies transmissivity
is used instead of permeability to include thickness in describing two-—
dimensional flow.

The storage coefficient is the ability of a formation to release or
accept water and is defined as the volume of water the aquifer releases or
takes into storage per unit surface area of the aquifer per unit change in the
component of head normal to that surface. Under water—table conditions, the
storage coefficient is about equal to the specific yield of the aquifer.
Specific yield is defined as the ratio of the volume of water that a saturated
material will yield to gravity in proportion to its own volume. Under
artesian conditions, the storage values are 100-1,000 times smaller because
dewatering of the aquifer does not occur. A change in head is an indication
of a change in pressure in the aquifer, and water from storage is related to
the compressibility of the aquifer material and of the water.
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The aquifer in the Mojave River basin is not uniformly thick,
homogeneous, or infinite in areal extent, TFewer than 300 drillers' logs and
relatively few aquifer tests were available to determine aquifer
transmissivity. Also many of the tests were on wells miles apart, requiring
broad interpretation between data points. The best data were from power
company aquifer tests. The test data include the specific capacity of the well
which is the yield, in gallons per minute, divided by the water-level decline
(drawdown) , in feet, caused by the pumping. These aquifer tests reflect not
only the hydrologic characteristics of the aquifer, but also the construction
of the well, particularly the condition and distribution of the perforations
within the saturated zone, and the depth that the well penetrates the
saturated zone. Where the aquifer thickness and permeability are constant,
the higher specific capacities generally reflect the more efficient wells that
more accurately define the aquifer transmissivity. Caution must be used in
validating aquifer tests for determining aquifer transmissivity in alluvial
deposits, Local zones of high or low permeability may not be indicative of

arge segments of the aquifer. Accordingly, many aquifer tests were
t‘invalidated, mostly those with low specific capacities, because they may
indicate inefficient wells rather than low aquifer permeability.

During an aquifer test the well is pumped until the water level is
essentially stable, ranging from a quarter of an hour to a few hours. From
this information the specific capacity of the well is computed by dividing the
well yield, in gallons per minute, by the water-level drawdown, in feet. The
specific capacity value is then multiplied by an empirical factor to determine
transmissivity (Thomasson and others, 1960, p. 220-222). The studies by
Thomasson in the central California alluvial basin indicated the factor ranges
from 1,500 for water-table aquifers to 2,000 for artesian aquifers. Although
the aquifers in the Mojave River basin are a water-table type, the factor used
in this study for conversion to transmissivity was a slightly higher 1,750,
This value allowed a rounding of transmissivity to the high side to better
account for less than total well efficiency. Although the absolute values of
transmissivity obtained in this manner may not be precise, the data at least
have been analyzed on the same basis, thus insuring consistency. In areas
with the same aquifer thickness, variations in transmissivity indicate
differences in aquifer productivity.

A supplemental method of computing aquifer transmissivity where aquifer
tests were lacking consisted of evaluating permeabilities from drillers' well
logs. The procedure was to assign permeability values to different
lithologic units: clay, 1 gpd per ft2 (gallons per day per square foot):
silt, 2-10 gpd per ft2; fine sand, 10-200 gpd per ft2; medium sand,

200-1,000 gpd per ft?; coarse sand, 1,000-2,500 gpd per ftZ; and gravel,

2,500 gpd per ft?. These values multiplied by the thickness of the formation
represent and approximate transmissivity at a single point in the basin. The
accuracy of this method is dependent on the correctness of the assigned values
to the different lithologic units, and more importantly, the relation of the
description on the log to actual field conditions.

Compilation and analysis of both methods led to the preparation of a
transmissivity map for the aquifer system in the Mojave basin (fig. 8). A
single-layer analog model was constructed using data from this map.
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The map shows that the higher transmissivities are generally in the area
of the permeable river deposits of the Mojave River. In the upper Mojave
basin, south of Victorville, the aquifer transmissivity ranges from
150,000 gpd per foot in the center of the river area to less than 25,000 gpd
per foot adjacent to the mountain boundaries. The high transmissivity in this
part of the basin does not aline with the Mojave River deposits, but
encompasses a larger area caused by widespread deposition of permeable
sediments from the mountains to the south.

During the study a geohydrologic anomaly was discovered in the area
extending from The Forks downstream for about 6-8 miles. Analysis of meager
well data indicates that deeper wells in this area have a lower water level by
a few feet than the shallower wells (see fig. 11). Geologic data from well
logs indicate that a layer of sediments of low vertical permeability may
underlie the river channel deposits and confine the deeper aquifer. The
shallow aquifer, about 100-200 feet thick, receives recharge rapidly from the
river, and ground-water movement is mostly in the downstream direction until
it rises to the surface as streamflow near the upper narrows. The deeper
aquifer receives much less recharge near the mountain front, and long~term
water declines due to pumping are substantial. Streamflow of the Mojave River
based on records at The Forks and Victorville tends to substantiate these
conditions (see section on the Mojave River). More detailed information is
needed to verify these conditions.

Accordingly, this small area downstream from The Forks was modeled as
two layers with the transmissivity shown in figure 8 equally divided between
the shallow and the deep aquifers represented as the upper and lower layers,
respectively. Transmissivity for the upper and lower layers in this small
area range from 25,000 to 75,000 gpd per foot. The quantity of recharge to the
lower layer is largely dependent on the vertical permeability of the
confining layer between the two aquifers. The vertical permeability is
unknown, but a range of values can be programed for additional model readouts.
However, small recharge values do not significantly change the model readout.
For the first approximation, a vertical permeability of zero was modeled
between the two aquifers.

From Victorville to Daggett, transmissivities of the channel deposits
along the river are about 100,000 gpd per foot. The adjacent older alluvium
is much tighter, and transmissivities are low, ranging from 5,000 to
25,000 gpd per foot. Downstream from Daggett to the Calico-Newberry fault,
the transmissivities range from 50,000 to 200,000 gpd per foot near the river.
East of Newberry and in the Coyote Lake-Afton Canyon area sparse data indicate
the formations have much clay and silt, and transmissivities are less than
25,000 gpd per foot. In the Harper Lake area the most transmissive part of
the aquifer extends from southwest of the playa lake to the Lockhart fault,
with maximum values of about 100,000 gpd per foot.
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The transmissivity of the faults was estimated by using a form of
Darcy's law. The inflow to and the outflow from the fault zone was considered
equal for a constant width. Thus, the transmissivity of the fault is directly
related to the hydraulic gradient. The effective width of the fault zone is
unknown, so a gradient cannot be determined. However, by assuming a width for
the fault zone a gradient can be estimated. In the model the minimum grid
spacing for simulating a fault was 4,000 feet.

In the single-layer model of the Mojave River basin, it is impossible to
exactly simulate a fault barrier that does not reach the top of the water
table. For a similar cross-sectional area, much less ground water moves
through the fault zone than moves over the fault in the highly permeable
alluvium deposited after the occurrence of the fault. A similar analogy is
that more water can flow over a dam than through it.

The Lockhart, Waterman, and Calico-Newberry faults were modeled in the
Mojave River basin. These faults were definite barriers to ground-water flow.
The Lockhart fault in Hinkley Valley does not reach the water table, and much
of the ground water moves through the permeable sediments above the fault.
1f it is assumed that little water moves through the fault in comparison with
the flow over it, the effects of the fault can be approximately simulated in
the model by determining the effective transmissivity of the aquifer above the
fault. Thus, the transmissivity of the fault line is much larger than a full
barrier fault and less than the transmissivity of the full aquifer thickness.

The transmissivity of the faults modeled, in gallons per day per foot
(fig. 8), were (1) Lockhart fault in Harper Lake, 2,500; (2) Lockhart fault
in Hinkley Valley, 27,000; (3) Waterman fault, 3,500; and (4) Calico-Newberry
fault, 2,500. The Helendale fault was not modeled because the river deposits
where most of the ground-water movement occurs are not faulted.

The aquifer storage coefficient is generally more difficult to determine
than the transmissivity. Aquifer tests are one of several methods in
determining the storage coefficient (Ferris and others, 1962, p. 92).
Short-term tests are generally invalid in a water—table aquifer because of
slow drainage of water between the sand grains. Gravity must overcome
surface tension. Thus, short-term tests yield only a part of the total
quantity eventually released with time. Consequently, analysis of the short-
term tests usually indicates artesian coefficients, A more accurate method
is to document the water-level change over several years, compute the volume
of the dewatered or recharged sediments, and relate it to the total pumpage
that caused the change in storage. Another method is to assign storage-
coefficienct values to the different materials recorded on a driller's log
and compute an average aquifer storage coefficient.
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The method used in this study consisted of collecting nine undisturbed
core samples from the river channel alluvium and adjacent areas.
coring program was completed in 1967.
(table 3) indicated a water-table storage coefficient ranging from 0.18 to

0.25 in the river channel deposits (fig. 8).

This

Laboratory tests on the cores

Outside the Mojave River in the

more consolidated alluvium the storage coefficients from two cores were 0.18

(sample 2) and 0.02 (sample 5).
more consolidated alluvium is less than the river channel deposits.

Generally, the storage coefficient of the

Studies

by the California Department of Water Resources (1967, p. 95) indicated that
the storage coefficient in most of the basin away from the river is at
least 0.10.

The aquifer storage coefficients used in the single-layer model were
0.20 and 0.25 in the river channel and 0.12 elsewhere in the basin (fig. 8).

These values assume that a water-table aquifer exists

declines are a result of a dewatering of the aquifer.

The Forks, a storage coefficient of 0.003 was modeled

and that water-level

Downstream from

in the second layer.

This value is based on the artesian characteristics of the system and on
matching model water-level declines with actual data.

Sample
No. !

TABLE 3.--Summary of laboratory core analyses

Location?

4 miles east of
Hesperia

Hesperia
2 miles southeast
of Victorville
Helendale
5% miles north
of Helendale

Barstow

4 miles east of

Yermo
5 miles southeast
Yermo

10% miles north-
east of Yermo

(feet below 1sd)

Depth cored

37-38%

37-38

35-36

35-36%

25-26

55-56%

35-36

80-81

35-36%

[U.S. Geological Survey]

Description
of sample

Sand, gray, coarse,
and gravel

Silt, brown, and
gravel

Sand, gray, coarse,
and gravel

Sand, fine,
medium~brown

Silt, cemented,
and clay

Sand, gray, coarse,
some gravel

Sand, gray-brown,
coarse

Silt, gray, brown,
and sand

Sand and silt

lgamples collected January 4-13, 1967.

2gee figure 8 for location of test holes.

Specific gravity
of solids

N
=
o

[
(=)
s3]

a.

Dry unit weight

(g per cc)

1.85

Centrifuge
moisture

]

23.

25.

equivalent
(percent)

~

Specific
retention
(percent)

o]
o«

=
=~

31.

38.

16.

10.

Total porosity

(percent)

w
o

w
~

35.

48.

40.

19.

33.

35.

25.

o~

Sample compacted during sampling.

reported results were estimated.

Specific yield
(percent)

N
[
o

—
o)
~N

30.9

16.9

20.9

Based on

actual test results and adjusting for compaction, the
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ANALYSTIS OF THE HYDROLOGIC SYSTEM BY THE ELECTRIC ANALOG MODEL

Use of the electric analog model in hydrology is possible because of
the mathematical similarity between the flow of electricity in conducting
materials and the flow of fluids in porous media. The use of electric analog
modeling techniques for the solution of hydrologic problems was described by
H. E. Skibitzke and G. W. Robinson (written commun., 1954), Skibitzke (1960),
Walton and Prickett (1963), and Patten (1965).

Electric analog methods are now regarded as one of the powerful computing
tools available to the hydrologist. The results and predictions from the
Mojave River basin analog will help formulate future management practices.
Figure 9 shows schematically the steps necessary to develop an analog model
designed to aid in water management.

Direct simulation of the hydrologic system by electrical methods
simplifies the computational process. Once the analog model is verified
through the use of field data, all electrical phenomena observed on the model
can be directly related to hydrologic factors. Any theoretical set of
water-use conditions, including alternative solutions, can be modeled, and the
effects observed. Results of proposed management practices can be predicted
by the model instead of waiting for trial-and=-error methods to reveal changes
in the hydrology or waiting for costly field studies.

REVISION OF
GEDHYDROLOGIC
ANALYSIS

GEOHYDROLOGIC PUNPING ACTUAL
ANALYSIS GEOMETRY OF SYSTEM R DRAHDOWN
AND GEOLOGIC CONTROLS RECHARGE OR REGOVERY
ON MOVEMENT AND CONFIGURATION
STORAGE OF WATER (feet)

ENVIRONMENT

REWEDI AL
MEASURES

MANAGEMENT
VERIFIED 0F
MODEL WATER
RESOURCES

ELECTRICAL SYSTEM ELECTRUNIC VOLTAGE
PASSIVE ELEMENT FUNCTEON DISTRIBUTION

ANALOG NETHORK GEHERATORS OR MODEL
OF RESISTORS
AND CAPACITORS

FIGURE 9.,--Use of analog model.
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To develop fully an analog model requires detailed analysis of the
geohydrologic parameters. The flow system under equilibrium or steady-state
conditions (before development) is described by a form of Darcy's law, @=TIW.
This simply states that the quantity of flow (@) in an aquifer equals
transmissivity (7) of the aquifer multiplied by slope of the water table (I)
multiplied by the width of the section measured (). Before development of
ground water in a basin, the aquifer is in approximate hydrologic balance.

On a long-term basis, the quantity of water moving into the basin (recharge)
is about equal to the quantity of water moving out of the basin (discharge).
Water may move into or out of the basin as streamflow, underflow,
precipitation, evaporation, and transpiration. Water levels in the aquifer
are a function of the magnitude of inflow and outflow and the characteristics
of the materials through which the water is moving, particularly the porosity
and permeability of the subsurface deposits. In the steady-state condition
it is often assumed that there is no change in water levels in time, although
short-term or seasonal changes actually occur because of intermittent
streamflow due to climatic variations.

Development of water resources in a basin may include pumping from wells,
artificial recharge, and river modification. These forces impose stresses on
the system which change the steady-state flow pattern. The stresses, which
frequently change in time, result in a non-equilibrium or non-steady~state
condition. In simple systems analytical methods can be used to determine
aquifer characteristics. For example, pumping a well removes water from the
aquifer, lowers the water level or head in the aquifer surrounding the well,
and moves water toward the well. The lowered water surface near a well is
called the cone of depression. The response of the aquifer system to the
withdrawal or recharge from a single well, or a few groups of wells, can be
determined by using mathematical formulas (Ferris and others, 1962,

p. 69-174). However, when the responses are multiplied by 100 or

1,000 pumping wells instead of one or a few, and are interrelated with
infinite variations such as streamflow, river recharge, and changes in
hydrology by man's manipulation, the analytical methods become inadequate.

Mathematically, a solution to the response of developed aquifers
requires use of equations that are too complex for ordinary solution.
However, an electric analog model can be constructed that closely approximates
the actual flow system because the flow of fluid through porous media is
analogous to the flow of current through conducting material. A model that is
quantitatively proportional to the ground-water system can be built by
selecting proper electrical components.

An electric analog is basically a computing device that enables the
hydrologist to estimate the changes in water occurrence resulting from
patterns of water availability and use. In the Mojave River basin,
historically, the principal change in water occurrence is natural recharge
from the Mojave River, and storage withdrawals from the aquifer because of
large-scale widespread pumping. In the future, artificial recharge to the
river from supplemental water purchased from the California Aqueduct, will
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be another input to the model. The relation between recharge, pumping, and
the resulting changes in water levels depends upon the shape and boundaries

of the aquifer system, the ability of the aquifer to transmit and store water,
the areal variations of the aquifer coefficients, and the factors governing
recharge to the system in time and location. The variation in streamflow is
dependent upon precipitation in the headwater mountain areas, recharge
characteristics, moisture content of the river bottom, and the slope and
conveyance characteristics of the river channel.

Geohydrologic data that are required for an analog model study include
(1) limits or boundaries of the aquifers; (2) compilation of the well
locations, geologic maps, streamflow records, and climatic data; (3) water-
level contour maps referenced to mean sea level for several different years;
(4) water-level change maps for different increments of time;
(5) transmissivity and storage coefficient for the basin aquifer;
(6) distribution and quantity of natural river recharge; (7) inflow and
outflow at the boundaries; (8) water-budget of the flow system;
(9) hydrographs of selected wells; (10) analysis of the subsurface geology;
and (11) ground-water pumpage.

In complex water-flow systems, it is impractical to measure all these
parameters in great detail or with high accuracy. If, however, they are
known approximately, initial tests can be made with an analog model. Usually
model response on the first few trials bears little resemblance to actual
water-level changes. Through evaluation of model response and reconsideration
of the original geohydrologic parameters, the model design is revised until
the water-level change computed by the model agrees with observed changes.

Basis of the Electric Analog Model

An electric analog computer includes an analog model and excitation-
response equipment such as waveform generators, pulse generators, and an
oscilloscope. An analog model is a small-scale version of a study area often
constructed on a pegboard in the form of an array of carbon resistors and
ceramic capacitors that form a geometric configuration of the aquifer in the
basin. The electrical conductivity of the resistors is proportional to the
hydraulic conductivity or transmissivity of the aquifer, and the electrical
capacitance is directly related to the storage coefficient of the aquifer. A
resistor impedes the flow of electricity in the same way as the subsurface
materials impede the flow of water through the aquifer; likewise, a capacitor
stores electricity in a manner similar to the way water is stored in an
aquifer. If such a model is quantified, the electrical units of potential,
charge, current, and model time correspond to the hydraulic units of head,
volume, flow rate, and real time.
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A waveform generator and pulse generators force electrical energy in the
proper time phase into the analog model; an oscilloscope measures the voltage
changes representing head values within the resistor-capacitor network. The
waveform generator, which produces sawtooth pulses, is connected to the pulse
generator and oscilloscope to control the repetition rate of computation and
to synchronize the oscilloscope's beam sweep rate and the voltage output of
the pulse generators. The model system is stressed by the varying voltage
pulses produced by the pulse generators on the passive element resistance-
capacitance network. In hydrologic terms, these stresses simulate the varying
ground-water pumpage, artificial recharge to the basin, or surface-water flow
changes,

The oscilloscope may be connected to any junction of the analog model to
determine the change in water level caused by the programed pumpage or
recharge. The oscilloscope screen is calibrated in terms of voltage or head
in the vertical direction and with time, horizontally. The moving electron
beam traces a time-voltage graph that is analogous to the time-drawdown graph
for an observation well.

An important aid in understanding the physical systems is the partial
differential equation that describes the interrelations among certain known
physical phenomena where more than two variables are present. In hydrologic
systems, the interest is in the space coordinates x, y, and 2, time, and the
hydraulic head. In studying a complex system, partial differential equations
make it possible to describe every point in the system in terms of the
parameters of interest. The mathematical equations necessary to describe all
parameters and stresses on the hydrologic system are difficult to solve, and
become even more complex as ground water is developed in the basin. By the
analog method the hydrologist does not have to solve explicit mathematical
equations but can obtain solutions in the form of direct readouts from the
model., The only condition is that the analog be a true and valid model
similar to the actual field system.

In hydrology, the partial differential equation describing
two-dimensional unsteady flow in a homogeneous and isotropic aquifer is
derived by combining Darcy's law with the equation of continuity (Cordes and
others, 1966, p. Al):

2 2
a2 oy2 Tat T

where ©# = head of water, in feet
z,y = space coordinates, in feet
= storage coefficient of the aquifer (dimensionless)
T = transmissivity of the aquifer, in gallons per day per foot
t = time, in days
W = recharge to or discharge from the aquifer, in gallons per day per
square foot
oh

Yyl change in water level with time, in feet per days or year.
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The equivalent equation for a two-dimensional diffusion field in
electricity (Karplus, 1958, p. 33) is:

2 2
30 4 30 _pe Ty gy (2)
2 3y? ot
where v = electrical potential, in volts
x,Y = space coordinates, in feet
= electrical resistance, in ohms
c = electrical capacitance, in farads
t = time, in seconds
J = flux of electrical current, in amperes per cubic foot
%%- = change in voltage with time.

The similarity between these two equations indicates that the
cause-and-effect response in a hydrologic system can be duplicated in an
electrical system, provided the two are dimensionally equivalent.

In actual field conditions, aquifers are generally nonhomogeneous and
nonisotropic, and equation 1 must be modified accordingly by adding two
additional terms to the left side of the equation:

2 2
l?ﬂéﬂ...i _B_Zil"h_+__3h+__3h=§_ 8_7’1__'__51 (3)
T 9 T dyody oax? o2 T 3t T

It is impossible to construct a continuous field model that simulates the
nonhomogeneous aquifer (variations in transmissivity in x and y directionms),
so the numerical solution to equation 1 uses a finite difference approximation
method. This is a mathematical convenience whereby a number of algebraic
expressions can be solved simultaneously. The finite difference solution to
the hydrologic system is accomplished by superimposing a coordinate grid on
a plan of the prototype and writing approximate equations for each grid unmit.
The numerical method is only approximate; however, the errors can be kept
small enough to have a negligible effect upon the overall accuracy of the
solution if the spacing between successive grids is small.
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The aquifer is divided into squares of equal area AxAy, with sides of
finite length Ax and Ay. The coordinate grid (fig. 10(a)) is superimposed on
a continuously varying potential field. If the heads ho, hl’ hz, h3, and h4

are assumed to exist at points O, 1, 2, 3, and 4, the average potential
gradient between points can be expressed as:

(4)
h.=h
0.7 )
-3
h,=h
-t ©6)
Y
ho—h2
-5 @)
where the subscripts identify the node points. The change in potential
gradients or second derivative with respect to x can be written:
3@) . _the Pohs
2
% Ax
and
2 1 h, - 2k
—2--—2-<11+3-z(> 8
x Ax
0
Similarly, the second derivative with respect to y
Wpo oy Mo Ho7hy
by By by
and
32
ayzo Ay?
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Combining the two equations results in the finite-difference expression

32n . 32k 2,@1 + Ry + g ¥ Ty = Ak (10)

+
2 3y 2 a2

or

where a = Ax = Ay.

nate grid has an equivalent hydraulic
a common node. Each pipe represents a
de to another. The hydraulic head
stant from the common junction 0, can
rage gradient in each pipe is the

difference in head divided by the unit length of the pipe Ax or Ay. The
equivalent electrical current representation is a junction with four resistors
and one capacitor connected to a common terminal (fig. 11). If the resistor
values are equal, the relation of electrical potentials in the vicinity of the
junction, according to Kirchhoff's law, is

1_ v
6/1+ V2+ V3+V4— 4V(>R— Cat (11)

The analogy between the fluid and electrical systems can be quantified by
using the appropriate scale factors: quantity of water (&) and quantity of
electrical energy (Qeg); head of water (h) and electrical potential (v); rate
of water flow (qy) and rate of current flow (ge); and time, days or years in
the fluid system (t,) and seconds in the electrical system (tp). These terms
can be related, such that:

Q
- _ w , gallons
% = k@, and ky Q, ’ coulomb
_h feet of water
ho= KZU and KZ T v volt

9y gallons per day

QY = K3qe and K3 = 5;'; ampere
t =K,t and K, = EQ
w 47e 4 te

The selection of scale factor values is theoretically infinite, but useful

values are limited by operating ranges of the electronic equipment. As long

K3K4

as g =1, the analog between Ohm's law and Darcy's law is maintained.
1
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The analog model solves simultaneously a series of finite difference
approximations of the equation related to time and space. The readout of
water-level change at any grid point or for any time period from the analog
model is a numerical solution to equation 1.

An analog model becomes valuable if it correctly simulates the actual
geohydrology of the ground-water system being modeled. The model is only as
correct as the interpretation of the available geohydrologic data and cannot
create information from inadequate or nonexistent field data. The analog
methodology synthesizes data by converting hydrologic units to electrical
units, all parts of which must be internally consistent, and then integrates
the entire system. However, some simplifying assumptions are necessary in
using any electric analog model. The study in the Mojave River basin is
based on the following seven assumptions:

1. A1l flow within the aquifer is two dimensional with no vertical flow
components, The model consists of a single layer of resistors and capacitors
except for a 25-square-mile area north of The Forks along the Mojave River
where a second layer was constructed (figs. 8 and 11). Resistors connecting
the two layers represent vertical permeability, and flow between the layers
can be simulated.

2. The aquifer is isotropic and is homogeneous within the boundaries
indicated for the various values of transmissivity and storage.

3. All wells fully penetrate the aquifer.

4. The hydrologic system is in equilibrium or near equilibrium at the
start of pumping.

5. The transmissivity and storage coefficient do not vary with time,

6. Extreme flows in the Mojave River can be simulated as recharge to
the basin.

7. Recharge from the boundaries is one dimensional.

The nodal spacing used is 1 inch in the model and equals 4,000 feet in
the physical system. In the Mojave River area, the grid was subdivided into
half an inch or 2,000-foot segments. This smaller grid allows a better
definition of water-level change near the river because of recharge from
surface flow. For illustration purposes in this report, the grid lines are
shown spaced every 8,000 feet (fig. 12), although data points were read and
plotted at the nodal points.

The standard system of township and range could not be used for the model
grid because some of the township and range sections are larger or smaller
than 1 square mile, and the sections do not necessarily fall within a
gridwork pattern in adjacent townships.

The Mojave River analog model is 7 feet high and 8 feet wide. 1Its basic
component is a pegboard on the front of which is a map of the area. A
network of resistors has been constructed over the map, and a network of
capacitors is on the back (fig. 13).
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Verification of the Model

Verification of the Mojave River basin model consisted of two phases.
The first phase simulated the flow system under steady-state or natural
conditions in 1930, prior to large-scale pumping. For the model an initial
stable base period is useful as all subsequent hydrologic causes and effects
can be measured as differences from this datum.

The second phase of the verification program simulated changes in water
level caused by man's influence, particularly ground-water pumpage for
1930-63. During this period water levels declined as pumpage exceeded
recharge. The model response was compared with historic water-level changes
and selected well hydrographs. Verification was considered completed when
model response followed the historic changes in water levels as monitored in
the field. The stage at which a model of the aquifer becomes an actual analog
of the physical system is difficult to define, as it varies with every model.
Usually, it is when the range of error of the model response approaches the
range of error in estimating the controlling hydrologic parameters.

Steady-State Conditions

The hydrologic system in the Mojave River basin is in a transient state
because of changing environmental conditions such as rainfall and streamflow.
Although large changes in flow may occur in the surface streams through time,
subsurface flow generally fluctuates much less because of the mass of the
aquifer and the damping effect of ground water in storage. There is no long-
term change in ground-water storage--recharge (inflow) equals discharge
(outflow).

In the Mojave River basin the purpose of the steady-state simulation was
to verify the estimated values of recharge (input), discharge (output),
aquifer transmissivity, and direction of ground-water movement. Another
objective was to study the transfer of flow between the aquifer and the
Mojave River in order to better understand the surface-water hydrology of
the system.

A steady-state water-level contour map for 1930 (fig. 14) shows that
ground water moved northward from the alluvial highlands north of the
San Bernardino Mountains down the slope of the Mojave River toward Harper
Lake, Hinkley Valley, Coyote Lake, and Troy Lake, and ultimately to Aftom.
Typical ground-water gradients prior to major development were (1) 20 feet per
mile in the Phelan-Hesperia area, (2) 40 feet per mile north of Victorville,
(3) 30 feet per mile west of Iron Mountain toward Harper Lake, (4) 10-20 feet
per mile in the Hinkley Valley, (5) 20 feet per mile at Barstow, (6) 3-7 feet
per mile in the Yermo-Newberry area, and (7) 20-25 feet per mile in the
Camp Cady-Afton area.
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The natural recharge from the Mojave River and the runoff and underflow
from several tributaries and other basins are balanced by natural discharge
from the system. The discharge occurred through (1) use by phreatophytes
(nonbeneficial plants); (2) evaporation from the open-water surface in parts
of the Mojave River, particularly near Victorville and Camp Cady;:

(3) evapotranspiration from the playas of Harper Lake, Troy Lake, and Coyote
Lake; and (4) underflow through the alluvium at Afton.

Excluding Mojave River flow, the recharge was modeled at a constant head
to match the initial estimated head at the boundaries. Except for recharge
from the San Bernardino and San Gabriel Mountains, the inputs are small, and
deviations from computed values are not critical., Similarly, except for
phreatophyte use, discharge quantities are small. The largest factors
influencing the water budget are recharge from the Mojave River and discharge
by phreatophytes. For the study period 1936-61, the California Department of
Water Resources (1967, p. 71) stated that about 35,000-40,000 acre-feet of
water per year was used by phreatophytes. The early period of this study is
near the initial model period of 1930. Using the smaller figure as
phreatophyte losses, the quantity of Mojave River recharge necessary to
balance the budget was determined.

Tables 4 and 5 show the final model water budget that resulted from
experiments to match the actual 1930 steady-state water-level contours.
Several model runs were made before the water-level contours, as measured on
the model, approximated those measured in the field.

The modeled value from Lucerne Valley inflow was 150 acre-feet per year
lower and from Buckthorn Wash and Kramer 200 acre-feet per year higher than
the values computed using Darcy's law. Modeled outflow from the playas was
about 500 acre-feet per year higher at Harper Lake, 300 acre-feet per year
lower at Troy Lake, and 1,000 acre-feet per year lower at Coyote Lake. Thick
clay beds beneath Coyote Lake (written commun., Ward Motts, 1969) probably
account for the lower outflow. Outflow computations at Afton are complicated
by underflow through the alluvium, surface base flow from local ground-water
discharge, and additional water losses by phreatophytes. Therefore, outflow
from the modeled area was computed at a point arbitrarily taken about 2 miles
west of Afton.

To simulate the actual 1930 water-level contours, the Mojave River was
divided into 13 reaches on the basis of the differences in the hydrology of
the river (fig. 15, table 5). 1In each reach, recharge and discharge are not
modeled separately, only the net accretion has been considered. A plus (+)
value indicates recharge from the river into the aquifer, and a minus (-)
value indicates discharge from the aquifer, either to the river or to the
phreatophytes. The model value is the net sum of estimated surface-water
loss (recharge to aquifer), surface-water evaporation, and phreatophyte use
(table 5). Figure 15 shows 1930 water-level contours for steady-state
conditions as measured on the model. These results should be compared with
the actual field measurements for 1930 water levels as shown in figure 14.
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TABLE &4.--Water budget, 1930 and 19631

INFLOW

Recharge to ground-water system

Mountain front"
Lucerne Valley
Buckthorn Wash
Kramer area
Cuddeback Valley
Coyote Lake area
Kane wash
Mojave River

Total

OUTFLOW

Discharge from ground-water

Harper Lake
Coyote Lake

Troy Lake

Afton underflow®

Evaporation--open water

Phreatophytes

Pumpage, consumptive use

Total

Aquifer depletion

(Acre-feet per year)

Steady-state
(1930)2

+9,300
+250
+400
+600
+100
+250
+100
+31,400

+42 400

~2,500
-500
-700
-2,100
-1,600
-35,000

-42,400

Non-steady-
state (1963)3

+9,300
+250
+400
+600
+100
+250
+100
+46,000

+57,000

-1,500
-500
-700

-2,100

-1,600

-22,700
-82,300

-111,400

-54,400

ow minus outflow plus pumpage.

ine (model boundary).
f Afton.





TABLE 5.--Detailed water budget for Mojave River, 1930 and 1963

(Acre-feet per year)

Reach

QL
Q2
Q3

Q4
Q5
Q6

Q7
Q8
09
Q10
011
Q12

Q13

River
characteristics

THE FORKS GAGES

No perennial flow,
no phreatophytes

No perennial flow,
phreatophytes

Perennial flow,
phreatophytes

VICTORVILLE GAGE

Perennial flow,
phreatophytes

No perennial flow,
phreatophytes

No perennial flew,
no phreatophytes

BARSTOW GAGE

No perennial flow,
no phreatophytes
No perennial flow,
phreatophytes
No perennial flow,
no phreatophytes
No perennial flow,
phreatophytes
Perennial flow,
phreatophytes
Perennial flow,
no phreatophytes
No perennial flow,
no phreatophytes

Total

Model
reading2

+3,000
-2,000

-4,500

-1,550
-3,000

+1,300

+2,600
=250
+5,100
~400

-5,500

Steadv-state (1930)1

Surface~water
loss
(vecharee)

a+3,000
+1,000

+2,000

+5,550
+8,500

+1,300

+2,600
4750
+5,100
+600
+950

+50

b+31,400

Evaporation

Non-steady-state (1963)1

of water Phreatophyte
use
surface
0 0
0 -3,000
-500 -6,000
-600 -6,500
0 ~11,500
o] 0
0 0
0 -1,000
0 0
0 -1,000
-450 -6,000
-50 0
o] o}
b-1,600 b-35,000

lRecharge, river to aquifer (+); discharge, aquifer to river ).
2Model reading balanced by surface_water loss (recharge), evaporation from water surface and phreatophyte use,
estimated from hydrologic data.
River recharge in Ql reach assumed to be in shallow aquifer (upper model layer).

a.
b.
c.

Natural discharge exceeds river recharge by about 5,200 acre-feet per year.
River recharge exceeds natural discharge by about 21,000 acre-feet per year.

lowers head in aquifer.

Model
reading2

+3,000
+900

+1,700

+4,050
+3,020

+3,520

+4,840
-190
+5,130
-370
-4,160
0

0

Difference from aquifer.
Recharge increased as pumping

Surface-water
loss

a+3,000
+3,400

+6,200

+8,000
+9,970

+3,520

+4,840
+760
+5,130
+580
+290
+50

0

ct+45,740

Evaporation
of water

-500

-600

c-1,600

Phreatophyte
use

2,500

4,000

-3,350

-6,950

-950

-950

-4,000

c-22,700

TIAOW HOTVNY OI¥IOATE FHL X9 WALSAS JID0TOEUAH FHL 40 SISATVNV

£y





SILVER
. MTN
a0

FIGURE 15,--Model ground-water level, 1930, including Mojave River simulation.

Y

*IITVD “NISVE YAATY HAVLOHW ‘THAOW DOTVNV JIMIDATH





ANALYSTS OF THE HYDROLOGIC SYSTEM BY THE ELECTRIC ANALOG MODEL 45

Non-Steady-State Conditions

The natural stress on the aquifer has been changed since 1900 by ground-
water development. Wells pumping ground water, primarily for agricultural
use, have upset the equilibrium conditions in the aquifer and established a
non-steady-state condition. Ground-water pumping, generally near the Mojave
River, increased from a few thousand acre-feet in the early 1900's to
25,000 acre~feet in 1920, and 40,000 acre-feet in 1930. The base or initial
period chosen for the analog model study was 1930 because the quantity of
pumping at that time had little effect on water levels. Also, by the early
1930's the aquifer flow system had been better defined through a water-level
measuring program (California Department of Public Works, 1934, pl. 5). The
large volume of water stored in the aquifer and the replenishment capabilities
of the river kept ground-water levels stable. However, as basin development
continued pumpage increased and water levels in wells began to decline,

The most recent water—level data indicative of the variance in ground-
water flow patterns because of pumping were collected in the spring of 1964
(fig. 16). These data represented the aquifer conditions at the end of 1963.
Because these data and other geohydrologic information were available, the
1930-63 period was chosen for the non-steady-state analysis of the analog
model. In 1967 and 1969 the water levels were measured in about 150 wells
adjacent to the Mojave River to better understand the flow regimen in the
aquifer before and after floodflow in the river (Hardt, 1969).

The water-level contours in the spring of 1964 are similar to the
1930 pattern (fig. 14) in much of the basin where development and water use
have been minor. Principal changes in ground-water movement have occurred
along the Mojave River and in Harper Lake. Tigure 16 shows (1) the flat
gradient of the water table caused by pumping in the Apple Valley area of the
upper Mojave, (2) that pumping in the Hinkley Valley area lowered the water
table reducing the quantity of underflow through the gap toward Harper Lake,
(3) that Lockhart fault is a barrier to ground-water movement in Harper Lake
with water levels 10-50 feet lower on the north side of the fault because of
the nearby pumping, (4) that ground-water gradients have flattened since 1930
upstream of the Calico-Newberry fault, and (5) that the Calico-Newberry fault
remains a barrier to ground-water movement although water levels have declined
10-20 feet on both sides of the fault.

Ground-water pumpage from wells has never been metered in the Mojave
River basin except for municipal, military, and some industrial supplies.
Most of the estimates of water pumped were based on indirect methods, such as
electric power consumption and water requirements of crops.
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Pumpage records for 1930-63 varied from no data for 1930-50 to detailed
data for 1951-63. Prior to 1951, basin pumpage was estimated from irrigated-
acreage studies by the California Department of Public Works (1934) and
Moritz (1952). These data were rated and interpolated for the rest of the
1930-50 period. The area of the irrigated acreage was multiplied by a
consumptive-use value of water by crops. Consumptive use for agriculture
is defined as the unit amount of water used on a given area in transpiration,
building of plant tissue, and evaporation from adjacent soil (Erie and others,
1965, p. 5). A consumptive use of 4 to 5 feet per year was used for the
Mojave River basin as alfalfa is the most extensive crop using the most
water. The irrigated acreage was comparatively low in the 1930's and 1940's,
so pumpage was small. Differences in estimated pumpage figures would be
small and not critical to the model.

The Mojave Water Agency in 1966-67 verified water production from the
upper, middle, and lower Mojave basin for 1951-65 (Dibble, 1967). Harper Lake
was not included. This study inventoried all wells pumping at least 10 acre-
feet per year and included about 1,200 wells. The net withdrawal from the
aquifer is actually less than the production data obtained in the Mojave Water
Agency study because a part of the applied water returns to the water table.
For simplicity on the model, net withdrawals were programed as consumed with
no return to the system. Table 6 shows the ground-water pumpage programed in
the model for 1930-63 and water production from wells for 1951-63. The trend
of water use corresponds to the rate of development in each of the areas
within the basin (fig. 17).

The analog model must simulate as closely as practical the actual ground-
water pumpage (fig. 17). If each year of pumpage (1930-63) were simulated,
34 electronic pulses would be required to operate the 162 nodes (wells) on the
analog model. This is impractical from an electronic standpoint, so the
pumpage was approximated by averaging several consecutive years of similar
pumping rates and considering the average as one rate for the time interval.
For the Mojave River basin, six time periods were chosen to best represent the
changing pumping regimen: 1930-39, 1940-46, 1947-50, 1951-55, 1956~-59, and
1960-63 (fig. 17).

Net extraction or consumptive use was determined from the total
production for the period 1951-63. The consumptive-use values ranged from
35 to 65 percent of the pumped water. They were determined by correlating
permeability of the soils, depth to water, and well yield against known water
use and irrigated acreage (fig. 18). The soils were grouped into
three categories of most, medium, and least permeable from 30 types of soil
in the Victorville area and 25 types of soil in the Barstow area (Storie and
Trussell, 1937, and Kocher and Cosby, 1924). Pumpage was grouped into large,
medium, and small yields, and the depth to water was rated as shallow to
deep (fig. 18).
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The average consumptive use of total pumpage was about 40-45 percent
with 55-60 percent returning to the water table. These values are
approximate, and any particular location may have different values depending
on the local geologic and soil conditions. The irrigation return flow in this
basin may be higher than the return in other desert regions because most of
the ground water is applied for irrigation on the highly permeable river
alluvium where depth to water is near the land surface. In addition, more
water is pumped than needed for crops because of the rapid recirculation
through the permeable sediments.

TABLE 6.--Ground-water pumpage, by areas, 1930-63

(Thousands of acre-feet)

pper Mojave ave Moiave rper La
Vear Well , Well' , Con3322t1ve Well- , Consz:ztlve
production production (model) production (model)

1930 5.0 8.5 3.0

1931 5.2 8.7 3.2

1932 5.4 8.9 3.4

1933 5.6 9.1 3.6

1934 5.8 9.3 3.8

1935 6.0 9.5 4.0

1936 6.2 9.8 4.2

1937 6.4 10.1 4.4

1938 6.6 10.4 4.6 0.1
1939 6.8 10.7 4.8 W1
1940 7.0 11.0 5.0 1
1941 7.1 11.2 5.3 1
1942 7.2 11.3 5.5 1
1943 7.3 11.5 5.8 1
1944 7.4 11.6 6.0 2
1945 7.7 12.6 6.3 3
1946 8.4 13.2 6.6 5
1947 11.6 16.3 6.9 1.0
1948 13.8 18.3 7.2 2.0
1949 17.4 21.8 7.5 3.0
1950 20.6 23.8 7.8 4.0
1951 22.7 59.9 25.9 64.8 8.3 18.5 6.5
1952 25.0 65.3 26.0 64.8 9.3 20.3 7.8
1953 26.3 70.2 27.0 67.4 11.6 24.9 9.0
1954 24.6 66.5 26.7 67.8 12.8 27.4 10.2
1955 23.8 64.4 27.8 71.0 14.1 29.8 11.5
1956 20.0 55.0 25.9 67.0 12.6 26.9 11.8
1957 20.7 56.3 25.0 64.8 12.3 26.5 12.0
1958 21.1 58.3 24.5 64.8 13.3 28.8 12.2
1959 24,0 66.3 26.2 68.8 16.2 35.1 12.5
1960 25.3 69.4 26.2 68.9 17.5 38.4 12.8
1961 25.5 69.3 26.2 69.4 19.4 43.1 13.0
1962 24.2 66.0 24.8 65.9 20.0 Lb . 4 13.2
1963 25.4 69.1 22.8 60.8 20.6 46 .4 13.5

lBagin areas similar for consumptive use and water production.
2Data from Dibble (1967, fig. 20, p. 36).
3Harper Lake not included in well production determination.
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FIGURE 18.--Estimated consumptive use of total pumpage.

Consumptive water use prior to 1951 as determined by the indirect method
correlated with the evaluation of percentage return after 1950 from the
detailed pumping records. Thus, the average consumptive use of 40-50 percent
of total pumpage may be reasonable for the basin as long as most of the water
is used on lands adjacent to the Mojave River. Future pumpage, away from the
river, may have consumptive-use values of 65 percent or higher.

It was not practical to simulate each of the nearly 1,200 wells that
pump ground water in the basin. Therefore, the pumping from as many as
10 wells was summed, and a central nodal point simulated the pumpage of the
group. Although the decline simulated at the node is usually deeper than the
actual, this technique does not introduce serious errors in the regional trend
of water=-level declines. Large=-scale pumpage in the physical system was
distributed among several nodes, instead of being placed in one node, to
reduce model error. Most of the wells in the basin were grouped into
162 nodes on the model (fig. 19). Each model node or well represented
consumptive water use by pumping ranging from 10-2,000 acre-feet per year.
Isolated low=yield wells were not modeled because they had little effect on
the aquifer system.

A water-level change map for the period 1930~63 was constructed by
superimposing the 1930 and spring 1964 water-level-contour maps (figs. 14 and
16), and interpolating the difference in water-level head between them. This
information was supplemented by computing the difference from water=-level
measurements made in the same well during these periods. Interpretation was
necessary to determine the water=level change in some areas because of
inadequate data. However, the decline map for the period 1930-63 is
reasonable (fig. 20). This map serves as a means of evaluating model response
in the verification process.





Ware,
E
LIPS
EXPLANATION
.
Punpage nodes, smuisting atl
major pumging {1930-63)
Sipg
"”“’Dl,
rs
N Faull
Dashed where approximately located
FAIRVIEW
MTN
Wodei toundary
Dashed where recharge enlers or

dischasge |eaves basi
Bploo o) Jatse
Valiey MOUNTAINS '

Wojave Ruver channe

Solid line indicales perennial streanflow
LUCERNE
YALLEY

FIGURE 19.,~~Location of model pumpage nodes, 1930-63.

AFTON
CANYON

TIQOW DOTVNV DIVLOHTH JHL A9 WHLSXS JIDOTOLAAH HHIL J0 SISXTVNV





AFTON
CANYON

CALICO
MOUNTAINS

-4 N 4
i

Way &
E,M)
A
NEWBERRY MTS KA"E
WASH
R2E 9
=
R3E
SHADOW
MTIN SILVER
o, MIN
Siog
N W’ND;,
FAIRVIEW
Y
GRANITE
3¢%20
MOUNTAINS
- MIKAGE ) | !
YALLEY [oPplan | 5
I !

FIGURE 20.--Water-level decline, 1930-63.

[AS

*dITVO *NISVE ¥IATE FAVLOW “TAAOW SOTYNY DINIOTTH





ANALYSIS OF THE HYDROLOGIC SYSTEM BY THE ELECTRIC ANALOG MODEL 53

Figure 20 shows little or no water-level decline from 1930-63 in much of
the upper and middle parts of the basin away from the river, adjacent to the
river between Victorville and Helendale, or in the lower basin from Camp Cady
to Afton. Elsewhere, water-level declines were as much as 30 feet in the
upper part of the basin east of Hesperia, 10-20 feet in Apple Valley,

5-20 feet in the middle part of the basin north of Helendale, and more than
50 feet in the Hinkley Valley area. Water=level declines were at least

40 feet about 1=4 miles southwest of Harper Lake, about 20 feet near Daggett,
and 5-20 feet in the rest of the lower basin to about Camp Cady.

The total volume of water depleted from the aquifer in the Mojave River
basin model study area from 1930 to 1963 was nearly 625,000 acre-feet
(table 7). The depletion was determined by measuring the areas between lines
and multiplying by appropriate values of decreased saturated thickness. This
figure, in acre-feet, was multiplied by the estimated specific yield of the
aquifer. The specific yields of the aquifer used in the computations ranged
from 20 to 25 percent in the river channel and 12 percent elsewhere in the
basin.

TABLE 7.--Estimated change in ground-water storage, 1930-69

(Acre=feet)
Area 1930-631 1964=66 % 1967-693 & 1930-694
Mojave River basin
Upper -218,000 +30,000
Middle -150,000 +50,000
Lower -140,000 +25,000
-508,000 -120,000 +105,000 ~523,000
Harper Lake -113,000 -36,000 -24,000 ~173,000
Total -621,000 -156,000 +81,000 -696,000
IMeasured from figure 21. 3Hardt, 1969.
’Estimated from model readout. through March 1969

Water-level declines are not known for 1964-66 because of insufficient
water-level data. From March 1967 to April 1969 the net accretion to the
ground-water system was about 105,000 acre-feet, mostly as a result of large
floods in January and February 1969 (Hardt, 1969, p. 10). Away from the river
and flood recharge, the water table continued to decline with pumping.

The model indicated a net depletion of about 40,000 acre-feet per year in
the Mojave River basin and 12,000 acre=feet per year in Harper Lake for 1963
and 1966. If these yearly values are reasonable and totaled for the
1964=66 period, the estimated decline in storage from 1930 to April 1969 was
about 525,000 acre-feet in the Mojave River basin and 175,000 acre=feet in
Harper Lake (table 7).
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According to the California Department of Water Resources (1967, p. 95),
the quantity of ground water in storage between the bottom of the aquifer and
the 1961 water levels in the Mojave River basin was about 28 million acre-
feet. These storage values exclude Harper Lake, Coyote Lake, and areas
downstream from Camp Cady. For 1930-69 in the comparable area, the total
consumptive use of water pumped from wells was about 1,250,000 acre-feet, or
4 percent of the water in storage. Depletion from the aquifer for this same
area is estimated to be 525,000 acre-feet, or 1-2 percent of the water stored
in the basin.

Early trial runs from the model showed fair agreement with the actual
water~level declines except in the upper part of the basin between The Forks
and Victorville, north of Helendale along the river, and in Harper Lake.
These discrepancies showed that the first model approximation of the physical
system needed some modification. Different interpretations of geohydrology
can be programed into the model and the effects measured.

Reevaluation of the data between The Forks and Victorville pointed out
two anomalies. Water-level declines were at least 30 feet east of Hesperia
along the Mojave River from 1930 to 1963. Minimal declines would be expected
as this dewatered area is only 4-8 miles downstream from The Forks, the main
source of recharge to the basin. Secondly, long-term Mojave River gaging-
station records show that a nearly constant percentage of flow at The Forks
reached Victorville (see Mojave River section, figs. 6 and 7) regardless of
increased local ground-water pumping in the later years. Both of these
anomalies suggest that a local multiaquifer system exists here.

Unfortunately, field data were lacking to prove this interpretation
conclusively. Water-level data for 1950 (fig. 11) suggest that wells, both
those less than and more than 150 feet deep have a slight discontinuity of
water levels, with a lower head in the deeper zone. Inspection of the few
drillers' logs suggests a zone of low vertical permeability between the
shallow river alluvium and the deeper aquifers.

When floods enter the desert floor, part of the flow moves downstream in
the river and part recharges the shallow zone. The storage capacity of this
zone is limited, and the underflow discharges back into the river a few miles
downstream. Much of the ground water pumped in this local area downstream
from The Forks is from the deeper zones. As little floodwater percolates to
this zone, water-level declines are greater there.

This hydrologic anomaly was simulated in the model by constructing a
second layer of resistors and capacitors in the area of head discontinuity to
represent the shallow alluvium. When this was done, the model water-level
declines in the main deeper aquifer for 1930-63 more closely matched the
actual data.
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On early model trials for Harper Lake, water-level declines were not as
large as the actual data. This area is remote from the Mojave River recharge,
and therefore water-level declines are directly related to release of ground
water in storage. The area has deeper water levels, tighter soils than the
Mojave River channel, and less applied water reaching the water table.
Pumpage was not verified for the Harper Lake area but was estimated from
irrigated acreage and water use for the principal crop, alfalfa. Originally,
4 feet of water per year was used as a consumptive-use value. Additional
studies indicated that 5 feet was probably more reasonable. When the new
value was used in the model, the declines more closely approximated the
actual data.

Under non-steady-state conditions, the rate of recharge in the 13 modeled
reaches of the Mojave River changed from the constant stage of natural
conditions. Using water-level declines, pumpage records, changes in
phreatophyte use, and water losses between gaging stations as criteria, the
non-steady-state recharge distribution of the river was simulated by
electronic diodes that limited the recharge to a specified rate in any part of
the river. The actual recharge to the aquifer was not modeled, but only the
change in recharge brought about by the pumping of ground water. Adjustments
in recharge rates from the Mojave River were required in order to approximate
the model readout with the actual data. For example, north of Helendale,
model water—level declines did not approximate the actual field data until
recharge in the Q5 reach of the river (fig. 15) was divided into
three sections of different recharge capability.

The water budget for the non-steady-state in 1963 is different from the
natural conditions. Ground-water pumping has permanently removed water from
the aquifer by decreasing ground-water storage and lowering water levels.
Water losses by phreatophytes decreased to 17,000-20,000 acre-feet per year by
1967 (U.S. Bureau of Reclamation, 1967). Mojave River recharge increased from
steady-state conditions because of an increase in aquifer storage caused by
water-level declines from nearby pumping. The other minor boundaries did not
measurably change. Most of the changes in the non-steady-state water budget
were along the river in the center of the basin, the area of greatest head
decline. Tables 4 and 5 show the estimated water budget for 1963 and the
change in recharge distribution along the river.

Figure 21 shows the water-level change from 1930-63 as measured on the
model. Comparison of this map with figure 20 indicates the degree of
verification. The two maps are not identical because the model response is an
integration of the hydrologic system as reconstructed from the available
geohydrologic data, much of it meager and inconclusive. Some results from the
electric model may be more realistic and correct than those inferred from the
actual data.

Verification is also based on shorter time periods, such as a model
readout for 1930-50, and model hydrographs of yearly water-level change for
1930-63. These hydrographs were compared with data actually measured in the
field near the same location. Figure 22 shows several water-level hydrographs
and model response at selected points in the basin.
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MODEL PREDICTIONS AND RESULTS

The purpose of the analog model is to predict water—~level trends to the
year 2000, based on assumed hydrologic conditions and pumping of ground water
at rates equal to and 20 percent higher than the pumping rate for the verified
period (1960-63). The basin was initially programed for no recharge from the
mountain area, the minor tributaries, or the Mojave River. The next program
consisted of recharge to the aquifer from the Mojave River under average flow
conditions (1931-65), wet or high flow conditions (1937-46), and dry or low
flow conditions (1947-65) with the actual and proposed pumping. Additional
uses of the model included the prediction of the drawdown at a hypothetical
well field pumping 10,000 acre-feet of water in a 4-month period and the
effects of adding imported California Aqueduct water to the Mojave River for
conveyance to other parts of the basin.

The model response has confirmed the concept that the Mojave River is the
primary source of recharge to the basin, particularly within 1 mile of the
river channel. Much of the runoff from the San Bernardino Mountains to the
desert basin occurs during periods of low flow, and therefore most of the
recharge to the aquifer infiltrates upstream from Barstow. The Mojave River
at Barstow received only 27 percent of the total volume of water that entered
the basin at The Forks (1931-68). Generally, less water is available
downstream from Barstow and the influence of the river as a source of recharge
diminishes. However, during high floodflows, water is available for aquifer
recharge in the lower part of the basin to the Calico-Newberry fault.
Downstream from the fault, aquifer storage is small; at Camp Cady ground water
rises to the surface in the river channel. From Camp Cady to Afton pumpage
and water-level declines are minimal.

Except in the Hinkley Valley area, historical water-level data from 1930
to 1963 show that declines are generally not excessive with respect to the
saturated aquifer thickness., Model results to the year 2000 show that the
projected water-level declines in most areas are not critical or excessive,
and in many areas closely approximate straight-line extrapolation of the
historical data.

The model results indicate that the geologic boundaries of the basin have
considerable influence on the response of the system when stressed. In parts
of the basin, impermeable mountains and older alluvium of low permeability act
as boundaries and decrease the cross-sectional area of the permeable river
alluvium. The water in storage in the river alluvium in those locations is
much less than where the aquifer is wider and thicker. Thus, any input or
output of water from the river alluvium is reflected by large water-level
fluctuations.,

The model indicated that such geohydrologic boundary conditions were
prevalent along the Mojave River from Victorville to Hodge, and from Barstow
to Daggett. In the upstream reach of the river, from Victorville to ‘Hodge,
water flows throughout the year. Long-term water-level declines are less than
5 feet. Without the continual recharge of water to the narrow, highly
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permeable aquifer, water levels would decline rapidly. Conversely, when
floods move down the river, water levels rise rapidly, frequently as much as
several feet. As of 1970 floodflows had little influence on the aquifer in
this reach because water levels were close to the land surface. The lower
half of the reach does not have perennial flow in the river and depends on
floodflow to recharge the aquifer adjacent to the river, This reach of the
river is just downstream from perennial flow and less than 40 miles from the
source of the recharge at The Forks. Snowmelt or minor floods supply
streamflow in this reach, and the water table fluctuates accordingly.

The reach of the river from Barstow to Daggett is farther downstream from
the source of recharge, and here the Mojave River flows only during floods.
Thus, in extended droughts, water levels in wells in this reach decline
rapidly. Sporadic floods, large enough to reach Barstow, are necessary to
raise the water levels several feet and replenish the water pumped out in the
intervening years. Future population increases and industrial development in
the Barstow complex will result in greater withdrawals of water from the
aquifer and intensify the water-level declines when river recharge is not
available,

Downstream from Daggett the permeable aquifer widens. Short-term effects
of infrequent streamflow and recharge to the aquifer are usually not
transmitted more than a mile from the river. The water table does not
fluctuate greatly because the aquifer has large storage capacity. However,
ground-water underflow and recharge from the Barstow area eventually move
downgradient to supplement the ground-water supply in the lower part of the
basin,

Modeling the Mojave River is difficult because of the short-term storms
and floods and the variable antecedent soil moisture of the river channel.
For the verification period of the model, 1930-63, the average flow of the
Mojave River for 1931-65 was programed as shown in table 1. This is feasible
because the long-term model water-level changes are being matched with the
historical data from the physical system. Short-—term water-level fluctuations
due to recharge from high flows in the river are not important in this case
because these single flood events are integrated into the long-term average.

Predictions of water-level changes, particularly near the Mojave River,
are largely dependent on future flow conditions in the river. Accordingly, it
was assumed that future flow will be the same as the average flow for 1931-65.
However, future climatic conditions may be wetter or drier than the historical
long-term average. Short-term, single flood events cannot be anticipated, but
average flow during historical wet and dry climatic periods can be estimated.
Flows simulating excessively wet and dry periods were programed into the model
to study the water-level changes occurring under these conditions. Generally,
the model data indicate a continual lowering of water levels. The rate of
decline varied near the river depending on the quantity of recharge from
streamflow, amount of pumping, and the configuration of the nearby impermeable
boundaries.
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No Aquifer Recharge. Storage Depletion., 1930-63

A theoretical water-level change map was made for 1930-63 assuming that
all water pumped was derived from ground water in storage. No recharge to the
aquifer was simulated in the model from the Mojave River, adjacent mountains,
or side tributaries. The storage-depletion map (fig. 23) when compared with
the actual water—level change for the same period (fig. 20) shows the
importance of the Mojave River as a source of recharge to the basin,
particularly upstream from Hodge. The greatest difference in water-level
change between the two maps is along the river downstream from Victorville to
about Hodge. Without peremnial river recharge, maximum water-level declines
from 1930 to 1963 would have been more than 40 feet, whereas, actual water-
level declines were less than 5 feet.

Upstream from Victorville to the headwaters of the Mojave River in the
San Bernardino Mountains, water-level declines under storage-depletion
conditions are not substantially greater than under actual hydrologic
conditions. This indicates that river recharge beneath the shallow channel
alluvium in this reach is not as much as might be expected, even though this
reach has the greatest potential for recharge because of storm runoff from the
nearby mountains. The model results helped substantiate the theory, based on
meager geohydrologic data, that a lack of continuity exists between the Mojave
River and the deeper aquifer. (See sections on the Mojave River and
verification of the model.)

In the lower part of the basin downstream from Barstow, the actual water-
level declines are less than shown in the storage-depletion analysis. This
difference in water-level change reflects the effects of recharge from the
Mojave River to the aquifer. Short periods of floodflow in the Mojave River
are the only important source of recharge to the lower basin as only
27 percent of the streamflow that entered the basin at The Forks reached
Barstow during 1931-68. Consequently, much of the water pumped out of the
lower basin is derived from storage in the aquifer.

Water-level declines in the Harper Lake area are similar to those
determined by the storage-depletion study. This area is essentially isolated
hydrologically from the Mojave River, and recharge from underflow is
therefore minor.
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Basin-Wide Water-Level Changes with Extremes in Mojave River Flow, 1930-2000

Prediction of future water-level changes caused by pumping is one of the
main uses of the model. The most significant hydrologic variables in the
basin are the distribution and quantity of inducible recharge from the Mojave
River and the pumpage from wells. Future variations in these parameters are
unknown, but limits can be estimated by an analysis of the historical data
and then simulated with the model. Accordingly, model response was measured
to the year 2000 under average and extreme flow conditions in the
Mojave River,

The pumpage in the basin was simulated in the model to the year 2000, in
some cases by simply projecting the 1960-63 rate. In other model runs, the
1960-63 pumping rate was increased by 20 percent throughout the basin.
Another variation was to adjust the future pumping in the Hinkley-Barstow and
Victorville areas in anticipation of growth in population.

All measurements of water-level change on the model are based upon the
assumption that steady-state flow existed in the system prior to 1930.
Hence, most water-level decline maps have been referenced to the base year,
1930, such as 1930-70, 1930-80, 1930-90, and 1930-2000. In some cases,
however, maps were prepared that showed water-level changes occurring during
the intervals, such as 1970-2000., 1In addition to the water-level contour
maps, hydrographs showing model response at 19 points throughout the basin
were also prepared (table 8 and fig. 24).

The predicted changes in water levels from the model are based on
available factual data and assumptions on estimated future conditions.
Changing geohydrologic conditions—-such as climate, variations in distribution
and density of economic growth, pumping patterns, streamflow, phreatophyte
modification, changes in the proposed imported water program, and political,
economic, and legal considerations--can affect development of the basin and
water use. However, the model is useful in appraising the range and limits
of water-level change with time and is the most practical way to integrate
the multiple causes and effects in the physical system.

Figure 25 shows the water-level declines from 1930-2000, based on
historical consumptive-use pumping from 1930 to 1963, a 20-percent increase
from the 1960-63 rate for the period 1964-2000, and average flow conditions
in the Mojave River (table 8, model condition 3). The purpose of this map
is to show the total water-level decline that can be expected in the basin to
the year 2000. Part of these declines have occurred while the future declines
were estimated from the model. Model condition 3 is useful in evaluating the
water—-level declines in relation to the total aquifer thickness. The
permeable aquifer along the Mojave River yields most of the water. As much of
this aquifer is only 100-200 feet thick, these declines are a significant part
of the aquifer. Elsewhere in the basin the permeable part of the aquifer is
much thicker and can accommodate greater water-level declines.
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TABLE 8.--Model predictions, 1930-2000

Water-level decline in feet

Node Verification Predictions Model
period condition!
1930-63 1930-70 1930-80Q 1930-90 1930-2000
FG-60 26 29 33 36 38 1
29 30 35 36 2
33 38 42 46 3
34 40 46 52 4
FC-72 25 29 34 37 42 1
29 33 37 40 2
32 38 43 47 3
32 40 49 55 4
EY-64 35 39 43 45 49 1
42 40 48 46 2
44 50 55 57 3
47 56 62 70 4
EQ-72 18 22 27 31 34 1
22 26 30 33 2
24 30 36 41 3
24 33 41 48 4
EM-56 2% 3 3% 3% 4 1
3 3 3% 3 2
3 3 3% 4 3
3 4 4 5 4
DO-48 3 4 4 4 1
3 3 3 3% 2
3 4 4 4% 3
3 4 4 5 4
CU-52 14 16 18 20 23 1
20 17 23 20 2
20 24 28 31 3
23 32 39 44 4
BG-56 17 25 40 50 60 1
25 40 50 60 2
27 43 57 70 3
27 43 57 70 4
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Node

AU-48

CE-72

BS-~76

CA-84

BW-96

(Barstow)

CA-120

CA-132

CE-144

ELECTRIC ANALOG MODEL, MOJAVE RIVER BASIN, CALIF.

TABLE 8.--Model predictions, 1930-2000--Continued

Verification
period
1930-63

32

15

44

24

17

19

11

10

Water-level decline, in feet

1930-70

44
b4
48
48

20
20
21
22

47
47
51
52

30
30
32
34

21
23
24
27

24
24
26
28

15
15
16
17

13
13
13
13

Predictions
1930-80 1930-90
57 69
57 69
65 78
65 78
26 32
24 30
28 36
31 41
54 60
51 57
60 70
61 72
37 43
30 39
40 49
42 53
25 27
10 23
30 34
38 47
29 34
27 33
33 40
36 43
20 25
20 27
22 28
25 33
18 23
18 23
19 24

19

24

1930-2000

79
79
92
92

36
34
43
49

66
61
79
82

48
39
55
60

29
13
38
54

39
36
45
50

30
31
35
40

27
27
31
31

Model
condition
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TABLE 8.--Model predictions, 1930-2000--Continued

Water-level decline, in feet

Node erlfl?atlon Predictions Model
period condition!
1930-63 1930-70 1930-80 1930-90 1930-2000
BS-144 9 13 17 20 1
15 12 26 21 2
9 14 19 23 3
10 16 22 28 4
BG-148 11% 14 17 20 23 1
14 20 26 30 2
17 26 32 37 3
17 26 32 38 4
CE-160 7% 9 12 14 16 1
9 12 14 17 2
9 13 16 19 3
9 13 17 20 4

1Model conditions: Verification period 1930-63 contains programed
consumptive-use pumpage and average flow in the Mojave River at different
sites. Predictions of water-level change from 1964-2000 are based on the
following assumptions:

1. Pumping rate 1960-63 and average flow in Mojave River 1931-65
extended for 1964-2000.

2. Pumping rate for 1960-63 extended for 1964=2000 and flow in
Mojave River programed as low or drought period (based on records 1947=65)
and as high or wet period (based on records 1937-46). TUnder this condition,
the low flow was programed for 1964-70 and 1980-90, and high flow was
programed for 1970-80 and 1990-2000.

3. Same condition as 1 except 1960-63 basin pumping rate increased
20 percent for 1964=2000.

4, Pumping rate for 1960-63 increased 20 percent and extended for
1964=2000. Mojave River flow programed as low flow or drought period for
1964-2000.
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Declines are more than (1) 100 feet in Harper Lake, (2) 80 feet in
Hinkley Valley, (3) 50 feet south of Apple Valley, (4) 45 feet at Daggett,
(5) 35 feet at Barstow, and (6) 45 feet north of the Mojave River in the lower
basin. Minimum declines are at Victorville and north to Helendale; elsewhere
development of pumping is minor.

Figure 26 shows the water-level declines estimated from 1970 to 1980, on
the basis of historical consumptive-use pumping from 1930 to 1963, a
20-percent increase from the 1960-63 rate for 1964-80, and average flow
conditions in the river. The purpose of this map is to show water-level
declines that can be expected for a 10~-year period in the future. The water-
level trends continue downward with the largest declines generally adjacent to
the Mojave River in the lower parts of the basin. Declines are more than
20 feet in Harper Lake, adjacent to the north side of the Lockhart fault, and
12 feet in Hinkley Valley, Apple Valley, and north of the Mojave River in the
lower basin. Other areas of 5-10 feet of decline are Barstow, Daggett,
Calico-Newberry fault area, Helendale, and Hesperia-Apple Valley. Minor
declines of less than 5 feet occur from Victorville to Helendale, Adelanto,
and near Afton,

Figure 27 shows the predicted water-level change from 1970 to 2000,
based on the consumptive-use pumping rate of 1960-63 in most of the basin
extended to the year 2000. In the Hinkley Valley-Barstow area and at
Victorville future pumping was based on projected use. In the Barstow area
pumping for domestic and industrial use is expected to increase as the area
urbanizes and the population increases from 23,700 in 1965 to 219,000 in
2000. 1In this area (fig. 27) consumptive water use was computed to be
10,600 acre-feet per year in 1960-63, 11,000 in 1970, 15,000 in 1980,

21,300 in 1990, and 32,200 in 2000. On the basis of consumptive-use values of
40-50 percent, the 1960-63 water production was about 20,000-25,000 acre-feet
per year. In Hinkley Valley, water use was expected to decrease because of
reduction in agriculture and to stabilize at about 10,000-15,000 acre-feet

per year of production.

In the Victorville area, most of the large water production is from
wells adjacent to the Mojave River for agriculture. Future pumping will
probably not increase from the 1960-63 rate. The reduction in water use by a
decrease of agricultural land will be offset by an increase in water use for
urbanization.

The predicted water—level changes for 1970-2000 under the above assumed
conditions show major declines of more than 35 feet in Harper Lake, 35 feet
at Barstow, 25 feet at Daggett, and 20 feet in Hinkley Valley. These water-
level declines reflect regional water—-level changes in the aquifer and not
pumping levels in wells, Small declines occur from Victorville to Helendale
and away from the Mojave River where pumping is minor.
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All the preceding model runs were programed with the yearly extremes of
high and low flow in the Mojave River averaged as a continuous flow rate for
the period of record 1931-65. However, during these 35 years, wet and dry
climatic periods have occurred, and streamflow was greatly above or below the
long-term average. Analysis of the streamflow records indicates 1937-46 was
wet with high average flow; whereas, 1947-65 was dry with low average flow.
Accordingly, these extremes in flow were modeled to show the possible range
in water-level changes caused by varied recharge from the Mojave River. For
the model, the flow of the river for the future, 1964-2000, is assumed to be
within these limits.

Figure 24 shows water-level change hydrographs of 19 selected nodes
under two hydrologic conditions. One condition represents extremes in Mojave
River flow. The low flow or drought condition was arbitrarily modeled for
1964-70 and 1980-90; the high flow or wet condition was modeled for 1970-80
and 1990-2000 (table 8, model condition 2). The future ground-water pumping
was maintained at the 1960-63 rate. The second condition shown on the
hydrograph represents effects of average flow in the river for 1931-65 and a
20-percent increase in basin pumping from the 1960-63 rate (table 8, model
condition 3).

In addition, as a maximum limit of future water-level changes in the
aquifer, a drought condition (Mojave River flow averaged for 1947-65 period)
was programed from 1964~2000 with pumping 20 percent greater than the
1960-63 rate (table 8, model conditiomn 4).

Effects of Pumping a Well Field

Industrial growth will probably increase in the Mojave River basin as
the Los Angeles megalopolis becomes more densely populated and economically
less favorable to industrial expansion. The advantages of piping imported
water from the California Aqueduct to a plant site or pumping locally from
the aquifer was studied by using the model. For example, a proposed
industrial plant was assumed to require 30,000 acre-feet of water per year,
with 100-percent consumptive use. The initial entitlement of imported water
to the basin is about 10,000 acre~feet per year. If all this water were
diverted to the plant, it would meet its requirements for only 4 months per
year., This is equivalent to pumping an equal quantity of water from the
aquifer for 4 months. The model was used to determine the configuration and
depth of the drawdown cone in the aquifer if pumped at the rate of
10,000 acre~feet in 4 months (18,800 gpm) with no return to the system.

Two sites were chosen. The first site is 9 miles north of Victorville,
adjacent to the area of perennial flow in the Mojave River, and the second
site is 2 miles southeast of Yermo, adjacent to the normally dry Mojave River
(fig. 28). The cone of depression caused by the pumping will be different at
each location because of the varied geohydrologic conditions at each site.
Also, the future water-level declines caused by the proposed well field and
nearby pumping would have some influence on which site is preferable. Other
considerations, such as the cost of land, labor costs, transportation, power,
and operating costs, are not within the scope of this study.
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The site north of Victorville was chosen for model analysis because of
(1) its proximity to Victorville, (2) access to railway and highway
facilities, (3) availability of water, and (4) high aquifer transmissivity.
Replenishment or recharge conditions are favorable because of perennial flow
in the Mojave River, The site is only 25 miles from The Forks where flow of
the Mojave River enters the basin.

The geologic section across the river channel at the hypothetical
well field shows the limited thickness and width of the permeable aquifer
(fig. 28). The channel was eroded out of the older, poorly permeable
sediments and refilled with the river alluvium of sand and gravel. Storage
capacity of the aquifer is limited, so continual recharge from the river is
necessary to maintain high water levels. Wells producing in this area are
above average for the basin and should yield at least 2,000 gallons per
minute. Nine wells, spaced 2,000 feet apart, are assumed to yield the
necessary quantity of water (18,800 gpm). In the model these wells were
grouped into four nodes, 4,000 feet apart.

Water-level predictions from the model were made under two hydrologic
conditions, based on the quantity of flow in the Mojave River. One condition
assumes average flow in the river (floodflow and ground-water discharge), and
the other condition assumes base flow only (ground-water discharge) measured
at the Victorville gage. Average flow past the gage for 1931-65 was
47,205 acre-feet per year, including base flow and floodflow, of which
16,440 acre-feet per year flowed past the downstream gage at Barstow. Thus,
nearly 31,000 acre-feet per year of surface flow was available for aquifer
recharge between Victorville and Barstow. The base flow at Victorville is
about 21,000 acre—-feet per year, and ceases as surface flow about 1 mile
downstream from the proposed well field. The average flow in the river has
more water available for recharge than the base flow because of floods.

Both stream conditions were modeled, and the water-level effects were
measured at model node DO-48 (center of well field, fig. 28). The hydrograph
shows the water-level decline at this node due to pumping from 1930-66, with
the effects of the additional 4 months of pumping imposed on the system. The
total decline was 22 feet under average flow in the Mojave River and 27 feet
under base flow conditions, of which 19 feet and 24 feet, respectively, were
due to short-term pumping only.

Figure 28 shows the drawdown cone due to the pumping only under base
flow conditions in the river. Maximum declines of 20-25 feet occur at the
center of the well field. The hydrologic influence of the eastern boundary
of poorly permeable sediments is reflected in greater water-level declines
east of the river. If 30,000 acre-feet per year are required, the wells
would have to pump continuously, so no recovery period is possible.

The site southeast of Yermo, in the lower Mojave River basin, was chosen
because (1) the area has high aquifer transmissivity; (2) it is isolated from
large-scale pumping, particularly the military complex at Daggett and Yermo;
(3) the aquifer is wide and deep; (4) it is adjacent to the Mojave River, a
source of recharge from infrequent floods; and (5) it is at the lower end of
the flow system in the basin.
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Geohydrologic conditions differ here from the upstream site as indicated
by a comparison of the drawdown cones. The alluvial aquifer is 5 miles wider
and hundreds of feet thicker. Recharge potential is less in comparison with
the upstream site, because the Mojave River is dry except during infrequent
floods. Well yields may be smaller, requiring more wells to pump the required
quantity of water.

The geologic section across the valley shows a large alluvial basin,
bounded on the sides by the impermeable Calico and Newberry Mountains
(fig. 28). A vast quantity of water is stored in the surrounding aquifer with
only the Calico~Newberry fault, 1 mile east, impeding flow. Long-term water—
level declines are minimal because local withdrawals are small compared with
the water stored in the aquifer. Assuming that wells in this area should
yield about 1,000 gallons per minute, 19 wells, spaced 2,000 feet apart, are
required to supply 18,800 gpm. Wells of larger yield would reduce the total
number of wells needed. In the model these wells were grouped into
eight nodes, 2,000 to 4,000 feet apart. The regional water-level decline at
the downstream site for 1930-66 was 11-15 feet. The hydrograph of model
node BX-132 (fig. 28) shows 12 feet of decline for this 37-year period. The
additional 4 months of pumping causes an additional 18 feet of decline.

The cone of depression about the well field represents only the effects
of a well field pumping for a period of 4 months. The decline lines are
generally concentric about the well field, although the Calico-Newberry fault
has a minor influence on water levels. The fault boundary would increase
water-level declines locally west of the fault if the pumping time was
lengthened. Maximum decline is about 18 feet in the eastern part of the well
field, Wells would have no time to recover if 30,000 acre-feet per year is
required at this site for the industrial plant.

Analysis of the hypothetical well field sites indicates that sustained
well yields north of Victorville are largely dependent on continual
streamflow, as the storage capacity of the permeable alluvium is not large.
If the river ceases to be a source of recharge, this part of the basin could
have the largest water-level declines (fig. 22). Any large withdrawals of
ground water in this reach would reduce the quantity of recharge available
downstream, The most important factor at this site is the availability of
continuous streamflow for recharge to the aquifer.

The pumping at the site east of Yermo would not affect the water levels
in the upper, middle, and parts of the lower basin. Most of the pumped water
would be derived locally from the water stored in the aquifer. This site is
in the lower part of the basin and depends on infrequent floodflow to
recharge the aquifer. Without additional supplemental water, discharge would
exceed recharge, and water levels would continue to decline. Because the
transmissivity and storage coefficients are high in this area, continued
pumping would cause a larger and larger cone of depression without excessive
lowering of water levels in the well field area.
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Effects of Artificial Recharge on River System

Detailed geohydrologic studies indicate that supplemental water is
required if the basin is to fulfill its potential future growth. In 1963 the
California Department of Water Resources and the Mojave Water Agency signed a
contract for a maximum entitlement of 44,000 acre-feet of water per year
imported through the California Aqueduct. The contract was amended in 1964
increasing the maximum amount of delivered water to 50,800 acre-feet per year.
Table 9 shows the annual imported water entitlement from 1972 through 1990.

By 1972 the East Branch of the aqueduct and the Cedar Springs Reservoir will
be completed, and water will be available for distribution and use (fig. 29).

TABLE 9.--Annual imported water entitlements, California Water Plan, 1972-90

Entitlement in
Year amended contract
(acre~feet)

Discharge
(cubic feet per second)

1972 8,400 11.5
1973 10,700 14.5
1974 13,100 18.0
1975 15,400 21.0
1976 17,800 24.5
1977 20,200 27.5
1978 22,500 31.0
1979 24,900 34.0
1980 27,200 37.5
1981 29,600 40.5
1982 31,900 43.5
1983 34,300 47.0
1984 36,700 50.5
1985 39,000 53.5
1986 41,400 56.5
1987 43,700 60.0
1988 46,000 63.0
1989 48,500 66.5

1990 50,800 69.5
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The distribution of imported water from the California Aqueduct is of
major concern to the Mojave Water Agency. The aqueduct crosses the upper
Mojave basin north of Phelan, and parallels the mountains toward Cedar Springs
Reservoir, 5 miles upstream from The Forks on the West Fork of the Mojave
River (fig. 29). DPossible methods of distributing the water throughout the
Mojave River basin include pipelines, canals, or using the Mojave River as a
natural conveyance system., An economical method of conveying the water to the
Mojave River is by a diversion gate at turnout 3 to an unnamed wash, tributary
to the river about 3 miles north of The Forks., The desirability of any of
these methods is not in the scope of this study.

If the water is distributed by pipeline or canal, and then recharged into
the aquifer anywhere in the basin, the effects on the physical system could
easily be determined from the model. The model was used to predict the
effects of the Mojave River as a conduit system, on the basis of several
assumptions. Generally, using the river to distribute the imported water at
the low continuous rates would not benefit the lower part of the basin except
during floods. The river channel is highly permeable, and water losses or
recharge to the aquifer would be high in the upper reaches.

The agency must determine where and how to introduce the imported water
into the total water-supply system of the basin. Engineering studies in 1965
indicated three alternatives for delivering imported water: pipeline, canal,
and the natural channel of the Mojave River. Preliminary studies by
Koebig and Koebig, Inc. (1965) showed the following relative cost comparison
between the alternative plans,

Relative cost comparison between alternative plans 1, 2, and 3

Average annual cost

Alternative Construction Project .
. Maintenance
plan cost cost Capital . Total
and overation
1 (Pipeline) High High High Low Medium
2  (Canal) Meddium Medium Medium Medium High
3 (River) Low Low Low High Low

The relatively low cost of using the Mojave River as a distribution
system for the imported water directed the agency's attention to pursue this
plan. This plan raises many questions concerning the monitoring of the water
flow, its effect on quality, which part of the river system is benefited, and
losses to phreatophytes.
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The major question regarding this plan was how far downstream the
imported water would be conveyed in the usually dry channel of the Mojave
River. The concern of the agency was whether or not any water would reach the
lower basin. In the model, it is easy to simulate recharge at discrete
locations along the river and record the water-level change with time. This
method of artificial recharge will only affect the water table directly
beneath the river at these locations and those adjacent to it. Other areas
would have to be recharged by constructing conveyance systems. On the other
hand, it is more difficult to simulate with the model the distance surface
water will flow in the river.

Determining how far the imported water will move downstream by using the
model is based on many assumptions and conditions. These include antecedent
soil-moisture conditions in the river channel, depth to water beneath the
river, effects of phreatophytes, evaporation from the water surface, amount
and distribution of pumping along the river, and most important, the
infiltration rate of the aquifer. A logical way to move imported water to the
lower basin is to release it during floodflow. Caution must be used so
imported water is not recharged if flow should occur at Afton. Without the
benefit of floodflow, the rate of imported water to be released is small,
ranging from 11.5 cfs (cubic feet per second), or 8,400 acre-feet, in 1972 to
a maximum of 69.5 cfs, or 50,800 acre-feet, in 1990,

Previous studies indicated that this method of moving water downstream is
questionable because of the high permeability of the river channel in the
upper basins and the low rate of surface flow for recharge. However, any
recharge to the upper basin will eventually result in more water available
downstream as infrequent floodflows will lose less water upstream.

Surface flow can move tens of miles in hours, wheareas ground-water
movement through the aquifer may take years. A way to use the river as a
natural pipeline to move water downstream is to raise the water table beneath
the river channel to the land surface. Then flow will occur in the river. A
water~level mound must be developed beneath the river in the aquifer. After
being established, it must be maintained along the river. The rate of
movement of water from the mound is controlled by the gradient or head
difference and the transmissivity of the aquifer.,

The sections of the Mojave River cohducive to natural recharge are
directly related to the different hydrologic characteristics of the river,
separately modeled as reaches Q1-Q13 (fig. 15). Emphasis has been placed on
the low flow characteristics of the river channel in attempting to evaluate
the benefits to be derived from using the imported water for recharge
purposes.
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Along the river from The Forks northward for several miles the ability of
the aquifer to transmit water is restricted because of sediments of low
permeability below 100-150 feet. In the Victorville area, perennial
streamflow for 15 miles has saturated the aquifer beneath the river. Thus,
much of the river from The Forks to 5 miles south of Helendale is not amenable
to increased recharge under the present pumping regimen. The reach from the
end of flowing water south of Helendale to the Calico-Newberry fault is
conducive to recharge, particularly the Hinkley-Barstow reaches. Downstream
from the Calico-Newberry fault, development is minor with little justification
for recharging with the expensive imported water. Therefore, potential
recharge areas in the river are: (1) Turnout 3 to the western part of Apple
Valley, (2) Helendale to Hodge, (3) Hodge to Barstow, and (4) Barstow to the
Calico-Newberry fault,

To simulate stream infiltration on the model, diodes were used to limit
the electric current representing recharge of imported water. Where the depth
to the water table in the aquifer adjacent to the river was similar, several
nodes were grouped to represent 3-10 miles of the river channel. In the first
section of the river, the maximum recharge available filled the unsaturated
zone between the water table and the land surface. When the water level
reached the land surface, the recharge rate was reduced to maintain the head
in the adjacent aquifer. Excess flow then passed downstream to the next
section, which filled with the remaining quantity of water. This procedure
was repeated in the model until the quantity of water available for recharge
was depleted.

The depth of the unsaturated zone to be filled along the river ranged
from zero (points of perennial streamflow) to more than 50 feet. The distance
that the surface water moves downstream is controlled by the infiltration rate
of the channel and the volume of unsaturated material to be filled. A lower
infiltration rate requires more time to raise water levels beneath the
channel; a higher infiltration rate requires less time. Regardless of the
infiltration rate, the distance the water eventually moves downstream is about
the same, assuming no change in the flow pattern of the ground-water mound due
to new pumping.

On the model, recharge of imported water was assumed to start in 1972. A
later starting date will not greatly change the results if water-level
declines along the river are not excessive. The recharge was superimposed on
the pumping development and other stresses in the system as defined
previously. WNo short-term floods are assumed to move water downstream, as
only the average flow in the river, 1931-65, was simulated. Recharge effects
in the upper river reach, turnout 3 to the perennial flow in the river south
of Victorville, were based on two geologic assumptions. First, it was assumed
that a single aquifer exists in the area and that a direct hydraulic
connection exists between the river and the deeper part of the aquifer.
Recharge of 10,000 acre-feet per year (13-1/2 cfs) introduced at turnout 3
would take nearly 30 years to raise water levels high enough to cause surface
flow in the river. During this time the water would be filling the large
water~table depression caused by pumping adjacent to the river. This geologic
hypothesis is not tenable, as field data indicate discontinuity between the
river and the deeper aquifer, and floodflows do not fill the depression.
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Second, it was assumed that no continuity exists between the river and
the deeper aquifer. Furthermore it was assumed that the upper shallow zone is
largely unchanged from natural conditions, a reasonable assumption because
this reach has first opportunity for annual floodflow recharge. Under these
conditions it would take at least 1 year at 10,000 acre-feet per year to fill
the unsaturated zone in the upper shallow zone.

These two conditions probably represent the maximum and minimum response
of the physical system to recharge if introduced at the rate of
10,000 acre-feet per year. The actual response would probably lie somewhere
between the two extremes,

If 50,800 acre-feet per year (69-1/2 cfs) were recharged at river
turnout 3, the flow would reach the phreatophytes and perennial flow 4 miles
southeast of Victorville in less than 1 year. Larger quantities of water
move downstream faster, as evidenced by the measurements made in the field
during floodflow.

On the model, recharge was also introduced in the river channel about
5 miles south of Helendale at the rate of 10,000, 35,000, and 50,800 acre-feet
per year. This point on the river was chosen as an input source of recharge
because the perennial flow upstream would act as a conduit for moving water
from the turnout. The effect of this recharge on the middle and lower basin
was measured and is shown in figure 29.

At a rate of 10,000 acre-feet per year, the flow in the river would be
maintained to about the Helendale fault area. It would take 4 years to create
a ground-water mound along the river channel and then about 10,000 acre-feet
per year to maintain it.

At the rate of 35,000 acre-feet per year (48 cfs), the flow in the river
would be maintained to a point about 3 miles west of Barstow. The water would
reach this point in 14 years or by the year 1986. At the rate of
50,800 acre~feet per year, the surface flow would reach the Helendale fault in
about half a year, Lockhart fault in 3-1/2 years, Barstow in 5 years, and
Daggett in 10-1/2 years (mid-1982). After mid-1982, the surface flow would
not move farther downstream because of increased pumping upstream. By 1990
the flow would still be at Daggett, but by 2000, the surface flow would have
retreated to about the Waterman fault because of increased pumping at Barstow.
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CONCLUSTIONS

Analysis of the hydrologic system in the Mojave River basin, using the
electric analog model, indicates that the long-term pumping is in excess of
natural recharge, the water table is declining, and water stored in the
aquifer is being depleted. The depletion is only 1-2 percent of the water in
storage. Unfortunately, the depletion is not uniform throughout the basin but
is localized because of pumping in the developed parts of the basin. Areas of
maximum water-level declines are near Harper Lake, Hinkley, and Daggett, and
east of Hesperia. The net depletion from 1930 to April 1969 is estimated at
700,000 acre-feet, with 525,000 acre-feet in the Mojave River area and
175,000 acre~feet in the Harper Lake area. The water-level declines and
ground-water depletion from the basin are of concern to the Mojave Water
Agency. This agency is responsible for replenishing the local water supplies.
Accordingly, in 1972 supplemental water will be imported from the northern
part of the State by the California Aqueduct. The initial annual entitlement
is 8,400 acre-feet and increases to 50,800 acre-feet by 1990.

The model analysis was planned to help predict the water-level changes
because of future pumping under prolonged conditions of average and extreme
flows in the Mojave River, and the feasibility of using the natural river
channel for transporting imported water downstream to the lower basins. The
analog model indicates that the water-level declines to the year 2000 are
approximately straight-line projections of the documented decline from 1930
to 1963. These projections are based on average flow (1931-65) in the
Mojave River,

Wet and dry climatic periods result in extremes of flow in the river and
different rates of water-level change (table 8). Surface flow in the Mojave
River accounts for about 80 percent of the recharge to the basin. About
85 percent of the average flow (1931-68) entering the basin at The Forks
remains upstream from Afton. Generally, less water becomes available
downstream, and recharge from the river diminishes. Because the river channel
is highly permeable and susceptible to recharge, low flows do not normally
reach Barstow. Most of the recharge to the aquifer downstream from Barstow
results from floods. TFrom 1931 to 1968 only 27 percent of the water that
entered the basin at The Forks reached Barstow--most of it during the floods
of 1932, 1937-38, 1941, 1943-46, 1952, 1958, and 1965-66.

An initial model study usually considers all facets of the geohydrologic
regimen and reveals the importance of each individual factor. Later studies
can be oriented to more detailed analysis of specific features of the system
or particular segments of the basin., As more precise determinations of stream
infiltration under varied soil-moisture conditions become available, the model
can analyze in more detail the recharge capabilities of parts of the
river system.
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The model showed that the boundary conditions in the aquifer, such as
faults, configuration of the basin, large variations in aquifer
transmissivity, recharge areas, and pumping patterns, have a pronounced effect
on water-level changes.

The upper basin is one of the best places to develop ground-water
supplies because of its proximity to the main sources of recharge, the
headwaters of the Mojave River, and runoff from the San Bernardino-San Gabriel
Mountains. These areas account for about 97 percent of the basin recharge,
with the upper basin getting first opportunity for replenishment. Perennial
flow in the river for 15 miles in the Victorville area has stabilized water
levels, and water-level declines are minimal. Results of the model studies,
and subsequent analyses of well logs indicated a geohydrologic anomaly along
the Mojave River near The Forks. A confining layer of low permeability
hinders river recharge to the deeper aquifer, as evidenced by maximum declines
in the deeper aquifer east of Hesperia.

A significant result of the model analyses is that the Hinkley-Barstow-
Daggett area may experience water deficiencies at an earlier time than other
parts of the basin unless floodflows are available to replenish the aquifer
there. The reasons are greatly increased pumping predicted in the Barstow
area and low storage capacity of the narrow channel aquifer between the
mountains. The aquifer boundary and its small cross~sectional area cause
large water-level fluctuations from pumping patterns or flood sequences.
East of Daggett to Camp Cady minimal water-level declines are anticipated
under current pumping patterns.

Model runs indicate that the natural Mojave River channel is not a
satisfactory conduit for moving small quantities of imported water downstream
to the lower basin. Major sections of the river are dry most of the year, and
low flows are readily absorbed by the river-channel deposits upstream.

Under the present contract with the State, the flow rate of the imported
water ranges from 11.5 to 69.5 cfs of continuous flow with no peaking
privileges. The model indicates that the minimum flow of 11.5 cfs may
eventually reach the Helendale-Hodge section of the river, and the maximum
flow may ultimately extend to Daggett. On the basis of the analog model
response, consideration should be given to receiving higher flow rates for
shorter periods. The imported water could be placed in the river at the end
of a flood using the wetbed channel as a conduit for moving supplemental water
farther downstream faster.

This analog study simulates the ground-water flow system in the aquifer
and future water-level declines under various hydrologic assumptions. It does
not describe or analyze the quality of the water in the basin. The next step
may be to incorporate this information into a water-quality study using
modeling techniques. In the future, water quality may become more important
than availability of water. The most recent studies discussing water quality
as a part of the hydrologic system were by the California Department of Water
Resources (1967) and by J. F. Mann, Jr. (written commun., 1970).





80 ELECTRIC ANALOG MODEL, MOJAVE RIVER BASIN, CALIF.

Information is needed on the water quality at various depths in the
aquifer and on the mixing effects of good quality water of the Mojave River
and the California Aqueduct with the ground water in the basin. The natural
recycling of pumped water to and from the aquifer increases the salinity of
the ground water. Continual water-level declines in the future will have an
effect on water quality as the lower part of the alluvial aquifer contributes
more water. Degradation of water quality should be discouraged. Pollution
of ground-water systems generally takes years to become intolerable because
of the slow rate of ground-water movement. Similarly, it takes years to
remedy the situation and restore the aquifer to its original conditions.

The electric analog model can readily be adapted to new problems or to
additional data that become available in the future. The present hydrologic
problems may be superseded by more difficult problems in the future as the
interrelated developments in the basin become more complex., This present
model analysis should be regarded as an initial phase and not as a completion
of all hydrologic study in the basin.
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