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Figure 22.—Continued.
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WATER LEVEL, IN FEET ABOVE SEA LEVEL
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Simulated layer 3

Figure 25. Measured and simulated water levels at selected wells in the Antelope Valley ground-water basin, California, 1915-95. {See figure 15 for
ocation of wells.)
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WATER LEVEL, IN FEET ABOVE SEA LEVEL
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Figure 25.—Continued.
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Figure 25.—Continued.
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In the Buttes subbasin (wells 6N/9W-1IN1 and
6N/10W-34D1), measured and simulated water levels
matched well. In the Pearland subbasin (well
5N/1OW-6N1), the simulated water levels were higher
than the measured water levels prior to the 1970s and
were lower than the measured water levels after the
1970s. The simulated water level was about 24 ft lower
than the measured water level by the end of the
simulation period. In the West Antelope subbasin
(well 8N/17W-1N1), the simulated water levels
matched the measured water levels well through the
1970s, but the simulated water level overestimated the
measured water-level rise that occurred from the mid
1970s to 1995 by as much as 65 ft. Because there are
virtually no data for this subbasin in the pumpage
database, the estimated quantity and distribution of
annual pumpage were based only on 1961 land-use
data. 1n addition to the lack of pumpage data for the
West Antelope subbasin, there are uncertainties in the
estimates of the quantity and distribution of recharge
from irrigation-return flows of water delivered by the
AVEK Water Agency. It was assumed that water
delivered by the AVEK Water Agency was applied to
fields near the area where the water was discharged
from the aqueduct. In the Neenach subbasin (well
9N/14W-20B1) and the North Muroc subbasin (well
1IN/19W-36R 1), the simulated and measured water
levels matched well.

Tatle 2,
Antelope Valley ground-water basin, California.

[State well No.: See well-numbering in text]

The simulated water-level gradient between
model layers at the end of the model simulation (1995)
was compared with the measured February 1996 water-
level gradient at nested piezometers 7N/I2W-27F5
—27F7 in the southern part of the Lancaster subbasin
and the measured October 1995 water-level gradient at
nested piezometers 8N/10W-1Q1-3 in the northeastern
part of the Lancaster subbasin {table 7). In the southern
Lancaster subbasin, the measured data indicated that
there was an upward water-level gradient, with the
largest water-level difference (14 ft) between the
middle and lower aquifers (layers 2 and 3). The
lacustrine deposits separate the middle and lower
aquifers in this part of the subbasin {fig. 3).The model
simulated an upward water-level gradient at this site,
but the simulated water-level difference between layers
2 and 3 was 11 fi, about 3 ft less than measured water-
level difference. In the northeastern Lancaster
subbasin, the measured data indicated that there was a
small downward water-level gradient; the difference
between measured water levels for wells 8N/10W
-1Q1-1Q3 was 1-2 ft{table 7). Simulated water levels
for the three layers were within 1 ft of each other at this
site, indicating little or no vertical ground-water
movement at this site. The lacustrine deposits are near
land surface in this area (Londquist and others, 1993);
these three wells are all perforated below the lacustrine
deposits.

Measured and simulated water levels at two sites with nested piezometers completed at multiple depths in the Lancaster subbasin of the

Wells TN/12W.27F5-7
Land surface altitude:
2,443 leet ahove sea level

Wells 8N/1IOW-101-3
Land surface altitude:
2,301 feet ahove sea level

Layer State Perforated Measured Simulated Slate P.erforated Measured Simulated
well No. ".“e"ml' e, waterleval, 1995, well No, u'llenral. LD water level, 1995,
in feet February 1396, . in feel October 1995, .
of nastad . infeet of nested N in feel above
iezometer LA LU ahove sea level iazometer et R sea level
P surface above sea lavel 3 P surface sea level

1 127F7 505-525 2,138 2,156 21Q3 430-460 2154 2,159

2 127F6 705-725 2,139 2,161 21Q2 605-635 2,153 2,159

3 127F5 905-925 2,153 2,172 21Q1 980-1.010 2,152 2,160

¥ Above the lacustrin clay.
2 Below the lacuslring clay.
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Contours of simulated 1995 and measured 1996
(Carlson and others, 1998) water levels for layer | are
shown in figure 26. The measured 1996 water-level
contours were assumed to be representative of 1995
conditions and were used to qualitatively evaluate the
transient-state simulation. The model does a good job
of simulating the observed pumping depression near
Lancaster and Palmdale, an area of recent extensive
pumping for public supply. However, the simulated
water levels were lower than measured water levels in.
the eastern and western parts of the Lancaster subbasin.
These areas historically were subject to large amounts
of agricultural pumping, which was not metered and
therefore difficult to estimate. The simulated flat water-
level gradient in the northern part of the Lancaster
subbasin and the North Muroc subbasin matched the
measured water-leve] gradient in these areas. The
simulated water levels matched the measured water
levels throughout most of the Neenach subbasin except
in the western part of the subbasin. The simulated and
measured water levels matched well in much of the
Buttes and Pearland subbasins even though the
hydrogeologic and agricultural pumpage data for these
subbasins were limited. Because of insufficient water-
level data for the Finger Buttes, West Antelope, and
parts of the Buttes and Pearland subbasins,
comparisons could not be made for these subbasins.

Land Subsidence

Simulated land subsidence was compared with
periodic surveyed (measured) data collected at 10
bench marks (locations shown in_figure 15) since about
1930_(fig 27). Simulated land subsidence is the sum of
aquifer-system compaction in layers 1 and 2. Recall,
compaction was assumed to be minimal in layer 3, and
was not simulated in the model. Pumping-induced
subsidence is controlled by the thickness of
compressible sediments, preconsolidation head, and
water-level declines. Where simulated water-level
declines are greater than actual water-level declines or
where the aquifer contains a smaller thickness of
compressible sediments than was represented in the
model, simulated subsidence will be larger than
measured subsidence. Simulated subsidence will be
smaller than measured subsidence where simulated
water-level declines are less than actual water-level
declines or where the aquifer contains a larger
thickness of compressible sediments than was
represented in the model. The MODFLOW package.

IBS1, simulates an instantaneous release of water from
the compressible interbeds (aquitards) and thus
subsidence—and does not account for hydrodynamic
lag or residual compaction. This limitation is further
discussed in the “Limitations of the Model” section of
this report.

Simulated subsidence closely matched measured
subsidence at all of thel0 bench marks_(fig. 27).
Simulated subsidence began at most locations in the
1930s, but as early as 1928 at bench mark BM 479 and
as late as 1950 at bench mark BM 474. Simulated
subsidence was greatest (6.3 ft) at bench mark BM 474
near Lancaster; the maximum measured subsidence
also was at this bench mark (lkehara and Phillips,
1994). Large water-level declines have occurred near
bench mark BM 474, and the aquifer contains a
substantial thickness of compressible sediments.
Simulated subsidence was lowest at bench marks BM
2317 (2.0 ft) and BM 823 (2.17 ft). These two sites are
located in areas that historically have been subjected to
large amounts of pumpage, but the aquifers in the area
contain fewer compressible sediments than aquifers in
areas that had greater subsidence. Simulated
subsidence also was small at bench mark BM 483
(2.2 ft) even though the aquifer in this area consists of a
thick layer of compressible sediments. However, there
has been minimal pumping and associated water-level
declines in this area. The abrupt increase in simulated
subsidence at bench marks BM 474, BM 2180, and
BM 2317 in about 1977 corresponds to the increase in
pumpage for public supply in 1977 {fig. A2) from the
aquifer near these benchmarks.

Although water levels have declined mote than
200 ft throughout much of the study area, subsidence
greater than 1 ft has been documented only in the
central part of the study area (fig. 8). In the area around
Palmdale where water-level declines have been large,
no measurable subsidence has occurred (lkehara and
Phillips, 1994). This lack of measurable subsidence
suggests that this area may not be susceptible to
subsidence even though lacustrine deposits have been
mapped in this area (fig 3). However, it is possible that
water levels may not yet have declined below the
preconsolidation head in areas where subsidence has
not occurred. Subsidence can be simulated in the
model only where inelastic storage is specified;
inelastic storage was specified only for areas where
measurements have shown that subsidence has
occurred.
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Figure 27. Measured and simutated 1otal land subsidence a1 selected bench marks in the Amelope Valtey ground-water basin, California, 1915-35. (See
figure 15 for location of bench marks.)
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Because of the limitations of the 1BS1 Package
in the simulation of subsidence, a match between
simulated and measured subsidence does not
necessarily indicate that the parameters controlling
subsidence are accurately represented by the model.
The IBS| Package simulates subsidence
instantaneously after a decline in hydraulic head below
the preconsolidation head; therefore, there is no time
delay in the simulated subsidence to account for the
delayed equilibration of hydraulic heads in the thick
aquitards. Results from the one-dimensional model
developed by Sneed and Galloway (2000) and from a
comparison of paired water-level and subsidence data
(lkehara and Phillips, 1994)_(fig. 9) indicate that the
delayed drainage of the thick aquitards is an important
process in the occurrence of subsidence in Antelope
Valley. Therefore, the model developed for this study
may simulate subsidence before it actually oceurs,
owing to hydrodynamic lag and residual compaction
and land subsidence. Additionally, simulated
sutbsidence is dependent on simulated drawdown. If
simulated drawdown does not match actual drawdown,
then simulated subsidence would not be expected to
match measured subsidence.

Water Budget

The simulated annual volumes of recharge,
discharge, and change in storage for Antelope Valley
ground-water basin are shown in_table 8. Graphs of the
simulated recharge and discharge components are
shown in figure 28 and a graph of simulated cumulative
change in storage for the entire simulation period is
shown in_figure 29. Results of the transient-state
simulation indicate that more than 8.5 million acre-ft of
ground water was removed from storage during [915—
93, with most of the storage change occurring between
about 1945 and 1975. Ground-water storage changed
little during the final 10 years of simulation period
because discharge by pumpage had declined
sufficiently to be balanced by recharge (fig. 28C).

Water-budget components for the steady-state
simulation and for the 1949-53 and 1991-95 periods of
the transient-state simulation are shown in_figure 30.

The period 1949-53 was selected to represent
hydrologic conditions when agricultural production
and associated pumping were at a maximum. The
period 1991-95 was selected to represent conditions
when pumping for public supply was at a maximum
and pumping for agricultural production was at a recent
minimum. All components of recharge and the
pumpage component of discharge were specified as
model input parameters. Evapotranspiration, ground-
water underflow, flow between model layers, and
changes in aquifer and aquitard storage were simulated
by the model.

Under steady-state conditions, recharge from
natural soturces was balanced by discharge as
evapotranspiration and ground-water underflow from
the North Muroc subbasin into Fremont Valley, and
there were no changes in aquifer storage. The
simulated ground-water underflow into Fremont Valley
(400 acre-fi/yr) was less than half the amount estimated
by Durbin (1978) (1,000 acre-ft/yr}). Flow northward
across the Willow Springs Fault, southeast of Rogers
Lake (barrier 7, fig, 11), was equal to the ground-water
underflow out of the basin. The model simulated that
evapotranspiration averaged 29,900 acre-ft/yr; all of
the evapotranspiration simulated by the model occurred
in the area of alkali soils_(fig, 4) south of barrier 7.

During the 194953 period, pumpage reached a
maximum of 363,000 acre-ft/yr and recharge averaged
77,800 acre-ft/yr (fig. 30). Model results indicate that
79 percent of the ground-water pumnpage was
contributed from aquifer storage (71 percent or
265,100 acre-ft/yr) and aquitard storage (8 percent or
21,600 acre-ft/yr); of that, more than 95 percent
(263,000 acre-ft/yr) came from storage in layer 1.
Leakage from layer 1 into layer 2 accounted for
86 percent of the ground-water pumpage from layer 2.
Recharge from irrigation-return flows was 47,500 acre-
ft/yr; about 13 percent of the ground-water pumpage
(fig. 30). As aresult of water-level declines_(fig.25),
evapotranspiration was only 1,200 acre-ft/yr, about 4
percent compared to steady-state conditions.
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During the1991-95 period, pumpage averaged
81,700 acre-ft/yr, which is only 23 percent of the
pumpage during the 194953 period and total recharge
averaged 68,100 acre-ft/yr, which is about 86 percent
of the total recharge during the 1949-53 period. Model
results indicate that about 13,700 acre-ft/yr of ground
water was being removed from aquifer and aquitard
storage, which is about 17 percent of the total
pumpage. Compaction of the aquitards accounted for
3,800 acre-ft/yr of water being removed from storage,
which is 28 percent of the change in storage. Similar to
the1949-53 period, the source of nearly all the ground-
water pumpage from layer 2 was leakage from layer 1.
Continued water-level declines (fig. 25), resulted in the
cessation of simulated evapotranspiration and a 50-
percent reduction of ground-water underflow from the
North Muroc subbasin compared to steady-state
conditions.

Model Sensitivity Analysis

A sensitivity analysis was done to determine the
sensitivity of the model to changes in model input
parameters. Sensitivity analysis can help determine
which model parameters have the greatest effect on a
model; results of the analysis can guide future data
collection efforts that will reduce model errors. The
sensitivity simulations were done by changing one
input parameter at a time, while holding all others
constant. A limitation of this approach is that the
effects of simultaneous changes of multiple input
parameters are not evaluated. The sensitivity of the
model was evaluated by comparing water levels and
subsidence from the sensitivity simulations with those
from the calibrated transient-state model at the end of
the transient period (1995). Sensitivity simulations also
were done for the steady-state model; results generally
were similar to the results of 1he transient-state model
and therefore are not discussed here.
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Model sensitivity was determined for variations
in hydraulic conductivity (layer 1), transmissivity
(layers 2 and 3), confined and unconfined storage
coefficients, vertical leakance, pumpage, recharge, and
the hydraulic-characteristic values of the flow barriers.
The magnitude of these variations was somewhat
subjective, but based loosely on the range of reasonable
values for each parameter and on the sensitivity
observed during the calibration process. Hydraulic
conductivity, transmissivity, and specific yield were
varied from 0.5 to 2 times calibrated values. Vertical
leakance and confined storage coefficients were varied
from 0.1 to 10 times calibrated values. Total pumpage,
agricultural pumpage, and recharge were increased and
decreased by 10 percent. The sensitivity of the model
to the effects of the flow barriers was analyzed by
removing the barriers (no restriction to flow) and
reducing the hydraulic-characteristic values of the
barriers to one-half the calibrated values {increased
restriction to flow). Sensitivity-analysis results were
aggregated into four subareas because the simulated
water levels within each subarea showed a similar
response to changes in the input parameters. These
subareas are (1) the western subarea (the Finger Buttes,
Neenach, and West Antelope subbasins); (2) the
southeastern subarea (the Buttes and Pearland
subbasins); (3) the northern subarea [the North Muroc
subbasin and the part of the Lancaster subbasin north
of barrier 7 (figure |1}]; and (4) the central subarea (the
remainder of the Lancaster subbasin south of barrier 7).

Water-level changes resulting from the
sensitivity analysis are shown in_table 9. Simulated
water levels were most sensitive to changes in the
hydraulic characteristic of the flow barrier. The largest
water-level changes resulting from changes in the
hydraulic characteristic of the flow barriers occurred in
the western and southeastern subareas. Water levels in
the northern and central subareas were relatively
insensitive to changes in the hydraulic characteristics
of the flow barriers compared with water levels in the
western and southeastern subareas. The western and
southern subareas also were sensitive to changes in
hydraulic conductivity, transmissivity of layer 2,
specific yield, and natural recharge.

Water levels in the northern and central subareas
were most sensitive to changes in hydraulic
conductivity, specific yield. inelastic skeletal storage

coefficient, and vertical leakance between layers | and
2. These subareas also were sensitive to the changes in
total pumpage and agricultural pumpage. The
insensitivity of the model to changes in transmissivity
of layer 3 indicates that defining the base of the model
at an altitude of 1,000 ft above sea level was
reasonable.

The sensitivity of simulated land subsidence at
the end of the transient period (1995) to selected model
input parameters is shown in_table 10. All the bench
marks used for the subsidence analysis are located in
the Lancaster subbasin (fig. 15), and, therefore, the
results of the subsidence sensitivity analysis are for this
subbasin only. Pumping-induced subsidence is
controlled by the inelastic skeletal storage coefficient
and the water-level drawdown below the
preconsolidation head. Simulated subsidence,
therefore, was most sensitive to the changes in inelastic
skeletal storage and specific yield.

In summary, the results of the sensitivity analysis
indicate that the model is sensitive to different
parameters in different areas. In the northern and
central subareas, the model is most sensitive to changes
in hydraulic conductivity of layer 1, specific yield,
inelastic skeletal storage coefficient, vertical leakance
between layers | and 2, and pumpage. In the western
and southeastern subbasins, the model is most sensitive
to changes in hydraulic conductivity of layer 1,
transmissivity of layer 2, specific yield, natural
recharge, and the hydraulic-characteristic values.
Because changes in one model parameter may be offset
by changes in another, improving the understanding of
one parameter may aid in decreasing the uncertainty of
other parameters.

Limitations of the Model

A ground-water flow model is a valuable tool for
testing the conceptualization of the ground-water flow
system and for predicting the response of the system to
changes in aquifer stresses. However, a model is only
an approximation of the actual aquifer system and,
therefore, will not exactly simulate the system being
modeled. The model relies on estimates of aquifer
properties and stresses, which have some degree of
uncertainty, and it lacks the small-scale spatial and
temporal variability present in the actual system.
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Table 10. Change in simulated land subsidence at the end of the transient period {1995) resulting from changes in selected model input parameters and
stresses during the sensitivity analysis of the ground-water flow model of the Antelope Valley ground-water basin, California

fOrder of presentation: from most sensitive (highest niedian subsidence change) to lcast sensitive (lowest median subsidence change)]

Change in simulated subsidence, in feet
Change in parameter or siress

Range Mean Median
Layer 2 inclastic skeletal storage coeflicient x 10 1.65/14.20 6.08 5.94
Layer | inelastic skeletal storage coefficient x 10 2.81/8.47 5.25 5.24
Layer | specific yield x 0.5 1.90/7.98 4,08 3.40
Layer | specific yield x 2 -3.99/-1.37 -2.29 -1.93
Layer 2 inelastic skeletal storage coeflicient x 0.1 -4.03/-.61 -1.54 -1.39
Layer | inelastic skeletal storage coeflicient x 0.1 .21/1.53 1.53 42
Pumipage increased by 10 percent -01/95 38 29
Agricultural pumpage increased by 10 percent -011.73 31 28
Layer | elastic skeletal storage coefficient x 10 -.09/.73 31 23
Layer 2 elastic skeletal storage coefficient x 10 -.06/.65 .28 23
Layer 3 storage coefficient x 10 -41/-15 =25 =20
Pumpage decreased by 10 percent -49/-.09 -.21 =20
Natural recharge x 1.1 -.41/-.05 -18 =17
Natural recharge x 0.9 .04/.46 A8 16
Agricnltural pumpage decreased by 10 percent ~.24/- 04 -.14 -15
Hydraulic conductivity of layer 1 x 2 -32/1.05 33 14
Vertical leakance between layers 1 and 2 x 0.1 -.26/42 .08 .06
Hydraulic conductivity of layer 1 x 0.5 -.56/.38 -.08 =06
Vertical leakance between layers 1 and 2 x 10 =72/12 -12 =05
Transinissivity of layer 3 x 2 -.07/.29 06 04
Layer 2 storage coefficient representing the compressibility of water x 10 -.09/-.03 .05 04
Vertical leakance between layers 2 and 3 x 0.1 -.54/.12 =07 03
Layer | elastic skeletal storage coefficient x 0.1 -.071.0 .03 -2
Transmissivity of layer 2 x 2 -.33/.62 05 -.02
Layer 2 elastic skeletal storage coefficient x 0.1 =060 =03 -.02
Layer 3 storage coelficient x 0.1 017,05 03 02
Vertical leakance between layers 2 and 3 x 10 -.29/19 =01 -.02
Transmissivity of layer 2 x 0.5 -.571.54 =01 02
Layer 2 storage coefficient representing the compressibility of water x (.1 =010 =01 -0l
Hydraulic characteristics of low barriers x 0.5 -.04/.09 .00 01
Wastewater recharge x 0.5 0701 .00 00
Wastewater recharge x 2 -01.0 .00 .00
Flow barriers not simulated -.34/.53 .04 00
Transmissivity of layer 3 x 0.5 -.30/.04 -.05 00
Layer | storage coefficient representing the compressibility of water x 0.1 -.03/.08 .00 00
Layer 1 storage coefficient representing the compressibility of water x 10 0401 .00 00
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Water levels and land subsidence calculated by
the model are average values for the area represented
by each model cell. Simulated water levels can vary
considerably from measured water levels because of
well location, depth, and construction. For example,
wells may be screened over a depth represented by
more than one model layer, whereas, measured water
levels may be a composite of the actual water levels in
each layer. The size of the model cell and the length of
the stress period of the model are appropriate for the
resolution of available data and for simulations on a
regional scale. Because model uncertainty increases
significantly with the decreasing size of the area of
interest, the model generally should not be used to
address local-scale problems.

Little is known about the geohydrology of the
Finger Buttes, West Antelope, Neenach, Pearland, and
Buttes subbasins. Consequently, hydraulic properties
specified in the model for these subbasins were based
on limited data. Available data indicate that hydraulic
conductivity of the aquifer material is lower in the
upslope areas adjacent to the mountain fronts than in
the downslope areas, which is contrary to what would
be expected for areas with typical alluvial fan
development, where coarse-grained material is
deposited at the fan heads (higher hydraulic
conductivity) and fine-grained material is deposited at
the fan margins (lower conductivity). In these five
subbasins, which have depths to water greater than the
other subbasins, the water table may be below the more
transmissive coarse-grained material. Tectonic
processes, stch as uplift and erosion, also may affect
the hydrologic properties of the aquifers. The water-
level data for these subbasins used to calibrate the
model also were limited; consequently, the differences
between the simulated and the measured water levels
were greatest in these subbasins. Although the
simulated water levels for Finger Buttes, West
Antelope, Neenach, Pearland, and Buttes subbasins
provide reasonable boundary conditions for simulating
the water levels in the Lancaster subbasin for the
calibration period, the high degree of uncertainty in the
model input for these subbasins greatly reduces the
potential for accurate predictions of ground-water
conditions in these subbasins. Additional
geohydrologic data would improve the accuracy of the
model for these subbasins.

The model is sensitive to the location and
simulated barrier effect of faults. 1t is likely that there
are additional concealed faults crossing the study area

that have not yet been identified in areas that are not
currently being stressed. The barrier effect of these
faults may become apparent in the future, if pumping
or recharge occurs near unknown faults. If these faults
significantly affect ground-water flow, the faults should
be added to the model.

The quantity and distribution of agricultural
pumpage is uncertain. As shown in the sensitivity
analysis, the variability in estimates of pumpage can
significantly affect model results. More accurate
estimates of agricultural pumpage would improve the
model results. Results from simulations of future
conditions that include pumpage for areas where
pumping had not previously occurred should be
interpreted carefully because the stresses from
pumping were not sitnulated during the calibration
process of the model.

Natural and agricultural recharge are difficult to
measure and, therefore, the recharge rates and temporal
distribution of recharge were based on the model
calibration results. The calibration process resulted in a
lower rate of natural recharge than had been estimated
for previous studies. Additional geohydrologic data are
needed to confirm that the natural recharge rates used
in the mode] are accurate; however, collection of
additional data was beyond the scope of this study. The
travel time for irrigation-return flows to reach the water
table was simulated as a constant (10 years) for the
entire model area. Model results probably could be
improved by more accurately specifying the travel time
for each area on the basis of the depth-to-water and
aquifer material.

The approach taken in this study to simulate
aquifer-system compaction in unconfined portions of
the model layer 1 using the IBS1 package will tend to
overestimate compaction in that layer, where the water
table declines, and underlying mode layers. IBS1 does
not account for changes in the total stress that occur
when the water table rises and lowers, as it may in
model layer 1. Changes in the position of the water
table cause changes in the total stress exerted on the
underlying sediment owing to the overlying weight of
water that changes when the water table fluctuates.
These effects are relatively small and the overestimated
subsidence in the model simulation is expected to be in
the range of 1.18 to 1.33 percent, and is primarily
dependent upon the porosity of the sediments in model
layer 1 in the zone of water-table fluctuation.
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Although the model does a relatively good job of
simulating the measured quantity of land subsidence,
the 1BS1 Package used to simulate aquifer compaction
does not accurately simulate the delayed drainage in
the thick aquitards or the timing of subsidence in areas
where thick aquitards are a major contributor to
subsidence. ISB1 simulates the instantaneous release
of water from storage from fine-grained, compressible
interbeds for a head decline in the surrounding aquifer.
As such, the heads in the interbeds are assumed to
equilibrate instantaneously with head changes in the
aquifers. This treatment ignores the delayed
equilibration of head associated with the low
permeability interbeds and aquitards which is further
exacerbated by their thickness—the time constants
governing head equilibration in these units is
proportional to their squared thickness. Additionally,
the model does not simulate subsidence throughout the
modeled area because values of inelastic storage only
were specified in areas where subsidence previously
had been measured. In areas where inelastic skeletal
storage was not specified, future water-level declines
below preconsolidation heads could cause subsidence
where compressible sediments exist in these areas.
Subsidence cannot be simulated for these areas unless
inelastic skeletal storage coefficients and
preconsolidation heads are specified for these areas.

Owing to uncertainty in some parameters used in
the model, especially in the agricultural component of
pumpage, model results from the predictive simulation
should be used with caution. The model, like most
models, is not ideally suited for predicting absolute
changes in water levels or subsidence. The most
appropriate application of the model is comparing the
relative effects of different water-management
scenarios on the aquifer system.

Simulation of Aquifer-System Response to
Pumping Scenarios

A calibrated flow model can be used as a tool to
evaluate and compare the responses of an aquifer
system to potential future stresses. Management
actions involving changes in the quantity and
distribution of pumpage or recharge can be simulated

and the aquifer-system responses compared to evaluate
the effectiveness of these actions satisfying
management goals. Although water levels and
subsidence simulated for a given scenario may not
accurately represent the values in the real system, the
relative differences in water levels and subsidence over
time can be compared to provide managers with useful
information for planning and decision making.

For this study, the model was used to simulate
the aquifer-system response to two potential pumping
scenarios for 1995-2025. For both scenarios, all model
parameters were unchanged from those specified in the
transient-state simulation. Natural recharge and
artificial recharge from irrigation-return flows and from
reclaimed wastewater were specified equal to the
quantities specified for those sources for 1995. For both
scenarios, recharge from irrigation-retum flows was
calculated as 30 percent of the water used for irrigation
and was assumed to recharge the water table 10 years
after the irrigation water was applied. For scenario 1,
total annual pumpage for 1995-2025 was specified
equal to total annual pumpage in 1995. For scenario 2,
public-supply pumpage was increased 3.3 percent
annually and agricultural pumpage was assumed to be
75 percent greater than agricultural pumpage in 1995
for the simulated period 1995-2025. Recharge from
irrigation-return flows was correspondingly increased
by 75 percent. The annual increase in public-supply
pumpage was based on population growth projections
for Palmdale and Lancaster from the Southern
California Association of Governments (2001). The
increase in agricultural pumpage was based on crop-
acreage data from the Los Angeles County Agricultural
Commissioner which indicated that agricultural
production in the study area increased as much as 75
percent during 1995-98. The spatial distribution of
pumpage for both scenarios was the same as was
specified for 1995.

The simulated water-level (layer 1) and land-
subsidence values for both scenarios are shown in
figures 31 and_32, respectively. Recall that the
simulated water-level and land-subsidence values are
averages for the entire model cell and, therefore, may
be different from the measurements for specific wells
and bench marks.
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Figure 31. Simulated water levels for two pumping scenarios for the Antelope Valley ground-water basin, California, 1995-2025.
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Figure 32. Simulated land subsidence near indicated bench marks for two pumping scenarios for the Antelope Valley ground-water basin,

California, 1995-2025.
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For scenario 1, water levels rose in the western
Lancaster subbasin and in the Neenach and West
Antelope subbasins, continuing the long-term recovery
from drawdown caused by the much greater historical
agricultural pumpage (Carlson and others, 1998;
Carlson and Phillips, 1998). Water levels rose as much
as L1 ft at well 9N/14W-20B1 in the Neenach subbasin
and as much as 36 ft at well 8N/17W-INI1 in the West
Antelope subbasin; however, the rate of the water-level
rise declined over time (fig. 31). The decline in the rate
of water-level rise was caused, in part, by the 10-year
delay in recharge from irrigation-return flows. Even
though the simulated annual pumpage was constant
from 1995 to 2025, recharge from irrigation-retum
flows was based on agricultural pumpage prior to 1995,
which was higher than in 1995. From 1996 to 2004, the
annual quantity of recharge from irrigation-return flows
gradually declined; in 2005, recharge from irrigation-
return flows remained constant for the remainder of the
simulation period. In the southern, eastern, and
northern part of the Lancaster subbasin and in the
Buttes, Pearland. and North Muroc subbasins, water
levels generally declined as a result of the scenario |
pumpage, except at well 7N/10W-33J1 in the eastern
part of the Lancaster subbasin where water levels did
not decline. The largest decline in the simulated water
levels (more than 100 ft) was at well 6N/1 | W-19E&6,
where the water level declined below the bottom of
model layer | into layer 2 in 2006. The water level in
layer 2 continued to decline after 2006 (water levels for
layer 2 are not shown in_fig. 3 1). Simulated water-level
declines were greatest at this well because most of the
pumping for public supply occurs in this area. Further
land subsidence was simulated in the central part of the
Lancaster subbasin north and east of the city of
Lancaster. The maximum simulated subsidence for
scenario | occurred at bench mark BM 479 (1.9 fi).
These model results indicate that pumpage for public

supply at 1995 rates in the Lancaster and Palmdale
areas will result in significant water-level declines and
land subsidence, indicating that future pumpage may
have to be redistributed or augmented by artificial
recharge.

For scenario 2, public supply pumpage was
increased 3.3 percent annually and annual agricultural
pumpage and irrigation-return flows were 75 percent
greater than the values simulated for scenario 1.
Similar to scenario 1, water levels rose in the western
Lancaster subbasin; however, the water-level rise was
not as great. In the Neenach subbasin, the water levels
for well 9N/14W-20B 1 remained unchanged from
1995 to 2025. In the southern, eastern, and northern
part of the Lancaster subbasin and in the Buttes and
Pearland subbasins, water levels declined more than
the water levels for scenario |. Pumpage increases for
scenario 2 resulted in significant water-level declines in
the southern and northeastern part of the Lancaster
subbasin (wells 6N/11W-19E6, TN/12W-19R 1, and
8N/10W-1Q3) because most pumping for public
supply occurs in these areas. Water-level declines were
as great as 150 ft in the south-central part of the
Lancaster subbasin. Simulated subsidence at bench
marks BM 474, BM 479, BM 537, and BM 2180 was
greater for scenario 2 than for scenario 1, and the
maximum simulated subsidence for 1995-2025 was
about 5 ft at bench mark BM 474. The simulated
subsidence was the greatest in the central Lancaster
subbasin north and east of the city of Lancaster, near
bench marks BM 474, BM 479, and BM 2180, where
combined public supply and agricultural pumping are
greatest. Because inelastic storage coefficients were
specified only for areas where subsidence has
previously been measured, neither scenario | nor 2 is
able to predict subsidence from future water-level
declines outside this area.
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SUMMARY

Ground-water pumpage has provided from 50
percent to more than 90 percent of the water supply in
Antelope Valley since the early 1900s. This long-term
ground-water pumpage has caused water-level declines
and associated increased pumping lifts; it also has
reduced well efficiencies and caused land subsidence.
Urban growth and limited available surface-water
supply are likely to continue to increase reliance on
ground water. A numerical ground-water flow and
land-subsidence model of the Antelope Valley ground-
water basin was developed to improve the
understanding of the ground-water flow system. The
model can be used as a tool in making informed water-
management decisions.

The Antelope Valley ground-water basin consists
of unconsolidated alluvial and lacustrine deposits,
more than 5,000 ft thick in places. The alluvium
consists of poorly sorted gravels, sands, silts, and clays.
Older, deep alluvial deposits are more compacted and
indurated than the younger, shallow deposits. The
lacustrine deposits are as much as 300 ft thick and are
composed mostly of clay and silty clay with some
layers of sand and silt. The lacustrine deposits are as
much as 800 ft below land surface near Palmdale,
become progressively shallower northward, and are
exposed at the surface near the southern edge of Rogers
Lake.

The study area was conceptually divided into
seven ground-water subbasins on the basis of faults,
bedrock outcrops, ground-water divides, and arbitrary
boundaries. Some faults seem to act as barriers to
ground-water flow. Geophysical logs from previous
studies show that induration of the alluvial material
increases with depth, which suggests a decrease in the
ability to transmit and store water with depth. Data
from test wells drilled in the Lancaster area and at
Edwards Air Force Base indicate that there is a change
in the properties of the aquifer materials at altitudes of
about 1,950 ft and 1,550 ft above sea level.
Unconsolidated material at altitudes of 1,950 ft above
sea level and greater was designated as the upper
aquifer, unconsolidated material between 1,950 and
1.550 ft above sea level was designated as the middle
aquifer, and unconsolidated material below 1,550 ft
above sea level was designated as the lower aquifer.
The lacustrine deposits are contained within the upper
aquifer in the northern part of the Lancaster subbasin

and primarily within the middle aquifer in the southern
part of the Lancaster subbasin. The upper aquifer is
unconfined to confined and the middle and lower
aquifers are confined.

Prior to ground-water development in Antelope
Valley. recharge to the ground-water system was
primarily from the infiltration of precipitation runoff
near the valley margins. Precipitation over the valley
floor generally is less than 10 in./yr and probably
contributes little, if any, recharging to the aquifer
system owing to the high evapotranspiration rates in
the study area. In the lowland parts of the valley,
discharge from the aquifer system was primarily from
evapotranspiration. A small amount of ground water is
discharged from the valley north into the Fremont
Valley Basin.

Development of the ground-water system began
around 1915 and increased rapidly into the 1950s.
Ground-water pumping has caused large water-level
declines in the ground-water basin; as a result,
evapotranspiration has decreased to an insignificant
amount. The water-level declines from pumping also
have caused land subsidence owing to the compaction
of compressible sediments. The major source of
discharge in the valley has changed from
evapotranspiration to ground-water pumping; ground
water now flows from areas of recharge toward the
major pumping centers rather than to natural discharge
areas where evapotranspiration had occurred. Recharge
from the infiltration of irrigation-return flows is a major
contributor of recharge to the aquifer system.

A numerical ground-water flow model was
developed and calibrated for steady-state pre-
development (1915) and transient-state (1915-95)
conditions. The model aggregates old and new
geohydrologic information to aid in better
understanding the ground-water flow system and to aid
in making informed water-management decisions. The
model was vertically discretized into three layers.
Layer 1 (upper aquifer) extends from the water table to
an altitude of 1,950 ft above sea level or to bedrock,
whichever is higher; layer 2 (middle aquifer) extends
from 1,950 to 1,550 ft above sea level or to bedrock,
whichever is higher; layer 3 (lower aquifer) extends
from 1,550 to 1,000 fi above sea level or to bedrock,
whichever is higher. The bottom of layer 3 was set to
an altitude of 1,000 ft because it was assumed that the
alluvial material below this depth was not a significant
part of the flow system owing to compaction and
induration of this older material.
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The model was calibrated by adjusting hydraulic
conductivity, transmissivity, specific yield, natural
recharge, aquitard thickness, hydraulic characteristic of
flow barriers, and preconsolidation head within
reasonable limits to obtain reasonable agreement
between simulated and measured water levels and
subsidence. The model did well in simulating water
levels in the Lancaster, Neenach, Pearland, and Buttes
subbasins where the geohydrology is well known. In
the North Muroc Subbasin, measured and simulated
horizontal and vertical water-level gradients match
well; however, the simulated water levels were higher
than the measured water levels. In the Finger Buttes
and West Antelope subbasins, where few
geohydrologic data are available, the match between
the simulated and the measured water levels was not as
good. Measured and simulated land subsidence data
also were compared and matched well at all the bench
marks used for calibration.

During model calibration, natural recharge was
reduced from an initial estimate of 40,700 acre-ft/yr to
30.300 acre-ft/yr. Results of the transient-state
simulation indicate that more than 8.5 million acre-ft of
ground water was removed from storage during 1915-
95, with most of the storage change occurring between
about 1945 and 1975. Ground-water storage changed
little during the final 10 years of simulation period
because discharge by pumpage had declined
sufficiently to be balanced by recharge. Model results
show that during the period of peak pumping
(1949-53) 79 percent of the ground water withdrawn
from the aquifer came from storage. Water released
from compaction of the aquitards accounted for about
21.600 acre-ft/yr of the ground water removed from
storage. Pumpage from layer 2 induced leakage of
ground water from layer 1, which accounted for about
86 percent of the total pumpage in layer 2. During the
last 5 years of the simulation (1991-95), only 17
percent of pumpage came from storage.

Results of the sensitivity analysis showed that
the model was most sensitive to changes in the
hydraulic characteristic of flow barriers, specific yield,
hydraulic conductivity of layer 1, natural recharge,
inelastic skeletal storage coefficient, transmissivity of
layer 2, and pumpage. The sensitivity of the model
varied spatially. The model was not sensitive to the

transmissivity of layer 3, which indicates that
specifying the bottom of the model at 1,000 ft above
sea level was a reasonable assumption.

The calibrated model was used to test the aquifer
response to two future pumping scenarios for 1995 to
2025. For scenario 1, annual pumpage remained the
same as pumpage specified for 1995, Water levels rose
in the western Lancaster subbasin and in the Neenach
and West Antelope subbasins, continuing the long-term
recovery from drawdown caused by the much greater
historical agricultural pumpage. In areas where
pumping for public supply is concentrated, water levels
continued to decline and subsidence continued in the
central part of the Lancaster subbasin. Water-level
declines were greatest (more than 100 ft) in the south-
central part of the basin because most of the public
supply pumpage occurs in this area; as much as 1.9 ft
of additional subsidence was simulated in the central
part of the ground-water basin for 1995 through 2025.
For scenario 2, public supply pumpage was increased
3.3 percent annually compared with that specified for
1995 and agricultural pumpage was increased 75
percent. This scenario resulted in significant water-
level declines in the southern and eastern part of the
Lancaster subbasin because most of the public supply
and agricultural pumping occurs in these areas. Results
of this simulation showed that water levels declined
more than 150 feet in the south-central part of the
ground-water basin and that an additional 5 feet of
subsidence was simulated in the central part of the
basin.
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APPENDIX: WATER USE 1992-95

Water managers and planners require
comprehensive and accurale water-use data to make
informed water-management decisions. Templin and
others (1995) compiled available waler-use dala for
Antelope Valley for 1919-92 (1992 data were
incomplete). For the purpose of this study, annual
waler-use data for 1992-95 were compiled to extend
the period of record reported by Templin and others
(1995) for use in the ground-water flow and subsidence
model developed for 1his study.

The methodology, sources, and areal extent
[Anlelope Valley drainage basin (fig. 1)] used to obtain
the water-use dala for 1992-95 were consisten! with
1hose used by Templin and others {1995) so that data
for all years could be compared and analyzed. As a part
of their work, Templin and others (1995) developed a
database of ground-waler pumpage for 1947-92;
during this current study, pumpage daia for 1992-95
were collected and added 10 the 1947-92 database.

Some additional data for 1947-91 also were oblained
and added to 1he database. The 1ables in this appendix
include dala only for 1992-95, bul 1he graphs show
data for the entire period of the pumpage dalabase
(1947-95) and, 1herefore, can show 1rends in water use
over time.

Waler supply for Anielope Valley was oblained
from four sources; (1) ground-water pumping, (2) local
surface-water diversions, (3) imported waler, and (4)
reclaimed wastewater. Each of 1these componenis and
total annual water supply for 1947-95 are shown in
figure A 1. Total water supply increased during
1992-95 because of increases in imported surface
water in 1992 and 1993, increases in ground-water
pumping in 1994 and 1995, and increased use of
reclaimed wastewater. Historically, ground-water
pumping has been the primary source of water supply
in 1he valley, and remained the primary source during
1992-95. Supply from local surface-water sources was
small and generally remained steady during 1992-95.
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Figure A1. Sources of water supply in the Antelope Valley ground-water basin, California, 1947-95.
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Ground Water

Templin and others (1995) divided ground-water
use into two categories, public supply and self supply.
Ground-water pumpage for public supply represents
ground water that is withdrawn by public or private
entities for sale and delivery to customers, usually for
domestic, commercial, and industrial uses. Ground-
water pumpage for self supply represents ground water
that is withdrawn by private entities for use by that
entity. In Antelope Valley, most ground-water pumpage
for self supply is used for agriculture and in this report
is referred to as agricultural pumpage. Most of the
ground-water-use data for public supply was obtained
by contacting the suppliers directly; however, some of
the data were obtained from pumpage records
maintained by the California State Water Resources
Control Board (SWRCB). Agricultural-pumpage data
were obtained primarily from the records of the
SWRCB, but these records are limited to wells in the
Los Angeles County and San Bernardino County parts
of Antelope Valley. Because the SWRCB does not

require that agricultural pumpage in Kern County be
reported, data for that part of Antelope Valley are
nonexistent.

Ground-water pumpage by user is shown in
tables A1 (public supply) and_A2 (agricultural supply).
Figure A2 shows annual ground-water pumpage for the
entire period of record (1947-95) in the pumpage
database. Note that the agricultural pumping presented
in the data base (figure A2) is less than the agricultural
pumpage estimated for this study (table 8). Templin
and others (1995) noted that ground-water pumpage
reported to the SWRCB may not accurately reflect
actual pumpage in the valley because of evidence of
underreporting and overreporting of annual pumpage,
reporting of identical amounts of pumpage year after
year, and inaccurate methods of estimating pumpage.
Also, although agricultural-pumpage data for the Kern
County part of the study areas does not exist, the data
reported in_table A2 are the best available data at the
time of this current study. Additional work is needed to
improve estimates of the quantity and spatial
distribution of agricultural pumpage.
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Figure A2. Ground-water pumpage recorled in the pumpage database for Antelope Valley, Calitornia, 1947-85.
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Surface Water

Water supply from surface water comes from
local surface-water diversions and from imported water
by way of the California Aqueduct. Imported water
provides a much larger proportion of surface-water
supply than local surface-water diversions. The
availability of imported water is controlled primarily
by rainfall conditions in northern California. Minimal
local rainfall and limited storage facilities prevent local
surface water from becoming a significant component
of water supply in Antelope Valley.

Local Surface Water

Local surface-water diversions are used for
public supply and agriculture. Data on local surface-
water diversions for public supply were obtained
directly from the public supply entities (table A ).
Palmdale Water District was the only user of local
surface water for public supply for which data were
available during 1992-95 (table A1).

Data on local surface-water diversions for
agricultural supply (table A2) were obtained from the
SWRCB, Division of Water Rights. These data and the
self-supplied surface-water data reported by Templin
and others (1995) indicate that, for many users, the
quantity of reported local surface-water use often is
constant over a period of several years. These constant
values probably are due to users reporting their water-
rights entitlement rather than their actual usage.

Imported Water

Data on the annual quantity of imported water
was obtained directly from the public entities that
distribute the water (table A3). The annual quantity of
water imported by the Antelope Valley—East Kern
Water Agency (AVEK) represents only those deliveries

made within the study area defined in this report.
Imported water averaged about 48,900 acre-ft/yr for
1992-95 (table A3), which is tess than one-third of the
annual entitlement of 158,000 acre-ft reported by
Templin and others (1995). lmported water is used for
both public supply and agriculture.

Reclaimed Wastewater

Data on water supply from reclaimed wastewater
from the Lancaster and Palmdale Water Reclamation
Plants (David Lambert, County Sanitations Districts of
Los Angeles County, written commun., 1996) are
shown in_table A4. These two facilities are the largest
treatment plants in the study area; there are about 10
additional treatment plants that treat much smaller
quantities of wastewater. Templin and others (1995)
reported that the Lancaster and Palmdale facilities
accounted for 84 percent of the treated wastewater in
Antelope Valley in 1990 (a year when data were
available for all treatinent plants). Discharge of treated
wastewater from the Lancaster Water Reclamation
Plant used for wetlands (table Ad) is slightly higher
than the wastewater discharge shown in_table | because
a small amount of the treated wastewater discharge
from the Lancaster Water Reclamation Plant is diverted
to a wildlife pond.

The quantity of reclaimed wastewater available
for water supply has increased almost every year since
1975 (fig. A3) due to increases in population and in
treatment capacities. In 1995, reclaimed wastewater
represented about 12 percent of the total available
supply in Antelope Valley. Treated wastewater disposed
to land surfaces is subject to evapotranspiration and
infiltration to the ground-water system. There is
potential for identifying more beneficial uses for this
component of reclaimed wastewater.
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Figure A3. Wastewater use in Antelope Valley ground-water basin, California, 1975-95.

Owing to the depth to the water table and the
existence of thin aquitards, a time delay is likely
between the onset of irrigation and the recharge of this
water to the regional water table. Snyder {1955) stated
that agricultural recharge probably had reached the
water table by the early 1950s, but Durbin (1978)
assumed that no irrigation water had reached the water
table by 1961. Durbin (1978) based this assumption on
water-chemistry data collected from wells in
agricultural areas that showed little change in dissclved
solids over time, However, it is likely that water had
reached the water table much sooner than estimated by
Snyder (1955) or Durbin (1978). Results from a simple
model of the unsaturated zone indicate that, in a silt
loam, recharge will infiltrate to a depth of about 120 ft
approximately 10 years after the water is applied at
land surface (Alan Flint, U.S. Geological Survey,
written commun., 1999).

The largest producers of reclaimed wastewater in
the study area are the Palmdale Water Reclamation
Plant and the Lancaster Water Reclamation Plant
(Templin and others, 1995). Beginning in 1975,
reclaimed wastewater has been disposed of in ponds or

on spreading grounds where the water is spread over
land surface to evaporate or infiltrate below land
surface. A small amount of reclaimed wastewater is
reused primarily for agriculture (Templin and others,
1995). The quantity of disposed wastewater to reach
the regional water table as recharge was estimated by
subtracting the estimated evaporation from the quantity
of reclaimed water that is disposed of in the ponds or
on spreading grounds. At the Palmdale Water
Reclamation Plant, reclaimed wastewater is spread on
approximately 60 acres of land. On the basis of a pan
evaporation rate of 114 in./yr for Antelope Valley
(Bloyd, 1967), it was estimated for this study that about
570 acre-ft/yr is lost to evaporation. At the Lancaster
Water Reclamation Plant, wastewater is disposed of in
ponds with an area of approximately 430 acres and
evaporation was estimated to be about 4,080 acre-fi/yr.
The estimated evaporation was subtracted from the
quantity of reclaimed wastewater (David Lambert,
County Sanitation Districts of Los Angeles County,
written commun., 1996) to estimate the recharge to the

water table at these sites_(table 1) {fiz. 12).
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Table A3. Deliveries of imported water to Antelope Valley from the California Aqueduct, 1992-95

[Units are in acre-feet per year]

Year Amail:;el(‘;ar:: v I:'r;tq::‘:;:::l;)(i:sr:z:klz Palmdale Water District? Total
Water Agency’

1992 27,663 251 3,845 31,759

1993 40,928 735 10,136 51,799

1994 49,536 1,100 8,037 58,673

1995 46,091 480 6,613 53,184

TRussell Fuller, Antelope Valley~East Kern Water Agency, written commun., 1993
Brad Jones. Littlerock Creek rrigation District, written commun,, 1996,
3Matt Knudson, Palmdale Water District, written conumun., 1996,

Table Ad. Use of reclaimed wastewater in Antelope Valley, California, 1992-95

[Units are in acre-feet. Data frem David Lambert (County Sanitation Districts of Los Angeles County, written commun., 1996)]

Lancaster Water Reclamation Plant Palmdale Water Reclamation Plant
vear Watlands Irrigation Totel Land disposal Irrigation Total
1992 3,520 3.640 7.160 6,150 21 6.170
1993 5.280 3.000 8,280 7,080 42 7,120
1994 5110 3.700 8.810 7,480 51 7,530
1995 7,140 3.225 10,360 8,070 67 8,140
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