ZUSGS

science for a changing world

Aquifer-System Compaction: Analyses and Simulations-the Holly Site, Edwards Air Force Base,
Antelope Valley, California

By Michelle Sneed and Devin L. Galloway
U.S. Geological Survey Water-Resources Investigations Report 00-4015

CONTENTS

Y 4131 T PSRRI 1
1] o 11 L1 1o ] o L0 PP 2
0T oo T = T o I8 Yoo o = RSO 5
1 T o o TSR 5
Development of the Ground-Water Resource and Resulting Land Subsidence ...........cccccceviieiiiiiine e Bueeenne
YT T LSS 10T [T SRR 7
(e (oo =Tol [oTe [{oaST= 1] o lo H T TSSO PR TP PRPPN 8
Geologic Framework 8
F o (011 (=T )1 1= 0 OO PPPTUUT 9
Ground-Water Levels e eenrnneeeeess 13
Aquifer-System Compaction e 18
P g Tz 1)V [or LY o] o] (o T Yot o SRR 23
PriNCIPIE Of EffECHVE StIESS....ii i ittt e e e et e e e e e e e s e e eeeeeeeeeaaantesseeeeaaaeeessesnnnnnnes 24
PreconSolidation SIrESS ........ii ittt e e s e e st e e e e nne e e ennrieeeennne 2D
Elastic and Inelastic Compressibility (Specific Storage) Y
Aquifer-System Storage COETICIENTS .......ooiiiiiii e rne e e e e 28
Theory of Hydrodynamic CONSONAALION .........ceuiieeiiiiiiiiiie e e e s eenmmmmmmmmnn s neesee s 29
Parameter RANGE ESHIMALES ........uiiiiii ittt e e e st me e e e s e e mne e e e e e e aabbe e e e e abbeeeeeanbreas 29
Vertical Hydraulic CONAUCTIVITY .........uuieiiiiiieie ettt e e e e e e e e ettt e cmmmmmmmm sttt e e e e e e e e e s 30
PrECONSOlIIALION SEIESS ...ttt ettt e e e e e e ettt e et e e ee e e s e s saabee b e e e e e s s—— 11 £ £ ettt e e e e e e e s 30
Elastic and Inelastic Storage Coefficients (Specific Storage) SSSPTPUUURRRRP. |
[ (01172017 (o o = TP TUT PPN 36
Formulation of NUMErCal MOEL.............uuiiiiiiieie et e meemmmn e 36
Spatial and TemPOoral DISCIEIZAtION.........uiiiiieeii it e e e e e e e e s e s st eaerereeeaeeseessannnes 36
10T oo F= 1Y o] oo 11 o] 1= OO PPEPR 39
T T1 = R @doT gl [1 o o SRR 41
Convergence Criteria and Mass BalancCe Criteria.........uuuiieceiiiiiiiiiiiieiiieeeeeeeesssssvineeeeeeeses e e s o 2 41
Assumptions and Limitations 42

SIMUIBLIONS ...ttt ettt oo rh bt e e e ok bttt e e o bbb et e e s oa ke et e e e ok et eee e snbeee e e o b b ee e e e e ambbeeeeeanbbeeeeesanbneeeenans
15100 VY F= 1ol a1 oo PP PP R OPPPRP
Sensitivity Analysis

N = 1SS PPURRPPP
Y [0 10] =1 CTo I @Te] gq] o= Tex i o] o IR EURT TP
Future Compaction Scenarios

SUMIMIBITY ..ttt e e et e e e e e e e e e aeee et eeeeeeeeeseeebebeb b b e e e e e e e e e e e e e e e e e s s

References Cited

FIGURES
1-4. Maps showing:
1. Location of Antelope Valley and the Holly site (8N/LOW-1Q) .....eeitiiiiiiiiiiiiiiiiiiieeee e 2
2. General surficial geology and location of ground-water subbasins and geologic section, Antelope Valley,

California 3

3. Location of selected well fields, observation wells, and bench marks near the Holly site (8N/10W-1Q)
in the south-central part of Edwards Air Force Base, Antelope Valley, California.............cccceeeeeiiiiiiinninnns
4. Ground-water levels in the Lancaster subbasin, Antelope Valley, California, 1915

Contents 1



21-31

\%

[e0]

10.

11.

12.

13.

14.

15.
16-19.

20.

. Lithologic and geophysical logs of the Holly site (8N/10W-1Q), Edwards Air Force Base,

ANtElOPE Valley, CalifOrNial.. ... .o e e e e e e e e e e e e e et et ettt et eeeeeneeannneeeeeeeeeeeeessrnrnnes 10

. Generalized geologic section showing relation of lacustrine deposits to younger and older alluvium and
aquifers in the Lancaster and North Muroc subbasins, Edwards Air Force Base, Antelope Valley, California ......
. Conceptual model of the aquifer systems at the Holly site (8N/10W-1Q) including the piezometers and the

borehole extensometer, Edwards Air Force Base, Antelope Valley, California...............cccccoooviviiiiiiieevvnns 12......

. Map showing change in ground-water levels in the Lancaster subbasin, Antelope Valley, California, 1915-91....
. Map showing water-level surface of the confined aquifer system, spring 1992, location of selected wells, and

hydrographs of wells 8N/10W-28B1 (1951-97) and 9N/10W-24C1 (1952-99), Edwards Air Force Base,
ANtElOPE Valley, CalifOrNial. .. .. i e e e e e e e e e e e e e et et ettt e eeeeenaeannneeeeeeeeeeseessrnrnnns 15
Graphs showing water levels in piezometers HO-1, HO-2, HO-3, and HO-4 at the Holly site (8N/10W-1Q),
Edwards Air Force Base, Antelope Valley, California, 1990—97 ... e s 16
Graphs showing water-level fluctuations in piezometers HO-1 and HO-3 at the Holly site (8N/10W-1Q),
Edwards Air Force Base, Antelope Valley, California... . 17
Map showing area of flowing wells, land subsidence, and tvvo flssures in Antelope VaIIey, Callforma for

the period about 1930-92, and graphs showing ground-water levels in wells 7N/10W-05E1 and

7N/12W-15F1 and subsidence at bench marks 1171A and 474 ........oooiii oo 19....
Schematic diagram showing the borehole extensometer at the Holly site (8N/10W-1Q), Edwards Air

Force Base, Antelope Valley, CalifOornial........ccoooii i e s co—— 111 21
Graph showing aquifer-system compaction and water levels measured at the Holly site (8N/10W-1Q),
Edwards Air Force Base, Antelope Valley, California.........ccceooeieiiieiiiiiiiie e s 22

Diagram showing principle of effective stress, as applied to land subsidence .................oooevvvivivens oo

Graphs showing:

16. Compression of highly compressible clay and sand samples.............ooovviiiiiiiiiiiiiiiiiieee e eeeeeen, 26...

17. Change in land-surface elevation for various time intervals for selected bench marks, and estimated
water levels (1908-97) for the middle aquifer near the Holly site (8N/10W-1Q), Edwards Air Force Base,
ANtelope Valley, CalifOrMia........... i e e e e e e e e e e s aa e e e e e e e eeeeraaaaaaaaaaeees 30

18. Combined water levels for piezometers HO-2 and HO-3 and cumulative vertical compaction at the
Holly extensometer, and applied stress and compaction at the Holly site (8N/10W-1Q), Edwards Air
Force Base, Antelope Valley, California, 1990-97.........cccoooi i a e e e e e e e 32

19. Sample time series used in stress/strain analyses of the Holly site (8N/10W-1Q), Edwards Air Force Base,

ANtelope Valley, CalifOrMia. ... ... e i e e e e e e e e e e s aa e e e e e e e eeeeraaaaaaaaaeeees 34
Diagram showing relation of model domain to the conceptual model and short normal resistivity log of the
Holly site (8N/10W-1Q), Edwards Air Force Base, Antelope Valley, California............cccccceceeeeiiiiiiieneeeennn. 37......
Graphs showing:

21. Measured or estimated depth to water for piezometers HO-1, HO-2 and HO-3 (combined), and

HO-4 used in the 1990-97 model simulation of the Holly site (8N/10W-1Q), Edwards Air Force

Base, Antelope Valley, CalifOrNia..............uuuiiiiiiiiiiiiiis it e e e e e e e e e aaaeaeeeeeeees 39
22. Water levels used for input in the historical model for the upper, middle, and lower aquifers at the

Holly site (8N/10W-1Q), Edwards Air Force Base, Antelope Valley, California...........ccccceeeeeiiiiiiniiiiieeeeeeenn,
23. Simulated compaction and measured or estimated land subsidence at bench marks P1155 and LS42

near the Holly site (8N/10W-1Q), Edwards Air Force Base, Antelope Valley, California, 1908-97................
24. History matches for 1990-97 for simulated and measured compaction and error and simulated and

measured displacement-stress trajectories for the Holly site (8N/10W-1Q), Edwards Air Force Base,

ANtelope Valley, CalifOrMia. ... ....e i e e e e e e e e e e s aa e e e e e e e reeeraaaaaaeaaeaees 45
25. Distribution of error computed between measured and simulated compaction for 35 selected values

of K'y, andSyy, of the aquitards at the Holly site (8N/10W-1Q), Edwards Air Force Base, Antelope

Y 111 O 1110 1 o1 RSP 48
26. Simulated compaction by aquifer-system component, 1908-97, at the Holly site (8N/10W-1Q),

Edwards Air Force Base, Antelope Valley, California............uuueeiiiiiiiiiiiiiee e s 1+ 54
27. Simulated deformation by aquifer-system component, 1990-97, at the Holly site (8N/10W-1Q),

Edwards Air Force Base, Antelope Valley, California............uuuuuiiiiiiiiiiiiie e s 1+ 55
28. Hydraulic-head profiles of the Holly site (8N/10W-1Q), Edwards Air Force Base, Antelope Valley,

California, for 1908—97 and 1990—97 .......coiiiiiiiiiiiiit et a e 56

Contents



TABLES
1.

2.

29. Future scenario—1996 pumping rates for 1997 to 2026 at the Holly site (8N/10W-1Q), Edwards Air
Force Base, Antelope Valley, California.. eeer. DB
30. Future scenario—1997 aquifer water Ievels held constant through year 2096 at the HoIIy S|te

(8N/10W-1Q), Edwards Air Force Base, Antelope Valley, California ...........ooooiiiiiiiiiiiiiieiiieeeeeeee e

31. Future scenario—no pumping for 1997 to 2096 at the Holly site (8N/10W-1Q), Edwards Air Force
Base, Antelope Valley, CalifOrNia..............uuuuiiiiiiiiiiieis i eee e e e e e e e e e e aaaeaaeeeeenes 60

Measured or estimated land-surface-elevation changes for selected bench marks at Edwards Air Force
Base, Antelope Valley, CalifOrNia.........cooiiiiiiiiiiieiee e e e e e s e eeeeaae e e e e s 30
Summary of skeletal storage coefficients and equivalent skeletal specific storages estimated from the
results of the stress/strain analyses of the Holly site (8N/10W-1Q), Edwards Air Force Base,

ANtelope Valley, CalifOrMIal.........oouueiiiiiiiiee ettt et e e e s e e e e eeeme e e e b b e e e e s aabreeeeeans 36
Values of hydraulic parameters derived from the best history matches between simulated aquifer-system
compaction and measured or estimated compaction at the Holly site (8N/10W-1Q), Edwards Air Force
Base, Antelope Valley, CalifOrNial.........cooiiiiiiiiieeee e e e e e s eeeaaee e e e s 46

CONVERSION FACTORS, VERTICAL DATUM, ABBREVIATIONS, SYMBOLS, AND
WELL-NUMBERING SYSTEM

CONVERSION FACTORS

Multiply By To obtain
acre-foot (acre-ft) 1,223 cubic meter
acre-foot per year (acre-ft/yr) 1,223 cubic meter per year
foot (ft) 0.3048  meter
foot per day (ft/d) 0.3048  meter per day
foot per foot (ft/ft) 1.000 meter per meter
foot per year (ft/yr) 0.3048  meter per year
foot squared per day fftl) 0.0929  meter squared per day
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square mile (nf) 2.590 square kilometer

Temperature is given in degrees Celsius (°C), which can be converted to degrees Fahrenheit (°F)
by the following equation:

°F=1.8(°C)+32.

Vertical Datum

Sea levelin this report, "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)—a geodetic datum derived

from a general adjustment of the first-order level nets of both the United States and Canada, formerly called Sea Levdl928tum of

Abbreviations

BASS5
BCF5
EAFB
FHB1
GPS
IBS1
INSAR
LVDT
NASA
SIP5
SWP
ft/°C
ft—l

Basic package, version 5 of MODFLOW-96

Block-Centered Flow package, version 5 of MODFLOW-96

Edwards Air Force Base

Transient Specified-Flow and Specified-Head Boundaries package of MODFLOW-96
Global Positioning System

Interbed Storage package of MODFLOW-96

interferometric synthetic aperture radar

linear voltage displacement transducer

National Aeronautics and Space Administration

Strongly Implicit Procedure Solution package, version 5 of MODFLOW-96
State Water Project

foot per degree Celsius

per foot
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Symbols, in order of appearance

Oe
or
p
Hz
Oke
Ay
h

p

g
A

S*sk
aly
Ssk
S"ske
a'ke
Og(max)
Iskv
G'kv
Sk
Sske
Oke
Oky

effective or intergranular stress

total stress

pore-fluid pressure

vertical displacement

elastic skeletal compressibility

inelastic skeletal compressibility

hydraulic head

fluid density

gravitational acceleration

change (for exampléor means change in total stress)
aquifer system skeletal specific storage
aquifer system skeletal compressibility
aquitard skeletal specific storage

aquitard elastic skeletal specific storage
aquitard elastic skeletal compressibility
past maximum effective or intergranular stress
aquitard inelastic skeletal specific storage
aquitard inelastic skeletal compressibility
aquifer skeletal specific storage

aquifer elastic skeletal specific storage
aquifer elastic skeletal compressibility
aquifer inelastic skeletal compressibility
aggregate thickness of aquitards
aggregate thickness of aquifers

aquitard skeletal storage coefficient
aquifer skeletal storage coefficient
aquitard elastic skeletal storage coefficient
aquitard inelastic skeletal storage coefficient
aquifer elastic skeletal storage coefficient
fluid compressibility of water
aquifer-system storage attributed to the pore water
specific storage of water of aquitards
specific storage of water of aquifers
porosity of the aquitards

porosity of the aquifers

aquifer-system storage coefficient

much greater than

aquifer system inelastic storage coefficient
approximately equal to

volume strain

vertical strain

horizontal strainx direction

horizontal strainy direction

partial derivative

coordinate irz direction (vertical)

aquitard specific storage

aquitard vertical hydraulic conductivity
time

aquitard vertical hydraulic diffusivity

time constant

aquitard thickness

computed error

sum

measured displacement (vertical)
simulated displacement (vertical)

1,751
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Well-Numbering System

Wells are identified and numbered according to their location in the rectangular system for the subdivision
of public lands. Identification consists of the township number, north or south; the range number, east or west; and
the section number. Each section is divided into sixteen 40-acre tracts lettered consecutively (except | and O),
beginning with "A" in the northeast corner of the section and progressing in a boustrophedonic manner to "R" in
the southeast corner. Within the 40-acre tract, wells are sequentially numbered in the order they are inventoried.
The final letter refers to the base line and meridian. In California, there are three base lines and meridians: Hum-
boldt (H), Mount Diablo (M), and San Bernardino (S). All wells in the study area are referenced to the San Ber-
nardino base line and meridian (S). Well numbers consist of 15 characters and follow the format
007N0O12W15F001S. In this report, well numbers are abbreviated and written 7N/12W-15F1. Wells in the same

township and range are referred to only by their section designation, 15F1. The following diagram shows how the
number for well 7N/12W-15F1 is derived.

R12W
RANGE 6ls5lalsl2l1 SECTION 15
e o T T 718|9(10]11}12 D|C|B|A
%’ . :v 18]17 |16 15|14 13 E | Fy G
o . 5 19 (20| 21|22 |23] 24 M /{15K ]
30| 29| 28| 27|26 25
31|32|33|34|35|36 NIPIQIR

7N/12W-15F1
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Aquifer-System Compaction and Land Subsidence:
Measurements, Analyses, and Simulations—the Holly Site,
Edwards Air Force Base, Antelope Valley, California

By Michelle Sneed and D.L. Galloway

ABSTRACT based on established theories of aquitard drainage.
Historical ground-water-level and land-subsidence
data collected near the Holly site were used to con-
&rain simulations of aquifer-system compaction
and land subsidence at the site for the period

Land subsidence resulting from ground-
water-level declines has long been recognized as
problem in Antelope Valley, California. At
Edwards Air Force Base (EAFB), ground-water

extractions have caused more than 150 feet of 120890, and gr_ound-water-level and aquifer-
water-level decline, resulting in nearly 4 feet of system compaction measurements collected at the

subsidence. Differential land subsidence has Holly site were used to constrain the model for the

caused sinklike depressions and earth fissures afgriod 1990-97.

has accelerated erosion of the playa lakebed sur- Model results indicate that two thick aqui-
face of Rogers Lake at EAFB, adversely affectingtards, which total 129 feet or about half the aggre-
the runways on the lakebed which are used for gate thickness of all the aquitards penetrated by the
landing aircraft such as the space shuttles. SinceHolly boreholes, account for most (greater than 99
1990, about 0.4 foot of aquifer-system compactiorpercent) of the compaction measured at the Holly
has been measured at a deep (840 feet) boreholgite during the period 1990-97. The results of
extensometer (Holly site) at EAFB. More than 7 three scenarios of future water-level changes indi-
years of paired ground-water-level and aquifer- cate that these two thick aquitards account for
system compaction measurements made at the gt of the future compaction. The results also
Holly site were analyzed for this study. Annually, i, icate that if water levels decline to about 30 feet
seasonal water-level fluctuations correspond to below the 1997 water levels an additional 1.7 feet

steplike variations in aquifer-system compaction; . .
) of compaction may occur during the next 30 years.
summer water-level drawdowns are associated .
If water levels remain at 1997 levels, the model

with larger rates of compaction, and winter water- dicts that onlv 0.8 foot of i
level recoveries are associated with smaller rated’’ €9!Cts that only ©.c Toot of compaction may

of compaction. The absence of aquifer-system occur during the same period, and even if water
expansion during recovery is consistent with the levels recover to about 30 feet above 1997 water

delayed drainage and resultant delayed, or residlevels, another 0.5 foot of compaction may occur
ual, compaction of thick aquitards. in the next 30 years. In addition, only a portion of
A numerical one-dimensional MODFELOW the compaction that ultimately will occur likely

model of aquitard drainage was used to refine esiuill occur within the next 30 years; therefore, the
mates of aquifer-system hydraulic parameters tha€sidual compaction and associated land subsid-
control compaction and to predict potential futureence attributed to slowly equilibrating aquitards is
compaction at the Holly site. The analyses and important to consider in the long-term manage-
simulations of aquifer-system compaction are  ment of land and water resources at EAFB.
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INTRODUCTION earliestirrigation systems in the valley were dependent
on surface streams, but because the streams were not a
Land subsidence, a sinking of the land surface, stable and reliable water source for crop production,
which results from ground-water-level declines, has these streams soon were augmented by ground-water
long been recognized as a problem in Antelope Valleysystems (Thompson, 1929). Between about 1945 and
California (fig. 1), and in other alluvial basins in the 1968, ground water was pumped extensively in the
arid and semi-arid southwestern United States. The Lancaster ground-water subbasin (fig. 2) to irrigate
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Figure 1. Location of Antelope Valley and the Holly site (8N/10W-1Q).
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crops and to satisfy water demands at Edwards Air In 1988, ground failures of the dry lakebed sur-
Force Base (EAFB). This extensive pumping contrib- face, or playa, of Rogers Lake at EAFB (figs. 2 and 3)
uted significantly to the more than 6 ft of subsidence prompted an investigation by the U.S. Geological Sur-
that occurred at Lancaster and the 4 ft of subsidencevey and the U.S. Department of the Air Force to deter-
that occurred at EAFB between 1926 and 1992 (Ike- mine the causes of sinklike depressions, earth fissures,
hara and Phillips, 1994). Since 1990, nearly 0.4 ft of and accelerated erosion of the lakebed, which were
aquifer-system compaction, a reduction in aquifer- adversely affecting runways used by the Air Force
system thickness, has been measured at the Holly sitElight Test Center for landing aircraft such as the space

EAFB (fig. 1). shuttles. Early in the investigation, differential land
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Figure 2. General surficial geology and location of ground-water subbasins and geologic section, Antelope Valley, California.
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subsidence caused by compaction of the aquifer system Continued depletion of the aquifers in Antelope
was determined to be the likely cause of the lakebed Valley is likely because of a growing demand for water
deformation (Blodgett and Williams, 1992). In 1990, aand uncertain alternate sources of water supply. The
borehole extensometer (nearly 840 ft in depth) and foupopulation of the valley is projected to grow from about
piezometers were constructed near HOLLY (fig. 3), a260,400 in 1990 to about 650,000 by 2010 (California
horizontal and vertical control geodetic monument, toDepartment of Finance, 1992; Los Angeles County
measure compaction and water levels of the aquifer Department of Regional Planning, 1994), and water
system. The extensometer and the four piezometers demand is expected to exceed projected “safe” supplies
have been monitored since their construction, provid-by the year 2004 (L.M. Takaichi, Kennedy/Jenks Con-
ing a 7-year time series of ground-water levels and sultants, unpub. data, 1995). The safe supply is based
aquifer-system compaction. on the projected deliveries of imported water and the
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Figure 3. Location of selected well fields, observation wells, and bench marks near the Holly site (8N/10W-
1Q) in the south-central part of Edwards Air Force Base, Antelope Valley, California. Areal extent of map is
shown on figure 1.
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assumption that the annual ground-water supply is More than 7 years of paired ground-water-level
equal to the estimated natural recharge (L.M. Takaichiand aquifer-system compaction measurements made in
Kennedy/Jenks Consultants, unpub. data, 1995). the upper 1,100 ft at the Holly site were analyzed for
Ground-water supplies throughout Antelope Valley andthis study. The focus of the analyses was the role of the
at EAFB are augmented by surface water imported clay deposits, both the thick aquitards and the thinner
from northern California by the State Water Project interbedded aquitards, in aquifer-system compaction.
(SWP) by way of the California Aqueduct. The limited The analyses and simulations of aquifer-system com-
storage and delivery capacity of the SWP and the highaction were based on established theories of aquitard
degree of annual variability in water supplies owing todrainage (Helm, 1975) and were done using one-
climatological and environmental factors make reli-  dimensional models of coupled ground-water flow and
ance on the ground-water supply necessary to sustaigkeletal deformation based on the elastic and inelastic
present and future levels of demand. Information abo%ompressibi"ties of the aquifers and the aquitards

the physical processes of aquifer-system compaction gf eake, 1990). Historical ground-water-level and land-
the Holly site may be useful not only to EAFB but alsogpsidence data were used to constrain simulations of
to those in the Antelope Valley who seek a balanced usgistorical aquifer-system compaction and of land sub-
qf the ground-water_ resource with minimum additionalgjgence at the Holly site during the period 1908-97.
risk from land subsidence. Compaction and land subsidence were simulated to the
year 2026 for one scenario in which water-level
declines continued at the 1990’s rates. Two scenarios
were simulated to the year 2096 for possible future

The purbose of this report is to present round_ground—water—level changes—static water levels and
purp P P 9 recovery.

water level, aquifer-system compaction, and land sub-
sidence data collected in the field and to present the
results of simulations and analyses of aquifer-system .

. . . 7= Location
compaction and land subsidence and the implications
regarding future compaction and subsidence at the
Holly site. Field measurements and simulations of
aquifer-system compaction at the Holly site were use{

too\clgpnstgs'r: e;é:g?tif tzztge Si;g';@ plzrgfrﬁ[f;gzgz?of bounded on the southwest by the San Gabriel Moun-
9 P 9 ' tains, on the northwest by the Tehachapi Mountains,

vertical compression and expansion of th ifer - . :
ertical comp e_sso and expansion of the aquife Sysand on the north and the east by lower hills, ridges, and
tem to the applied stresses of ground-water-level

changes were used to simulate historical subsidence buttes. Itis a topographically closed basin with

and to predict possible future subsidence for selectedsurf"jlce'wat(':'r runoff terminating in several playas.

scenarios of future ground-water-level changes at theAverage annual precipitation varies from more than 36

Holly site. This study necessarily includes areas of inchesnear the crests of the San Gabriel Mountains to

Antelope Valley because the processes and propertie€SS than 3 inches on the valley floor (Rantz, 1969).
explored at the Holly site are influenced by physical, ~ntelope Valley covers nearly 2,400%aind includes
hydrologic, and geologic boundaries that occur at thethe cities of Lancaster and Palmdale and EAFB.

scale of the valley and because the processes and prop- EAFB encompasses nearly 47Gmid includes
erties at the Holly site are being incorporated into  the two prominent playas, Rogers and Rosamond
regional models of ground-water flow and aquifer- ~ Lakes. Both playas are used as emergency landing sur-
system compaction of the Lancaster subbasin (fig. 2)faces. Rogers Lake was once routinely used to land
(Tracy Nishikawa, U.S. Geological Survey, written ~ space shuttles, but presently is used only as an alternate
commun., 1998; David Leighton, U.S. Geological Surdanding site for the space shuttles and other aircraft.
vey, written commun., 1998). Together, the site- The Holly site is about 2 mi south of the southern
specific (Holly site) and the regional models of EAFB shoreline of Rogers Lake and less than 0.75 mi south of
may be useful to ground-water and land-subsidence the southernmost water-supply well in the South Tract
management at EAFB. well field (fig. 3).

Purpose and Scope

Antelope Valley is an arid valley in the western
orner of the Mojave Desert, about 50 mi northeast of
os Angeles (fig. 1). The triangular-shaped valley is
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Development of the Ground-Water Resource and were drilled for domestic supply to obtain patents for
Resulting Land Subsidence government land during a period of homesteading and
some were drilled to water livestock and crops

Prior to 1908, the early settlers in Antelope Val- (Johnson, 1911). Because the soil in the region of flow-
ley drilled more than 300 wells in the central and lowering wells was alkaline, attempts to farm the land were
parts of the valley; many of the wells tapped shallow limited and, therefore, the quantity of water from the
artesian aquifers and flowed without pumping. The flowing wells used for irrigation probably was small
area of these flowing wells (fig. 4) covered more than(Thompson, 1929). Near the heads of the alluvial fans
240 m? (Johnson, 1911) and included what is pres- along the south side of the valley, the settlers diverted
ently the southern part of EAFB. Many of the wells  surface water from mountain streams primarily to
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irrigate orchards. These early irrigation systems, whictground-water-level changes is substantially different
were dependent on the surface streams, failed to prothan during the agricultural era, ground-water levels
vide a stable and reliable water source for crop producontinue to decline in urban areas, near EAFB, and in
tion and soon were augmented by ground-water some isolated agricultural areas (Carlson and Phillips,
systems. 1998; Galloway and others, 1998Db).

By 1952, the areal extent of the flowing wells Problems related to land subsidence thus far
had decreased from 2407to only 3 mf (Dutcher and  have been subordinate to problems of ground-water
Worts, 1963). During the early 1950s, annual ground-supply. The costs of pumping ground water played a
water pumpage for crop production reached peak levelgajor role in the reduction of agricultural
of about 350,000 to 400,000 acre-ft (Snyder, 1955; ground-water use but is not yet a limiting factor for the
David Leighton, U.S. Geological Survey, written com-development of municipal-industrial ground-water
mun., 1999). Ground water remained the principal  supplies. Beginning in 1972, the importation of surface
source of water supply but in the mid-1970s was augwater from northern California to Antelope Valley by
mented by imported water delivered from the newly way of the State Water Project California Aqueduct
constructed California Aqueduct as part of the State (fig. 1) has provided an alternate water resource, sus-
Water Project. By this time, irrigated acreage and  taining the growth of municipal-industrial water
ground-water use for crop production were steadily demand that, for the most part, is dependent on
declining owing to, in part, the increasing depths to  ground-water supplies. The limited storage and deliv-
ground water and the associated costs of pumping. ery capacity of the State Water Project and the high
During the 1980s, the population of Antelope Valley degree of annual variability in water supplies owing to
nearly doubled and the predominant land use shifted climatological and environmental factors make reli-
from irrigated agriculture to urban; ground-water use ance on the ground-water supply necessary to sustain
again increased. By 1991, agricultural water use waspresent and future levels of demand. The economic and
only 20 percent of the peak levels of the late 1950s, ang@nvironmental consequences of continued
the predominant water demand was for municipal- ground-water mining (withdrawals in excess of
industrial water use (Galloway and others, 1998b). Irrirecharge)—aquifer-system compaction and land sub-
gated acreage had decreased by 80 percent, while sijdence—pose challenges to users of the depleted
urban land use had increased by more than 200 percefésource and may eventually play a role in limiting the

Historically, ground-water supplies have met 50 development of municipal-industrial supplies.
to 90 percent of the annual water demand in Antelope
Valley and, until recently, nearly all the water demand
at EAFB. For example, ground water provided about Previous Studies
60 percent of the total water supply in Antelope Valley
(Templin and others, 1995; David Leighton, U.S. Geo- Several studies of land subsidence have been
logical Survey, written commun., 1999) during the  done in the Antelope Valley. The earliest recognition of
nondrought year of 1992, a year that followed a pro- land subsidence in the valley may have been by the
longed (1987-91) drought in California. Variability in Office of the County Engineer of Los Angeles County
precipitation and in the amount of surface water delivas a result of surveys made between 1928 and 1960
ered from the California Aqueduct emphasizes the (Mankey, 1963). More recently, Blodgett and Williams
importance of managing the local ground-water (1992) reported land subsidence and related land-
resources to meet present and future water demandssurface deformation affecting the playas at EAFB; their
and to mitigate land subsidence problems (Galloway report also describes the construction of the Holly
and others, 1998b). Although recent pumpage is lessextensometer. Londquist and others (1993) reported
than at any time since the 1930s, the 75,000 acre-ft compaction and ground-water levels measured at the
(estimate for 1995; David Leighton, U.S. Geological Holly site between May 1990 and November 1991,
Survey, written commun., 1999) of ground water presented preliminary maps of land subsidence in the
pumped annually to meet water demand continues tovicinity of EAFB, and described geologic and hydro-
exceed the estimated mean natural recharge to the vagleologic information collected between 1989 and 1991
ley (about 41,000 acre-ft; Durbin, 1978). Although theas part of hydrogeologic investigations to characterize
spatial distribution of recent (1990s) pumpage and the aquifer system at EAFB. Ikehara and Phillips
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(1994) compared the results of repeat geodetic mea- Antelope Basin and the Kramer Basin. These basins
surements made using spirit leveling and global posi-consist of Tertiary and Quaternary sediments eroded
tioning system surveys and calculated that more thanfrom the adjacent bedrock highlands; these sediments
6.6 ft of subsidence attributable to aquifer-system comare more than 5,000 and 2,000 ft thick, respectively
paction had occurred in Antelope Valley between 1926Benda and others, 1960; Mabey, 1960). However,
and 1992. lkehara and Phillips (1994) provided a sungravity measurements made in 1989 indicate thick-
mary of land-surface-elevation measurements made inesses may be as much as 10,000 ft in the East Ante-
Antelope Valley prior to 1992. Freeman (1996) lope Basin (Mabey, 1960). These measurements also
described equipment and methods used to collect, indicate that this basin is an elongated northeast to
record, process, and electronically store time-series southwest oriented trough; the northeast part is beneath
data from EAFB monitoring sites, including the Holly the southwestern region of Rogers Lake and the south-
site. Galloway and others (1998a) used interferometrievest part is near Lancaster. The Kramer structural
synthetic aperture radar (INSAR) to detect and map basin is more irregularly shaped and centered northeast
land-surface displacements in Antelope Valley attributef Rogers Lake (Mabey, 1960).
able to aquifer-system compaction that occurred Strike-slip and normal faults are the major geo-
between October 1993 and December 1995. logic structures in the western part of the Mojave block
with some minor, localized folding. The San Andreas
and Garlock Fault Zones are active strike-slip fault
HYDROGEOLOGIC SETTING zones. Major faults in the Mojave Desert that intersect
EAFB include Willow Springs, Bissell Hills-El
The Mojave Desert in California is a wedge-  Mirage, Blake Ranch, Spring, Kramer Hills, and
shaped block bounded by the San Andreas Fault Zonkluroc Faults, and several unnamed faults that are col-
on the southwest, the Garlock Fault Zone on the northectively referred to as the Antelope Valley Fault Zone
west, and the Colorado River on the east (fig. 1). (fig. 2).
Uplifts of the San Gabriel and Tehachapi Mountains On and near EAFB, the bedrock complex con-
isolated the Mojave Desert from the Pacific Coast andists of pre-Cenozoic igneous rocks and consolidated
created the interior drainage basins of the western  Tertiary sedimentary rocks (Hewett, 1954; Dibblee,
Mojave Desert, such as the Antelope Valley (Hewett, 1963). Quartz monzonite is the predominant igneous
1954). Londquist and others (1993) provide a more rock type exposed in the hills at EAFB. Continental
complete and detailed description of the regional deposits of late Tertiary and early Quaternary age
hydrogeologic setting of the Antelope Valley and its unconformably overlie the basement complex in the
evolution. hills near EAFB (Dutcher and Worts, 1963). Lithologic
The Holly site at EAFB is just south of the South logs for deep wells at EAFB suggest that these deposits
Tract well field and Rogers Lake (fig. 3). Much of the overlie the basement complex within the Lancaster
site-specific, subsurface geologic and geophysical ~subbasin. The continental deposits consist of poorly
information was derived from boreholes drilled previ- sorted, well indurated conglomerate, sandstone, silt-
ously at or near the Holly site (Londquist and others, stone, shale, limestone, dolomite, volcanic tuff, and
1993; Rewis, 1993) and from several earlier studies breccia (Dibblee, 1960; Dutcher and Worts, 1963).
(Johnson, 1911; Thompson, 1929; Dutcher and Worts, A succession of alluvial deposits of Quaternary
1963; Durbin, 1978). age overlies the continental deposits. These deposits
are the result of erosion of the San Gabriel and the Teh-
achapi Mountains. The alluvium consists of unconsol-
Geologic Framework idated to moderately indurated, poorly sorted gravel,
sand, silt, and clay deposited as alluvial fans or depos-
Antelope Valley overlies five large sediment-  ited along stream channels and floodplains, and of
filled structural basins—the Cajon Basin, the East  interbedded lacustrine sediments deposited in pluvial
Antelope Basin, the Kramer Basin, the Mojave Basin,times. Older units within the alluvium typically are
and the West Antelope Basin (fig. 2)—separated by more consolidated and indurated than the younger
areas of extensively faulted, elevated bedrock (Bloyd,units (Dutcher and Worts, 1963; Durbin, 1978). Lacus-
1967). EAFB overlies two of these basins, the East trine deposits interbedded within the alluvium consist
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of fine-grained sand, silt, and clay that accumulated inmiddle and lower aquifers at the Holly site. The deeper
a relatively large lake, or marsh, that at times coveredine-grained unit, which is entirely within the middle
large parts of the Antelope Valley (Dibblee, 1967).  aquifer, is electrically more resistive and more hetero-
These lacustrine deposits consist primarily of thick laygeneous than the upper fine-grained unit. Thinner aqui-
ers of blue-green silty clay and a brown clay with intertards, ranging from 1- to 18-ft thick, also are evident in
bedded sand and silty-sand layers. Near the southerrihe resistivity logs. The contact between the alluvium
limit of the valley, the lacustrine deposits are beneath agnd underlying continental deposits is defined by an
much as 800-900 ft of alluvium, but near the northernanomaly which occurs in the spontaneous potential and
limit the lacustrine deposits are exposed at land sur- resistivity logs at 837.5 ft below land surface, below
face. Rosamond Lake and Rogers Lake playas are which the baseline of the resistivity logs shift to a lower
underlain by about 100 ft of fine-grained lacustrine ~ resistivity by about 10 ohm-m. This resistivity shift is
deposits from ancient Lake Thompson, which coverednterpreted as a chemical transition to more highly con-

most of Antelope Valley in Pleistocene time (Motts andductive fluid; the specific conductance of water sam-
Carpenter, 1970). pled from piezometers screened below this shift is

about 3 to 4 times higher than the water sampled from
surveys, seismic-refraction surveys, and vertical elecPi€Zometers screened above the shift (Londquist and

tric soundings were done at EAFB in 1989. These wer@tN€rs, 1993). Coarse-grained quartz monzonite, inter-
done to define the basement surface, to map the subsBF?ted as decomposed basement bedrock, was encoun-
face distribution of fine-grained and coarse-grained _tered at 1,075 t below Ianql surface and cc_)red in the
sediments, and to identify potential aquifers and areag\terval 1,097 t0 1,107 ft (fig. 5A) (Londquist and
where ground-water withdrawals might further inten- others, 1993).
sify land-subsidence problems (Londquist and others,
1993). In addition _to these surveys, numerous Aquifer Systems
borehole-geophysical surveys were made at the com-
pletion of the deepest borehole at each of several mon- Before the development of agriculture in the
itoring cluster wells constr.ucteq at EAFB _durlng 1989_Antelope Valley in the early 1900s, ground water
92; the surveys are described in Londquist and other§yqeq from recharge areas near the San Gabriel and
(1993) and Rewis (1993). Surface geophysical infor- ha Tehachapi Mountains toward meadows, marshes,
mation on parts of EAFB and site-specific borehole 5, springs (now dry) near the center of the valley.
geophysical information on EAFB, including the Holly n1ost of this ground water discharged by evapotranspi-
site, aid in delineation of the areal and vertical extent of tion. The primary source of natural recharge to the
aquifer-system compaction and land subsidence.  antelope Valley is stream runoff that infiltrates the

At the Holly site, the subsurface geology con- thick alluvial fans emanating from mountain fronts
sists of alluvial and lacustrine deposits from land sur-along Big Rock Wash, Little Rock Wash, and Amar-
face to about 840 ft below land surface, continental gosa Creek among others (fig. 1). Estimates of the
deposits from about 840 to 1,075 ft below land surfacemean annual natural ground-water recharge to the val-
and decomposed basement complex at 1,075 ft belowey range from 40,700 to 58,000 acre-ft (California
land surface. The Holly site is contained within the = Department of Water Resources, 1947; Snyder, 1955;
East Antelope structural basin and the Lancaster Weir and others, 1965; Durbin, 1978). Ground water no
ground-water subbasin (fig. 2). The alluvium consistslonger discharges into the meadows that once thrived
of arkosic interbedded gravel, sand, and clay (#J. 5 near the center of the valley because ground-water lev-
and the lacustrine deposits consist of massive clay. els have been lowered extensively by nearly a century
Lithologic and geophysical logs of the Holly site revealof ground-water resource development. Presently
the general heterogeneity, and the resistivity logs shoWl990s), nearly all aquifer-system discharge occurs
two relatively thick fine-grained units 120 to 186 ft  through pumping wells.
(principally clay) and 302 to 365 ft below land surface In Antelope Valley, basin-fill sediments consti-
(fig. 5B). The upper fine-grained unit is interpreted as aute a vast ground-water basin. Conceptually, the
regionally extensive lacustrine blue-clay unit, as ground-water basin has been subdivided into 12 subba-
defined by Dutcher and Worts (1963); it confines the sins (Thayer, 1946) of which the Lancaster subbasin

Surface geophysical studies including gravity
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(fig. 2), located in the central part of the valley and  Worts, 1963; Bloyd, 1967; Durbin, 1978; Londquist
underlying a part of EAFB, is the largest and most  and others, 1993; Ikehara and Phillips, 1994; Rewis,
developed. The aquifer systems in the Lancaster sub1995; Carlson and others, 1998; Galloway and others,
basin consist of transmissive aquifers interbedded witd998b), the upper aquifer is termed the “principal aqui-
relative|y nontransmissive aquitards (Dutcher and fer” and the middle and lower aquifers are coIIectiver

Worts, 1963; Durbin, 1978; Londquist and others,  termed the “deep aquifer.” More recent data indicate
1993). that the system can be divided into three aquifers in the

Lancaster subbasin. These aquifers consist of poorly
consolidated, variably sorted beds of clay, silt, sand,
and gravel. At moderate depths, the upper aquifer is
o . artly confined by fine-grained interbedded aquitards,
|s.th|n and generally_unproductuve; a de?per anq . \I?vhic)rln in pIaces,%s sep%rated from the middlg aquifer
thicker confined aquifer (the m'd‘?“e aquifer), which is by laterally extensive, thick lacustrine deposits (fig. 6).
where most of the ground water is produced; and theérhage |acustrine deposits, commonly referred to as the
deepest confined aquifer (the lower aquifer), which isy ;o clay, confine parts of the middle aquifer, except
thinner and produces less water than the middle aquif¢{ar the northern part of Rogers Lake where the depos-
(fig. 6) (David Leighton, U.S. Geological Survey, writ- its thin to extinction. At Lancaster, which is near the
ten commun., 1998). In previous reports (Dutcher angenter of the Lancaster subbasin, the confining clay bed
is about 150 ft thick with the upper boundary of the bed
about 750 ft below land surface (from lithologic log
data of cluster well 7N/12W-27F5-8 from U.S. Geolog-

Conceptually, the ground-water flow system in
the Antelope Valley was divided into three aquifers—a
shallow unconfined aquifer (the upper aquifer), which

Palmdale

« rogrsLaes ical Survey well file).

Feet A North Muroc A" The ground-water system at the Holly site is part
o0 |4 Lancastr ground-water Sligzaifface—’\‘gré’&?é’égﬁter*i of the Lancaster subbasin and consists of two aquifer
N & sygtems—an unconfined system and a cqnflned system,
R AN g —7-: which are separated by lacustrine deposits that form a
1000 {23 —\/ _ s L confining unit (fig. 7) (Londquist and others, 1993).

sea [T e g | The Holly site is near the northern extent of the uncon-
el 7} b e TUNT < fined aquifer system. At this site, the upper aquifer is

unconfined and has a water table about 55 ft below land
surface and a saturated thickness of about 65 ft. The
confined-aquifer system at the site extends about 900 ft
below the confining unit, or nearly 1,100 ft below land
surface, where it is underlain by weathered bedrock
(figs. PA and 7). Within the confined-aquifer system,

1,000 {,*
2000 1 °
3000 |/

4000 1"

so0 L T e e el the middle and lower aquifers were defined on the basis

° oo B n B of water chemistry, ground-water levels, and geophysi-

cal measurements (Londquist and others, 1993). Pres-
ently, ground water in the confined-aquifer system at
the Holly site flows northwestward toward a pumping
depression within and surrounding the South Tract well

|
T
0 5 10 15 20 25 KILOMETERS

EXPLANATION

[ ] Youngeralluvium field; most of the ground water pumped in this well
[ ]  Olderalluvium field is produced from the middle aquifer.

[C]  Continental deposits Hydraulic properties determined from pumping
[ ] Lacustrine clay deposits tests of the middle aquifer in the vicinity of the Holly
Bedrock site (summarized by Londquist and others, 1993),

ranged from 4,600 to 25,906/ for transmissivity,
Figure 6. Generalized geologic section showing relation of lacustrine 3.6 104 to 2.3% 103 for storage coefficient, and 9.2
deposits to younger and older alluvium and aquifers in the Lancaster 2 2 . " ’
and North Muroc subbasins, Edwards Air Force Base, Antelope X 10_ _to 1.7x10 ft/d for th? Vert'cal_ hydraulic con-
Valley, California. Line of section shown in figure 2. ductivity of the confining unit. An estimate of the
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specific storage, 7.3810° ft"1, and an upper limiting  and theoretical assumptions to the elastic range of the
estimate for aquifer vertical hydraulic conductivity, 2.0 aquifer system’s response. As such, these storage esti-

x 1072 ft/d, for the lower aquifer were made from

water-level responses to theoretical earth tides and
atmospheric loading measured in piezometer HO-1 at
the Holly site (Rummler, 1996). The responses of a

well in the Graham Ranch area of EAFB (fig. 3) to the
oretical earth tides, atmospheric loading, and the 199
earthquake at Landers, California, were used to esti-
mate aquifer specific storage, 45107 ft'1, and aqui-

fer vertical hydraulic conductivity, 1.9 10 2 ft/d

Depth below
land surface, in feet

0

Upper aquifer
100
200

300

400

Middle
aquifer

500
600
700
800
900

Lower

1,000 aquifer

1,100

1,200

mates are more representative of storage attributable to

Holly site, for purpos
in Antelope Valley. T

the aquifers rather than the aquitards.

Durbin (1978) estimated hydraulic properties for

the deep aquifer (middle and lower aquifers combined)
ithin the area of EAFB, including the area of the

es of modeling ground-water flow
hese estimates are 2.00°3 for

storage coefficient and range from 1,700 to 14,000

(Galloway, 1993). The hydraulic tests and methods ft%/d for transmissivity. The Durbin (1978) model uses
used to compute these estimates are limited by desigh.0 102 ft/d for the vertical hydraulic conductivity of
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Figure 7. Conceptual model of the aquifer systems at the Holly site (8N/10W-1Q) including the piezometers (HO-1, HO-2, HO-3, and HO-4) and
the borehole extensometer, Edwards Air Force Base, Antelope Valley, California. (Modified from Londquist and others, 1993)
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the confining unit and does not explicitly simulate  systems after 1940, heads in the middle and lower aqui-

aquifer-system compaction. fers became lower than heads in the upper aquifer and
the shallow water-bearing zones. Ground water in the
Ground-Water Levels water-bearing zones in the shallow subsurface of the

, o unconfined aquifer system began to flow downward to
In 1915, prior to significant ground-water devel-y,o confined aquifer system rather than flowing upward

opment in the upper aquifer of the Lancaster subbasiry discharging from springs (Motts and Carpenter,
the potentiometric surface was near or above land Sui‘970).

face in many areas (fig. 4) (Durbin, 1978). Between
1915 and 1991, ground-water levels declined more
than 100 ft throughout most of the Lancaster subbasi
and as much as 300 ft near the southern and westerrlh
margins of the subbasin (fig. 8). The hydrograph for
well 7N/12W-15F1, which is in Lancaster, shows sea
sonal water-level fluctuations and a longer-period,
monotonic water-level decline of more than 150 ft
since the early 1940s (fig. 8).

East of Lancaster, water levels at well 7N/10
O5E1 recovered nearly 50 ft between 1970 and 1991
(fig. 8) owing to a reduction in irrigated acreage and
ground-water pumping in this region. Ground-water
levels presently are recovering in the eastern and we

ern rural areas of the subbasin, areas that previously idd ql i he Hollv si
were intensely pumped to irrigate crops. Water levels middie and lower aquiters at the Holly site was con-

continue to decline in the urban areas around Lancastff€d @nd generally 100 to 110 ftlower than the ground-
and Palmdale, in isolated agricultural areas where ~ Water levels in the upper aquifer (fig. 7). Seasonal vari-
ground-water pumpage is high, and at EAFB. Recent@tion in pumping _at thfe South Tract wells control_s the
estimates of annual ground-water pumpage inAnteIopée_asonal fluctuations in the grpund-wa‘ger levels in the
Valley [about 75,000 acre-ft in 1995 (David Leighton, mlddlelan.d lower aquifers, whlch constltute the more
U.S. Geological Survey, written commun., 1999)] are transmissive parts of the confined aquifer system at the
about one-fourth of the annual peak volumes pumpedolly site.
during the 1950s (more than 300,000 acre-ft), but the Since 1990, the U.S. Geological Survey rou-
present quantity continues to exceed (overdraft) the tinely has measured the ground-water levels in four
estimated annual natural ground-water recharge. piezometers (fig. 7) constructed in two boreholes at the
Prior to the development of ground-water Holly site. The time-series measurements consist of
resources in Antelope Valley and until about 1914 to Periodic (about monthly) measurements made using
1919, the confined aquifer system in the southern are@raduated tapes and continuous (about hourly) mea-
of Rogers Lake playa and in adjacent areas south angurements made using pressure transducers and
west of the playa likely was under artesian conditionsrecorded with dataloggers. The methods of measure-
(Johnson, 1911; Thompson, 1929). Thompson (1929ment and data processing are discussed in detail in
described the playa surface as “puffy, ‘self-rising’  Freeman (1996). Hydrographs for each of the Holly
ground... covered with more or less alkali.” Prior to  piezometers (HO-1, HO-2, HO-3, and HO-4) for May
1940, hydraulic heads throughout the Lancaster subb4990 through December 1997 are shown in figure 10.
sin generally were higher in the confined aquifer sys- For this period, piezometer HO-4, completed in the
tem than in the unconfined aquifer system, and itis upper aquifer (unconfined), shows a steady water-level
likely that ground water discharged through the playadecline (nearly 5 ft) without a significant seasonal vari-
surface by evaporation. The Buckhorn Springs (War- ation, whereas water levels in piezometers HO-2 and
ing, 1915), now dry, and other springs nearer to RogerslO-3, completed in the middle aquifer, nearly track
Lake, also now dry (Dutcher and Worts, 1963), sup- each other and show marked seasonal changes ranging
ported marsh vegetation. As a result of increased  from 10 to 17 ft (fig. 10). Seasonal variations were
pumpage in both the unconfined and confined aquifersmaller for the period 1990-93 compared with

Since 1951, ground water has been the principal
ource of water supply for EAFB, where more than 150
of ground-water-level decline has affected much of
e southern Rogers Lake area. Presently (1990s),
_ground-water levels in these areas continue to fluctuate
tens of feet in response to seasonal pumping, with
water levels in many wells showing long-term declines
averaging more than 1 ft/yr. The long-term decline in
W- ground-water levels is shown by the hydrographs of
wells 8N/10W-28B1 and 9N/10W-24C1, which are
about 5 mi southwest and 5 mi north of the Holly site,
respectively (fig. 9). In 1999, ground water in the

nconfined, upper aquifer at the Holly site was about
7 ft below land surface, whereas ground water in the
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variations for the period 1993-97. The largest seasonand earthquakes (fig. 11). The water-level response
variation occurred from winter to summer 1996. (HO-3) to daily pumping in the upper zone of the con-
Similar longer-term trends in the variation of the fined aquifer varies about 0.1 to 0.5 ft (figA) &nd is
seasonal peaks and troughs are evident by the gradularger for piezometer HO-2 (not shown) and HO-3 than
increase in seasonal maximum and minimum water for HO-1.
levels between 1990 and 1993 and by the general rever-  Some of these data on water-level responses to
sal in that trend between 1993 and 1997 (fig. 10). Botlaaily pumping were used with compaction data to cal-
trends, seasonal and longer-term variation of the sea<culate aquifer elastic storage coefficients from the mea-
sonal fluctuations in piezometers HO-2 and HO-3,  sured stress/strain response. Some of the longer-term
which are completed in the middle aquifer within the seasonal water-level responses and the measured and
production zone, are evident in the hydrograph for pieestimated strain responses were used to compute aqui
zometer HO-1, completed in the lower aquifer below tard inelastic storage coefficients. These methods and
the production zone. However, the water-level responseesults are discussed in a later section of this report.
in piezometer HO-1 is attenuated and time lagged com-  Variations in atmospheric pressure at land sur-
pared with the water-level responses in piezometers face typically cause water-level changes in wells com-
HO-2 and HO-3. The seasonal variation in piezometepleted in confined and deep unconfined aquifers
HO-1 is only 4.5 to 8 ft (fig. 10), and the onsets of the(Jacob, 1940; Weeks, 1979). For wells open to the
winter recovery and summer drawdown lag the onsetatmosphere, such as the Holly piezometers, the water-
of these periods in the piezometers (HO-2 and HO-3)level response is opposite in sense and generally only a
screened in middle aquifer by about 1 month. fraction of the barometric pressure change (barometric
Water-level fluctuations at higher frequencies efficiency of the well). Water levels in piezometers
(hours to days) also are evident in the middle and lowescreened in the middle and lower aquifers typically
aquifers at the Holly site. These fluctuations include fluctuate about 0.08 ft in response to daily changes in
responses to daily pumping cycles at the South Tractatmospheric pressure and fluctuate as much as 0.5 ft
well field, barometric pressure variations, earth tides, during some severe storms (figBl1The three
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Figure 10. Water levels in piezometers HO-1, HO-2, HO-3, and HO-4 at the Holly site (8N/10W-1Q), Edwards Air Force Base, Antelope Valley,
California, 1990-97.
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piezometers screened in the middle and lower aquifersetween October 20, 1993, and December 22, 1995,
(HO-1, HO-2, and HO-3) also showed some sensitivity(Galloway and others, 1998a). In Galloway and others
to earth tides, but HO-1 showed the most sensitivity (1998a), these maps show two localized areas of max-
(fig. 11C). Daily tidal fluctuations in HO-1 range from imum subsidence (approximately 0.16 ft), one area
less than 0.02 to more than 0.05 ft during the tidal  near Lancaster (coincident with the area of historical
cycle. HO-1 was continuously monitored during the maximum subsidence shown in fig. 12) and another
June 28, 1992, earthquake at Landers, Californja (M area near southern Rogers Lake (approximately 8 mi
= 7.3); the earthquake caused a 0.53 ft step increase $puth-southwest of the Holly site in fig. 12).

water level followed by an exponential decay (fig. The distribution and the magnitude of subsid-
11D).An:_;1|yses indicate that the aquif_ersystems tapp_egnce (fig. 12) reflect, in part, the changing shape and
by wells in the EAFB area were subjected to a coseisposition of the water-level surfaces of the aguifer (fig.
mic volume strain step of about %80~ compressive  g) and the areal distribution and aggregate thickness of

strain (Roeloffs and others, 1995). compressible sediments but also may be affected by
uneven bedrock subcrops. Historically, the largest
Aquifer-System Compaction amounts of subsidence have occurred in two

areas—one area centered in Lancaster and the other
area about 10 mi east of Lancaster (fig. 12), where large

aquitards interspersed throughout the alluvial aquiferqu"’_mtltles of ground water were once pumped_ forirri-
systems causing a vast, one-time release of “water oigat!on and where the aggrggate thlckness of'flne-
compaction” and land subsidence. Accompanying thigrained, cqmpreSS|bIe seo“ments is substantial. In gen-
release of water is a largely nonrecoverable reductioneral’ there_ is good correlation hetween the area of flow-
in the pore volume of the compacted aquitards and aff'd Wells in 1908 reported by Johnson (1911) and the
overall reduction in the storage capacity of the aquifefM@PPed area of historical land subsidence (fig. 12).
system. This water of compaction is, in effect, a nonre2espite the large water-level declines along the west-

newable resource that can be mined only at the expen§& @nd southern margins of the Antelope Valley
of incurring land subsidence and reducing ground- (fig. 8), no significant land subsidence has been mea-
water storage capacity. sured in these areas (fig. 12). This lack of significant

Aquifer-system compaction and resultant land subsidence may be explained by the relative absence of

subsidence in Antelope Valley, which includes EAFB, fme-gramed, compressnble Sed'.mef‘ts in recent and
is attributed to ground-water-level declines (Blodgett older buried alluvial fans occurring in these areas. The
and Williams, 1992: Londquist and others, 1993; Ike- thick, laterally extensive lacustrine deposits present in

hara and Phillips, 1994; Galloway and others, 1998a)¥he central part of the subbasin are absent in the west-

A historical relation (1926-92) between ground-water€™M part of the subbasin and in the extreme southern

level declines and regional land subsidence in the valPart of the subbasin near Palmdale (figs. 2 and 6). No
ley was established using water-level measurements 2PPreciable thickness of interbedded aquitards has
and elevation data from spirit leveling and Global PosiP®en mapped in the upper aquifer in these regions
tioning System (GPS) surveys (Ikehara and Phillips, (Durbin, 19781 ondquist and others, 1993).

1994). By 1992, more than 6.6 ft of subsidence attrib- Differential land subsidence in Antelope Valley
utable to ground-water withdrawals had occurred in has caused the formation of earth fissures (figs. 2 and
parts of Antelope Valley (fig. 12), with 290fiffected  12) and has altered surface drainage gradients, contrib-
by more than 1 ft of land subsidence. Subsidence in theting to erosion and flooding problems; these problems
valley has permanently reduced aquifer-system storaga&re particularly evident on Rogers Lake playa at EAFB
by about 50,000 acre-ft (a conservative estimate by IkéDinehart and McPherson, 1998). In January 1991, an
hara and Phillips, 1994), an amount approximately earth fissure ruptured the surface of Rogers Lake (fig.
equivalent to the estimated mean annual natural 3) prompting the closure of the southern part of the
recharge of the valley. A radiometric-remote sensing lakebed to aircraft operations, including landings of the
technique, interferometric synthetic aperture radar  National Aeronautics and Space Administration
(INSAR), was used to develop spatially detailed maps(NASA) space shuttles (Blodgett and Williams, 1992).
of land subsidence that occurred in Antelope Valley The fissure was as much as 6-ft wide and at least 12-ft

Long-term ground-water-level declines in
Antelope Valley have resulted in the compaction of
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deep and extended more than 1,200 ft; it formed neamechanical advantage of an asymmetric counter-
the margin of the ground-water subbasin in an area weighted lever (balance beam) to place the upper half
where inspection showed recent (10 to 20 yeans) of the pipe in tension to minimize frictional contact
echelon(staggered) traces of healed fissures. T.L.  with the 6-inch well casing. The vertical displacement
Holzer and M.M. Clark (U.S. Geological Survey, of this 2-inch pipe relative to the reference platform
unpub. data, 1981) described a similar 2,000-ft long provides a measure of compaction between the base of
and 7-ft deep arcuate earth fissure (figs. 3 and 12); thikie reference platform (15 ft below land surface) and
fissure was first noticed in 1978 by residents about 7 nthe base of the extensometer (840 ft below land sur-
east-northeast of the city of Lancaster. Large earth fisace). The reference platform at the Holly site is a lev-
sures forming at the margins of alluvial basins or whereled steel instrument table that spans and is supported
there is a sharp change in thickness related to a changg two steel-pipe piers cemented at 15 ft below land
in the depth to bedrock have been associated with difsurface in oversized boreholes. The instrument table
ferential aquifer-system compaction throughout the provides a stable reference with a minimum of temper-
western United States (Holzer, 1984). Many other, gerature and moisture effects related to the deformation of
erally smaller, earth fissures have been mapped in a surface soils.
15-m? area in the northwest part of Lancaster; these The extensometer assembly is housed in an insu-
fissures were attributed to tensional forces created bylated shelter that sits atop a concrete pad foundation
regional land subsidence (Charles Swift, Geolabs-  that is mechanically decoupled from the piers and the
Westlake Village, written commun., 1991). extensometer casings. Two analog devices, a machin-
Since 1990, the U.S. Geological Survey has ist's dial gage and a drum recorder, and one digital
measured ground-water levels in four piezometers device, a linear voltage displacement transducer
(HO-1, HO-2, HO-3, and HO-4) and has measured (LVDT), are positioned to measure displacement
aquifer-system compaction at the borehole extensombetween the pipe extensometer and the reference plat-
ter at the Holly site (8N/10W-1Q, fig. 3). The exten- form. The change in the distance between the pipe
someter provides a measure of compaction from 15 textensometer and the reference platform is the measure
about 840 ft below land surface at a minimum resolu-of displacement in the depth interval of 15 to 840 ft
tion of 1.0x 1072 ft. Drilling logs representative of the below land surface.
extensometer borehole are described in Londquist and Measurements of aquifer-system compaction
others (1993) and construction of the extensometer isvere made at the Holly extensometer from May 1990
described in Blodgett and Williams (1992). The extenthrough December 1997 (fig. A# Throughout this
someter was retuned and reinstrumented in August period, compaction was measured by comparing suc-
1992 to minimize frictional contact between the 2- andcessive, near-monthly readings of the dial gage analog
6-inch casings (fig. 13). The most recent configuratiordevice. Since August 1992, hourly measurements also
is described in Freeman (1996). were made; these measurements were made using the
The extensometer at the Holly site (fig. 13) is a LVDT and recorded with a datalogger. Some missing
counterweighted pipe extensometer (for a descriptiondata exist because of instrument failure or operator
of borehole extensometric methods commonly used bgrror. The principal mode of the compaction signal is a
the U.S. Geological Survey, see Riley, 1984). A 2-inchseasonally dependent step response. Larger rates of
diameter steel pipe was placed atop a concrete anchéompaction are associated with summer water-level
at a depth of 840 ft and suspended inside a 6-inch diarfirawdowns, and despite ground-water-level recoveries
eter steel casing cemented in the formation to a depti®f more than 10 ft during the winter, compaction
of 810 ft; the bottom 30 ft of the extensometer was leficontinues, albeit at a smaller rate.
uncased. The 6-inch casing string includes two tele- Aquifer-system deformation occurs in response
scoping slip joints that can accommodate as much ago short-term (daily) pumping cycles during the sum-
20 ft of compressive displacement before the casing mer and winter. The compaction responses to daily
resists further compressive stresses. The 2-inch pumping are superimposed upon the seasonal response
diameter extensometer pipe is supported using the and are related to the concurrent water-level change
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(fig. 14). Compaction is related to water-level draw- of the GPS surveys is plus or minus 0.19 ft (Marti Ika-
down in the middle aquifer, and rebound from compachara, U.S. Geological Survey, written commun., 1998);
tion is related to water-level recovery (figB)4Other  however, actual error may be higher. Data on these ele-
factors that potentially can affect the compaction of thevation changes indicate a moderately steep gradient
aquifer system and compaction measurements includg.65 x 10° ft/ft) of subsidence between M1155 and
atmospheric loading caused by changes in barometrielOLLY.
pressure at land surface and diurnal fluctuations of Aquifer-system compaction measured by the
shelter and equipment temperatures. Attempts were Holly extensometer was 0.259 between August 6,
made to clarify the response of the aquifer system to 1992, and January 5, 1998, ft and 0.292 ft between
atmospheric loading, but the compaction response toAugust 6, 1992, and August 6, 1998. INSAR data for
barometric pressure changes measured in the compage interval between October 20, 1993, and December
tion signal was too weak to adequately define this rele2, 1995, show that 0.131 ft (+ 0.03-0.07 ft) of land
tion. The extensometer and its shelter were specificallgubsidence occurred in the vicinity of the Holly site
designed to compensate for, and thereby minimize, th@Galloway and others, 1998a). Compaction measured
effects of temperature variation on compaction mea- by the Holly extensometer for this same period was
surements. The measured displacement response t00.101 ft, which is comparable to the INSAR-measured
diurnal temperature variation was small (8.00° amount (Galloway and others, 1998a).
ft/°C) compared with the responses to daily and sea- These discrepancies in magnitude between
Sonal ground'Wa.ter'IeveI ChangeS. The eﬂ:eCtS Of atm%quifer_system Compaction and |and Subsidence mea-
spheric pressure and temperature variations on com-syred by the different techniques suggest that a signifi-
paction measurements were relatively insignificant  cant part of total aquifer-system compaction, perhaps
and, therefore, no attempt was made to filter these as much as One_third’ is not being measured. Some
responses from the compaction signal. compaction may not have been measured because the
To determine whether any land subsidence couléxtensometer may not have measured all deformation
be attributed to aquifer-system compaction occurring either because the extensometer was faulty or because
below the anchor depth of the extensometer, 840 ft, a significant amount of compaction was occurring
repeat geodetic measurements of the HOLLY geodetibelow the extensometer anchor. The discrepancies in
monument (fig. 3) were made. Differential GPS sur- compaction also may have resulted because the
veys established horizontal and vertical control assumption that GRINELL was stable during the
between geodetic monuments GRINELL and M1155 period August 6, 1992, to August 6, 1998, was invalid
(about 4.6 mi distant). GRINELL is on EAFB in a gra-or because the error for at least one of the GPS surveys
nitic outcrop. M1155 is located in alluvium about 0.5 was larger than expected. Future differential surveys
mi from HOLLY. GRINELL is the control geodetic should help resolve the cause of this discrepancy.
monument, which is assumed to be fixed horizontally
and vertically. The position of M1155 was determined
relative to this assumed fixed position. Differential eleANALYTICAL APPROACH
vations for the two monuments were established using
spirit leveling surveys between M1155 and HOLLY. Land subsidence caused by the withdrawal of
The differential GPS surveys indicate that, relative to fluids from porous media is attributed to the nonrecov-
GRINELL, land subsidence was 0.45 and 0.58 ft at erable compaction of aquitards during the time-
M1155 for the intervals August 6, 1992, to January 5,dependent and typically slow process of aquitard drain-
1998, and August 6, 1992, to August 6, 1998, respec-age that commonly accompanies the decline in hydrau-
tively. Results of the differential leveling surveys indi- lic head in adjacent aquifers. This concept, known as
cate that subsidence at HOLLY was 0.38 and 0.51 ft fothe aquitard-drainage model, provides the theoretical
the intervals August 6, 1992, to January 5, 1998, andbasis of many successful subsidence studies related to
August 6, 1992, and August 6, 1998, respectively. Thehe production of ground water, oil, and gas. [For a
expected measurement error for the vertical componemeview of the history of the aquitard-drainage model,
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see Holzer (1998)]. The results of early field (Meinzeraquitards. We also review the concepts relating the the-
and Hard, 1925; Meinzer, 1928) and laboratory ory of hydrodynamic consolidation to the aquitard
(Terzaghi, 1925, 1943) studies indicated that the pre-drainage model. These relations are used in later sec-
vailing concept of a rigid aquifer or aquitard skeleton tions to simulate the compaction of the aquifer system.
was incompatible with field observations indicating
that the expansion of pore water alone could not
account for the water produced from the Dakota Sandrrinciple of Effective Stress
stone artesian aquifer. The recognition of this incom-
patibility led to the development of two fundamental The relation between changes in pore-fluid pres-
principles underlying aquifer-system mechanics—the sure and compression of the aquifer system is based on
principle of effective stress and the theory of one-  the principle of effective stress (Terzaghi, 1925),
dimensional hydrodynamic soil consolidation (Terza-
ghi, 1925, 1943). Studies of land subsidence and aqui-
fer-system compaction in the Santa Clara Valley Oe = O1=P, @)
(Tolman and Poland, 194Bpland and Green, 1962;
Green, 1964; Poland and Ireland, 1988) and the San where effective or intergranular stresg)(is the dif-
Joaquin Valley (Poland, 1960; Miller, 1961; Riley, ference between total stresg)and the pore-fluid
1969;Helm, 1975; Poland and others, 1975; Ireland pressuref) (fig. 15). The total stress represents the
and others, 1984) in California have resulted in the geostatic load—the weight per unit area of rock and
development of theoretical and field applications of fluid. Using this principle, if total stress remains con-
Terzaghi's (1925, 1943) laboratory-derived principle ofstant, a change in pore-fluid pressure causes an equiva-
effective stress and theory of hydrodynamic consoliddent change in effective stress within the aquifer
tion to the compaction of aquifer systems. [For a system. This results in a small change in volume in an
review of the evolution of the concepts and methodol-aquifer system that is governed by the compressibility
ogies of aquifer mechanics, with a focus on the role obf the aquifer-system skeletaut; . When effective
early studies of land subsidence and aquifer-system stress is reduced by an increase in pore-fluid pressure,
compaction, see Riley (1998)]. the aquifer system expands elastically. When effective
For purposes of this report, compaction stress is increased by a reduction in pore-fluid pressure
describes the inelastic and largely irreversible aquitardnd the effective stress does not exceed the past maxi-
or aquifer-system compression, reflecting rearrange- mum effective stress (preconsolidation stress), the
ment of the pore structure under effective stresses aquifer system compresses elastically. The change in
greater than the maximum past stress, and is synonypore-fluid pressure and associated expansion or com-
mous with the term “virgin consolidation” used in the pression of the aquifer system is also expressed as a
field of soil mechanics. We use the term compaction tdully recoverable (elastic) vertical displacemagny) f
refer to both the process and the final result within thdand surface. When a reduction in pore-fluid pressure
context that compaction may include a very small  causes an increase in effective stress to values greater
recoverable component (1 to 5 percent) (Riley, 1998)than the preconsolidation stress, the pore structure of
of deformation that may be realized when stresses arsusceptible fine-grained aquitards in the system may
reduced. The soil-mechanics term “consolidation” is undergo significant rearrangement. This rearrange-
used in this report when referring to original work from ment results in a permanent (inelastic) reduction of
soil mechanics research on compaction resulting fronpore volume which results in vertical compaction of
drainage of a clay layer. In other contexts, we refer tothe aquitards within the aquifer system, also expressed
the geologic meaning of the term which refers to any as vertical displacement of land surface (fig. 15). This
process by which loose earth materials become com-process can be quantified in terms of two skeletal com-
pacted, including cementation, diagenesis, pressibilities, one elastia,, and one inelastic,,
recrystallization, dehydration, and metamorphism.  each of which can be applied to the aquifer system as a
In the report, we review the concepts relating thewhole or, if the stratigraphy is well defined, to the
compressibility of the aquifer system and its storage aquifers and the aquitards separately. The subseripts
properties. In later sections, we use these relations toandv refer to the elastic and virgin (inelastic) ranges
derive estimates of specific storage of the aquifers andf stress, respectively.
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For purposes of this report, pore-fluid pressure,length (L), we use these terms interchangeably
p, is expressed in terms of an equivalent hydraulic  throughout this report within the context of constant
head h, fluid density and gravity assumptions.

h = p/(pg), ) Preconsolidation Stress

The past maximum effective stress of a material
wherep is the fluid density of water andis gravita- element in an aquifer system is termed the “preconsol-
tional acceleration. Because we assume that gravity iglation stress” for that element. Figure 16 shows an
constant, that fluid is uniform, and that changes in  idealized stress/strain plot from a one-dimensional
fluid density related to the compressibility of water are(vertical), “drained” laboratory consolidation test on
negligible, changes in hydraulic head are directly pro-samples of aquifer-system material that have been
portional to changes in fluid pressure. Although pres-cyclically loaded (stressed) and unloaded; the cyclic
sure has units of stress (M) and head has units of progression of the applied stress history is shown by

Y

TIME

Previous land surface

Coarse-grained
material —

Fine-grained
material

\;-\
Coarse-grained , ( S\ T
material /\ =

Figure 15. Principle of effective stress, as applied to land subsidence. Vertical displacement (1) of land surface as a result of a decrease in
pore-fluid pressure (p) and resultant increase in effective stress (o) exerted on a horizontal plane located at depth (d) below land surface
in fine-grained material, under conditions of total stress (oy) in a one-dimensional, fluid-saturated geologic medium.
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the arrows on the stress/strain trajectory. During a  and the preconsolidation stress of these materials is not
drained laboratory consolidation test, drainage evident on stress/strain plots.

achieves a constant hedp€0) on the sample. The In the context of aquifer systems, as opposed to
change in effective stress is applied by changing the |aboratory samples, preconsolidation stress often can
total stressffo.=Aa+). For compressible, fine-grained be represented by the previous lowest ground-water
clay-rich materials, the preconsolidation stress, whichievel (hydraulic head) as measured in wells, but only
is evident by breaks in the slopes of the stress/strain trafter sufficient time is allowed for fluid pressures to
jectory, represents a critical stress threshold (Riley, equilibrate throughout the aquifer system (Riley,
1969). For stresses beyond the preconsolidation stress969). Practically, the equilibration of fluid pressure
the susceptible fine-grained materials typically com- between the aquitards and the aquifers is a limiting cri-
press inelastically (compact). In the inelastic range, théerion that often is not achieved (this is discussed in
materials deform proportionally more to incremental greater detail in a later section of this report “Theory of
changes in the stress compared with deformation of Hydrodynamic Consolidation”). However, for the pur-
materials in the elastic range. For coarse-grained sangese of discussion, under ideal conditions of pressure
rich materials, there is negligible inelastic deformationequilibration for a confined aquifer system where total

VOID RATIO (€)

2.8 24 2.0 1.6 0.8 0.4 0

\
Inelastic
_ range _
New preconsolidation
stress threshold Elastic
60 — | e {———; —
- i ]
B & u
o — ) ]
m - 2 =
~ = B o _
o< o
k= i S ]
% % I
|_
X w °
= w
(ONTR
w 6 — ]
>z _ -
— _ |
5 - Inelastic Fuzzy transition
T < - range 7 where the material
T "~ Preconsgfidation stress CyC|e 1 | N 7E§r‘yaé’ﬁ%rn%fetshﬁom
L oD — (past makimum effective stress) B — elastic
w o Elakti (recoverable) to
w _ raer115 ('_JC - y. - inelastic (largely
9 permanent)
Z deformation
- . \ — depending on the
\ B current stress
> a = - ée 2 level and the
5 Aue (1+eO) s previous stress
history
0.6
; o1 02 0‘3 0‘4 0 01 o2 [Modified from Jorgensen (1980)]

VERTICAL STRAIN

VERTICAL STRAIN (CLAY SAMPLE) (SAND SAMPLE)

Figure 16. Compression of highly compressible clay and sand samples. Arrows indicate the evolving history of applied stress.
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stress is constant, the previous lowest head may be when pumping aquifer systems, the slope is a measure

taken as a first-order approximation of the preconsoliof the compressibility of the sample skeleton for the

dation stress. For aquifer systems where heads fluctuapplied range of stress and is referred to as the skeletal

ate in response to seasonal stresses such as pumpingomponent of compressibility.

ground-water recharge, the effective stresses also fluc- For the purposes of this report, the skeletal spe-

tuate (fig. 16), and the resultant aquitard-material cific storage of an aquifer syste8ty,, is expressed in

deformation may alternate between elastic (recover- terms of the skeletal compressibilityf,},, where the

able) and inelastic (nonrecoverable) if the stresses  subscripk refers to the skeletal component of specific

cycle through the preconsolidation stress threshold. storage, or compressibility. Specific storage represents

The hysteresis loop on figure 16 represents the trajecthe volume of fluid taken into or released from a unit

tories of the elastic stress/strain behavior that might volume of aquifer-system material for a unit change in

result from ground-water-level fluctuations that do nothead. The water being exchanged is derived from two

drop below the preconsolidation head. processes, expansion or compression of the material
An accurate estimate of the predevelopment, orthat results from a change in effective stregsand

native, preconsolidation stress is one of the most expansion or compression of the fluid owing to a

important requirements for a successful simulation ofchange in pore-fluid pressure. The skeletal component

aquifer-system compaction (Hanson, 1989; Hanson of specific storage addresses the first of these pro-

and Benedict, 1994). Typically, alluvial ground-water cesses, which, for most unconsolidated alluvial aquifer

basins are overconsolidated; native preconsolidation systems, is the dominant component. Skeletal com-

stresses generally are somewhat larger than the prederessibilities of fine-grained aquitards and coarser-

velopment effective stresses, and land subsidence grained aquifers typically differ by several orders of

occurs only after substantial drawdowns have magnitude; therefore, it is useful to define them sepa-

increased effective stresses beyond the native precorrately. Elastic and inelastic skeletal specific storages of

solidation stress. Holzer (1981) identified various nat-the aquitardsSgy, are

ural mechanisms that can result in an overconsolidated

condition in alluvial basins; these mechanisms include

removal of overburden by erosion, prehistoric ground-

water-level declines, desiccation, and diagenesis. Few Scke = '4ePT, Oc < Og(may

investigations have examined the elastic responses of S, = . 3

the aquifer systems to changes in effective stress under Sskv = XY, Oc > Og(may

natural conditions (before irreversible subsidence

owing to large-scale ground-water withdrawals). As a

result, information on the critical head, which repre-

sents the native preconsolidation stress of the aquifer » ] _

system, has been deduced post hoc from paired profil@&d the skeletal specific storage of the aquifefsisS

of ground-water levels and land subsidence (Hplzer

1981; Anderson, 1988, 1989) measured at wells and at _ _

. . . Ssk - Sske = OyePO,
nearby bench marks, or inferred from simulation

(Hanson and others, 1990; Hanson and Benedict, _ , o . .
1994). because inelastic skeletal compressibility in aquifers is

negligible,a, approaches 0.
The primes'] signify aquitard properties and the
subscriptse andv refer to elastic and inelastic proper-
The compressibility of a material reflects its abil-ties, respectively. For a change in effective stress, the
ity to undergo an inverse change in volume and a direaquitard deforms elastically when the effective stress
change in density under a change in stress. This relaremains less than the past maximum effective stress,
tion between stress and strain is represented by the Ogmayj When the effective stress exceedgyay) the
slope of the trajectories representing elastic and inelaaguitard deforms inelastically. For coarse-grained sed-
tic segments of the stress/strain diagram in figure 16.iments typically found in aquifers, inelastic skeletal
For the range of effective stresses typically induced compressibility is negligible, and therefore, skeletal

Elastic and Inelastic Compressibility (Specific Storage)
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specific storage of the aquifé&, is adequately For compacting aquifer systeng,, >> S, and
represented by the fully recoverable, elastic componeritie inelastic storage coefficient of the aquifer system,
of skeletal specific storagy,, In typical aquifer sys- S, is approximately equal to the inelastic aquitard
tems consisting of unconsolidated to semiconsolidategkeletal storage coefficient,

late Cenozoic sediments, the inelastic component of

skeletal specific storag8y, generally is 30 to several g,=S,.. 7)
hundred times larger th&}, which is about 10 times kv
larger tharf, (Ireland and others, 1984; Hanson,

1989). In confined aquifer systems subjected to large-

scale overdraft, the volume of water derived from irre-
versible aquitard compaction typically can range from
10 to 30 percent of the total volume of water pumped
(Riley, 1969). This represents a one-time mining of
tored ground water and a small (typically less than 1
ercent) permanent reduction in the storage capacity of
e aquifer system (Riley, 1969; 1998).

Inherent in these concepts of specific storage
(Jacob, 1940, 1950) are three potentially limiting
assumptions—(1) all the skeletal strain associated with
a change in hydraulic head is vertical; (2) the total
stress on the skeleton remains constant with changes in
head; and (3) the compressibility of the individual solid

e = SgdZh), Oe<O¢(may grains of the skeleton is negligible but that the com-
Sk = = S, (Zh) G.>0 (4) pressibility is derived instead from a rearrangement of
sk ’ e” “e(may the skeletal structure. The third assumption generally is
valid for poroelastic deformation of unconsolidated
alluvial aquifers (Van der Kamp and Gale, 1983). The
S = Ske = Sskd2h), second assumption generally is valid for confined aqui-
fer systems where there is no change in the elevation of
hydraulic head associated with a change in total head.
This assumption becomes invalid for a confined aquifer
underlying a water-table (unconfined) aquifer when

Aquifer-System Storage Coefficients

The products of the elastic or inelastic skeletal S
specific storage values and the aggregate thickness
the aquitardszb’, or aquifersZb, are the skeletal stor-
age coefficients of the aquitard® ) and the aquifers

(S), respectively,

n mn
= =
<

| |

for the elastic $} andS) and inelasticy,) ranges
of skeletal compressibility. A separate equation

relates the fluid compressibility of watgy, to the there are significant changes in the water-table
component of aquifer-system storage attributed to theslevation, and hence in the geostatic load.
pore waters,: The first assumption is perhaps the most limiting

and the least well understood. This assumption
) attributes all the volume straig,§;,mq to vertical

strain €,), such that there is no change in horizontal

strain componentg, €,) coinciding with the volume
wheren' andn are the porosities a8, andS,, are strain that results from a change in hydraulic head in
the specific storages of water of the aquitards and  the aquifer system, that i&,5yme= €2 €x = €, = 0.

Sy = Ssu(ED) + Sg (=) = B¢p[N(Zb) + n(Zb)]

aquifers, respectively. P_oroelqstic relations that inc_orporate a fuI_Iy three-
_ e dimensional (volume) material stress/strain and cou-
The aquifer-system storage coefficiedt, is pled fluid flow have been developed (Biot, 1941; Ver-

defined as the sum of the skeletal storage coefficients qalljij, 1969; Rice and Cleary, 1976); however, available
the aquitards and aquifers (equation 4), plus the storagield measurements of horizontal deformation have not
attributed to water compressibility (equation 5), yet demonstrated the need to include the more complex

multidimensional poroelastic relations in the analysis

of aquifer-system compaction. Although it is clear that

SH= S +§+S,. (6)  some horizontal deformation coincides with hydraulic

28 Aquifer-System Compaction and Land Subsidence: Measurements, Analyses, and Simulations—the Holly Site, Edwards Air Force Base, California



head changes in aquifer systems (Wolf, 1970; Carperan instantaneous step decrease in hydraulic head in the
ter, 1993; Helm, 1994; Hsieh, 1996) and may play a adjacent aquifers and constitutes the product of the vol-
role in the formation of earth fissures in compacting ume of water that must flow from the aquitard to
aquifer systems, its relative significance in the simulaachieve consolidation and the impedance to the flow of
tion of hydraulic head and (or) compaction has not yethat water. For a doubly draining aquitard subject to
been demonstrated adequately. The analyses presentbése conditions, the time constant is proportional to
here adhere to the simpler, conventional definition of the square of the half-thickness of the aquitard. Riley
specific storage and compressibility of aquifer system$1969) showed how an approximate time constant for
typically used by hydrologists and are somewhat compaction of the aquifer system as a whole can be
limited by the inherent assumptions. derived from time-series measurements of aquifer-
head decline and aquifer-system compaction. He com-
bined the time constant for the aquifer system with
Theory of Hydrodynamic Consolidation inelastic storage coefficient of the aquifer system
(equation 7) (derived from stress/strain analysis) and
The theory of hydrodynamic consolidation the number and thickness of compacting aquitards to
(Terzaghi, 1925), an essential element of the aQUitarq;stimate an average Va|ue|<j\f/ for the aquitards_
drainage model, describes the delay involved in drain- Helm (1975, 1978) incorporated these concepts
ing aquitards when hydraulic heads are lowered in ¢4 4 numerical aquitard-drainage model that closely
adjacent aquifers and the residual compaction that mayy,1ated compaction recorded at 15 extensometer/
continue long after aquifer heads are initially lowered.ie;ometer sites in the Santa Clara and the San Joaquin
The drainage process is described well by a one-  \jjleys. Extrapolating from Helm's model-derived val-
dimensional (vertical) diffusion equation for ground- | g 0fS,andK',, Ireland and others (1984) estimated
water flow: aquifer-system time constants that ranged from 5 to
1,350 years and averaged 159 years (geometric mean).
Riley (1998) noted that in parts of the San Joaquin Val-
ley the large amounts of subsidence (about 30 ft) mea-
sured by the late 1960s may have been no more than 50
whereSy is specific storage of the aquitard (approxi- percent of the amount that ultimately would have
mately equal t&y, if effective stresses are greater  occurred if fluid pressures in the thick aquitards
than maximum past effective streds), is vertical equilibrated with 1960s water levels in the aquifers.
hydraulic conductivity of the aquitard, and the ratio
SJK', is the inverse of the vertical hydraulic diffusivity
of the aquitard. Depending on the thickness and vertip AR AMETER RANGE ESTIMATES
cal hydraulic diffusivity of an aquitard, the equilibra-
tion of pore-fluid pressure—and thus Aquifer-system properties required for model
compaction—lags head declines in adjacent aquifersinput include vertical hydraulic conductivity, precon-
Drawing on the time-consolidation theory from solidation stress, and elastic and inelastic storage coef-
the field of soil mechanics (Scott, 1963), Ri{@969) ficients (specific storage). Estimates of vertical
noted that a time constant,for compaction of a dou- hydraulic conductivity for aquitards and aquifers were
bly draining aquitard following an instantaneous step made on the basis of previously developed models, lab-
load may be defined as oratory results, and measurements made near the Holly
site. Predevelopment preconsolidation stress was
approximated from time-series measurements of land
T = Ss(b'/z)z/K'v , (9) subsidence and groun(_j-water_ Ievels'from paired bench
marks and wells. Elastic and inelastic storage coeffi-
cients were estimated using a modified stress/strain
whereb' is the aquitard thickness. The time constant isanalysis developed by Riley (1969); equivalent specific
the time required for the aquitard to attain about 93 pestorages were then calculated using thicknesses of the
cent of the ultimate compaction following a step aquifers and aquitards estimated from geophysical data
increase in applied load. The increase in load occurs aollected at the Holly site.

8%h/ 02°= (SyK'ah/at (8)
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Vertical Hydraulic Conductivity o o

-20¢ Synthetic hydraulic head
10} /

Values of aquifer vertical hydraulic conductivity ol ;
were constrained using the frequency response of i of predeveopment 1
30 1 preconsolidation stress

water levels to earth tides and atmospheric loading in
piezometer HO-1 (Rummler, 1996) and in a well
screened in the middle aquifer in the nearby Graham
Ranch area (fig. 3) (Galloway, 1993). Values ranged
from 1.9x 102 to 2.0x 107 ft/d. Values of vertical
hydraulic conductivity for the aquitards were con-
strained using measurements for lacustrine clays give
in Neuzil (1994), which range from 1:810° to 10
1 X 103 ft/d Values from a We“ hydrau“CS teSt for the 16(]].900 1910 1920 1930 1940 1950 1960 1970 1980 19;”@ 20;0
confining unit near the Holly site, which ranged from

1.7x10%t0 9.2x 102 ft/d (Weston, 1986), and a value
of 1.2x 10° ft/d dete_rr_nlned Trom th(_:" simulation of Figure 17. Change in land-surface elevation for various time
flow across the confining unit (Durbin, 1978), were intervals for selected bench marks (see table 1 for time intervals),
also considered for constraining the values of verticaland estimated water levels (1908-97) for the middle aquifer near
hydraulic conductivity. Note that the vertical hydraulic thﬁlHo”y Slilfe (8N/ 10W']%.Q)' Ed"‘;a“is A".Forcbeasﬁ A”ti'oF’e
conductivity values determined by Weston (1986) andva ey, Galifornia. (See figure 3 for location of bench marks.
simulated by Durbin (1978) are much higher than

40 t
50 -

60 P —
Estimated time interval
70r when predevel opment
80 | preconsolidation stress
%0 wasinitially exceeded

100t Bench marks
10t | 542, established 1929
120 |

<5 P1155, established 1930

130
140 | M1155, established 1961

CHANGE IN LAND-SURFACE ELEVATION,
IN FEET BELOW ORIGINAL SURVEYED ELEVATION

DEPTHIDO WATER, IN FEET BELOW LAND SURFACE

YEAR

; Table 1. Measured or estimated land-surface-elevation changes for

those measured by Neuzil (1994). selected bench marks at Edwards Air Force Base, Antelope \9alley,
California
. A [Modified from Ikehara and Phillips, (1994). Location of bench marks are
Preconsolidation Stress shown on figure 3]
The predevelopment preconsolidation stress, or ,__ o Land

maximum effective stress prior to the development of mark  'meinterval  subsidence, Method
ground-water resources, was estimated from time- in feet : : :
series measurements of land subsidence and ground-->%2 1929-61 07 Differential leveling
water levels from paired bench marks and wells. 1961-89 303 Differential leveling
Water-level information was obtained from the scarce 1929-89 (total) 3.7
historical measurements made in wells near the Holly P1155 1930-61 9 Estimated
site, and land-surface elevations at bench marks were 1961-92 31 Differential leveling
obtained from Ikehara and Phillips (1994). Water-level 1930-92 (total) 4.0 Estimatéd
data for several nearby wells monitored during differ- m1155  1961-92 3.3 Differential leveling
ent historical periods were combined to produce a 1992-98 45 Differential GPS
composite hydrograph representative of the middle 1992-98 58 Differential GPS
aquifer at the Holly site (fig. 17); the synthesis is HOLLY  1992-9¢ 38 Differential leveling
detailed later in the “Boundary Conditions” section. 1992-98 51 Differential leveling
Three bench marks were used in conjunction with the
hydrograph—LS42, M1155, and P1155 located _1See Ikehara and Phillips (1994) for description of estimation
approximately 0.6 mi west, 0.5 mi east, and 1.6 mi """ o0 oo
west of the Holly site, respectively (fig. 3). 3August 1992—August 1998.

Measured or estimated changes in land-surface
elevation for these bench marks and the HOLLY bencland 1961, the 0.7 to 0.9 ft of subsidence measured or
mark are available for various historical time intervalsestimated for these two bench marks (fig. 17; table 1)
(table 1). The measurements and estimates for benclsuggests that the predevelopment preconsolidation
marks LS42 and P1155 were critical for estimating thestress probably was initially exceeded during this time
range of preconsolidation stress. Between about 192fhterval. This time interval corresponds to estimated

30 Aquifer-System Compaction and Land Subsidence: Measurements, Analyses, and Simulations—the Holly Site, Edwards Air Force Base, California



ground-water levels that range between land surface A modified approach to the Riley (1969) method
and about 50 ft below land surface (fig. 17). involved attempting to isolate, on a seasonal basis, the
elastic and inelastic components of the measured,
mixed mechanical response of the aquifer system. In a
Elastic and Inelastic Storage Coefficients simplistic view, the steplike variation in the measured
(Specific Storage) compaction signal (fig. 3§ can be represented by a
combination of two signals—one long-period, linear
Elastic and inelastic storage coefficients were trend of compaction and one seasonally fluctuating
estimated using a modified approach to an establishesbmponent of compaction. The long-period, linear
graphical method (Riley, 1969). The Riley method is trend may represent the residual component of com-
similar to the approach we used to determine the coefaction occurring in the thicker, slowly draining aqui-
ficients of compressibility from the stress/strain rela- tards. The seasonally fluctuating component may
tions derived from laboratory consolidation tests. Therepresent the cyclic, elastic deformation of the aquifers,
method involves plotting applied stress (hydraulic  the thinner aquitards, the fringes of the thicker aqui-
head) on thg-axis and either vertical strain or dis-  tards, plus any additional compaction of thinner aqui-
placement (compaction) on tkeaxis. A change in tards during the summer cycle of stress. This approach
water level (head) represents a change in applied stresssersimplifies the time-dependent, residual compac-
which is equivalent to the change in effective stress ofion of the thicker aquitards that most likely occurs as
a confined aquifer system with a constant total stressdecades of seasonal stresses in the aquifer propagate
Riley (1969) showed that for aquifer systems where farther into the thick aquitards. However, this approach
pressure equilibration can occur rapidly between aquigielded some estimates for the elastic and inelastic
fers and aquitards, the inverse slopes measured fromcomponents of skeletal storage coefficients used to
the predominant linear trends in the compaction-heactonstrain parameters for the more detailed modeling
trajectories represent measures of the skeletal storag@pproach.
coefficients. However, because of the effects of delayed With respect to the periodic stresses related to
pressure equilibration between the aquifers and the seasonal ground-water discharge, four classes of
aquitards evident in the measured responses at the response related to the vertical displacement of the
Holly site, the Riley method is not directly applicable aquifer system can be identified—elastic displace-
to these responses. ments in the winter, elastic displacements in the sum-
A net compaction occurs during the winter mer, inelastic displacements in the winter, and inelastic
despite a water-level recovery (fig.A)8This likely is  displacements in the summer. The time-series record
due to an imbalance between the elastic expansion ofor winter compaction represents a combination of the
the aquifers and thin aquitards and the ongoing com-inelastic response of the thick, slowly draining, low-
paction of the thick, slowly draining aquitards. This permeability aquitards and any elastic responses to
mixed mechanical response causes “open” loops for water-level recovery in the aquifers, the thinner quickly
the compaction-head trajectories for the range of seaequilibrating aquitards, and the fringes of thicker aqui-
sonal fluctuations in ground-water levels (figB1L8 tards. The summer record predominately represents a
This is in contrast to cyclical loading in the elastic  composite of the inelastic response of the thick, slowly
range of deformation which causes “closed” hysteresisiraining aquitards and any elastic responses to water-
loops (fig. 16). The mixed response indicates that thelevel decline in the aquifers, the thinner quickly equili-
stresses causing compaction of the thicker aquitards brating aquitards, and the fringes of thicker aquitards.
are not represented by the measured stresses. Beca@gerimposed on each seasonal response are the daily,
of the impedance of ground-water flow in the aquitardsmostly elastic responses of the aquifers, the thin aqui-
changes in hydraulic head in the aquifers have not tards, and the fringes of thick aquitards owing to
occurred throughout a significant part of the thicker short-duration pumping (fig. B3.
aquitards. Thus, the seasonal relation between mea- Winter water-level and compaction data used in
sured water levels and compaction at the Holly site isthe stress/strain analyses were selected on the basis of
not only a function of the skeletal storage coefficientswater-level-recovery rates. The winter data were brack-
of the deforming aquifer system but also of the verticakted between the autumn and spring data when water-
hydraulic conductivity of the thick aquitards. level-recovery rates stabilized. The transition period
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between drawdown and recovery evident in the aguitards from the composite summer response
hydrograph for piezometers HO-2 and HO-3 record (fig. 19). The two responses were separated, in part, by
(fig. 18A) was not considered in these analyses. The removing the low-frequency trend determined from the
lengths of the data sets averaged about 80 days. Thewinter season response attributed to compaction occur-

raw compaction data (fig. 29 were detrended (fig. ring in the thick, slowly equilibrating aquitards.
19B) to isolate the inelastic response from the elastic Because the winter compaction measured in the aquifer
response (fig. 18 B). The longer period, low- system is masked, in part, by elastic expansion occur-

frequency component of the compaction signal repre+ing in the aquifers, the thin, rapidly equilibrating
senting the winter inelastic component was removed bgquitards, and the fringes of the thicker aquitards, the
subtracting a least-squares linear regression from  estimate for the inelastic response attributable to thick
selected winter data. The detrended record contains tregjuitards probably represents a slight underestimation
elastic response to periods of higher frequency pumpef the actual response. By removing the underesti-
ing. The same method was used on concurrent raw mated winter inelastic response from the summer sea-
water-level data (fig. 18) to remove the winter water- son response, the resulting residual summer inelastic
level-recovery trend (fig. B). The two detrended time response of thin aquitards attributable to seasonal
series (fig. 1B) were then digitally filtered to remove drawdown is slightly overestimated. It was not neces-
high-frequency responses (fig.Q)%ccurring at peri-  sary to repeat this process for the water levels because
ods of less than 30 hours (or more than 0.8 cycles pethe measured water levels (figI),vhich are pre-
day). This cutoff frequency minimizes the effects of sumed to be representative of the hydraulic heads in the
diurnal and semidiurnal earth tides and barometric  aquifers, were assumed to be equivalent to the stresses
pressure-induced changes in the aquifer system that causing the compaction of the thin aquitards.
could potentially contaminate the water-level and combisplacement-stress trajectories were plotted for the
paction records. These filtered results were then plottegsidual summer inelastic response (figl) 1&ing the
as displacement-stress trajectories (fid>)19 concurrent raw water levels. Displacement-stress tra-
Summer water-level and compaction data usedjectories were not plotted for the winter inelastic
in the stress/strain analyses were selected on the basigsponse because the stresses causing the compaction
of water-level-drawdown rates. The summer data wer@f the thicker aquitards—pore-fluid pressures in the
bracketed between spring and autumn when water- thick aquitards—were not measured during this study
level-drawdown rates stabilize. The transition period and are not known.
between drawdown and recovery evident in the water- Estimates for elastic and inelastic skeletal stor-
level record (fig. 18) was not considered. Data-set  age coefficients were calculated on the basis of the
lengths averaged about 125 days. The summer elastigisplacement-stress relations for each of the three
response was isolated in the same manner that the witlasses of aquifer-system displacement
ter elastic response was isolated (figg-{8. The responses—summer elastic, winter elastic, and sum-
detrended and filtered summer season data sets wergéner inelastic. Similar to Riley (1969), we calculated
plotted as displacement-stress trajectories (fig)19  skeletal storage coefficients from the inverse slope of
The summer inelastic response in the compac- the predominant linear trend of the displacement-stress
tion record is a composite of the effects of seasonal trajectories (fig. 1B, H, J). Each of the three classes of
drawdown on the aquifers and aquitards and the ongoesponses were analyzed for multiple seasons (table 2).
ing long-term effects of any delayed pressure equilibraFhe estimates of skeletal storage coefficients for the
tion occurring in the thicker aquitards which generally summer and winter elastic responses represent the elas-
are isolated from seasonal stresses. To isolate the sutie-skeletal storage of the aquifer system (equation 4),
mer inelastic response of the thin aquitards to seasonahd the estimates for the summer inelastic responses
drawdown for the aquifer system from the inelastic represent the inelastic storage of the aquifer system,
response of the thick aquitards, it was necessary to which is approximately equivalent to the inelastic
remove the delayed response attributed to the thickerskeletal storage coefficient of the thin, rapidly
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Figure 19. Sample time series used in stress/strain analyses of the Holly site (8N/10W-1Q), Edwards Air Force Base, Antelope Valley,
California. A, Raw winter compaction (displacement) and water level (applied stress). B, Detrended winter compaction and water levels.
C, Detrended and filtered winter compaction and water levels. D, Time series in “C” plotted as displacement-stress trajectories. £, Raw
summer compaction and water levels. F, Detrended summer compaction and water levels. G, Detrended and filtered summer compaction
and water levels. H, Time series in “G” plotted as displacement-stress trajectories. /, Summer only inelastic compaction and summer raw
water levels. J, Time series in “/” plotted as displacement-stress trajectories.

equilibrating aquitards (equation 7). Estimates of the water basins in the Santa Clara Valley, California, and
equivalent skeletal specific storages were computed by Hanson (1989) for ground-water basins in Arizona,
using the estimated skeletal storage coefficients (tablbut are somewhat smaller than the values reported by
2) and thicknesses in the depth interval measured byHeywood (1995a, b) for basins in New Mexico and
the extensometer—825 ft for the aquifer systems andTexas, and reported by Poland and others (1975) for
94 ft for the aggregate thickness of the thin aquitardsbasins in the San Joaquin Valley, California. Similarly,
The elastic skeletal storage coefficients esti-  the estimated inelastic storage coefficients are compa-
mated for the Holly site are comparable with values rable with values calculated by Hanson (1989) for Ari-
calculated by Poland and Ireland (1988) for ground- zona but are somewhat smaller than those reported by

34 Aquifer-System Compaction and Land Subsidence: Measurements, Analyses, and Simulations—the Holly Site, Edwards Air Force Base, California



1x10°

1x10°

o
r s
7]
1]
)
S
[7]
o
L c
O W oW o woWwowowowowao won
283888288 8388888849388
388388 3 3 8 83388883388
© © o 6 o S o o S ¢ & 6 6 ¢ & 3 6 S
Y3LVM J0 1334 NI 'SSIYLS a3Iddv
Y3LVYM H0 1334 NI 'SSIYLS d3Iddv
© 0 < [} I o a S 3 S 88
33 3 3 3 3 o S S S 5 Sg
= =3
e —— =4
= £5
£3
% 5a
e a<g
SsssSSSSSESIIIIIIIIIIIIIOIITIIOTT i
2 i
- i
!
e !
o
=
2]
1]
3]
.
[7]
=
c
© ¥ NO®O<TNONTO®ONTO®DONT O
W HdHdd0 000 96965 gggdaaaaa

1334 NI 'LNIW3OV1dSIa

2

2,100 2,110 2120 2,130 2,140 2150 2,160 2,170 2,180

2,090

1x10°

0
°
S
)
- 3
S
°
3
N
S
@
2
N
S
©
L Je <
N
S
<
3
N
S
Q
= o
L2 7] S
- © =]
(7} —
© (]
— c °
I o IS £ g
S S =
) [)
S £ o
&
£ IS 8
= > =]
n n
©
8
N
I °
<
o L L L L L L L L L L L Q
g v Q9 v g v w9y 8 9 M 8 8 8¢ ® © w0 < ® o = o o © ~ ©5
233835353 8°8¢8¢8¢88¢883 £ § 8§ 8 3 § % § 8§ 8 8 8 &
© © o o o 8 o o o o S % © % © % o o
d31VM 40 1334 NI 'SS3YLS a3Iddv ¥3ILVM 40 1334 NI ‘'SS3YLS a3lddY
HILVM 40 1334 NI ‘'SSIYLS a3Iddv HILVYM 40 1334 NI ‘'SSIHLS a3Nddy
[Ts] < [se) o = b= o fse] < o] ©
L8 3 g 8 g g 8§ g8 & 8 8§ @~ © v I © 9 o 2 @ @ 5
S & oS o© o o 8 8 ¢ g ¢ gg S 3 S 3 3 3 5 3 3 8 8 09 mm
o o
g . K
r T e 1e = <
essrmeszrmmssemen o e o
e =
m=masszzzzzssscseiziny — o = S
‘ - & = g
i o S «
“msssssszzzzzzIIiisIToocoeamcmes e
““““““““ D =] o S
F B e 12 -~ 2
== - S~ -
‘‘‘‘‘‘‘‘ — > 3
sz —— 3 < @ 2
- 0 e @ -
F L 13 =] S
g8 N e = 5¢ °
g eI - =
= et S G @ o
@ eetzzzIEEER - < e IstRe] Q
t §3 eI 15 & 89 el
- s — o 3 a’s
L2 g e = L, g
I B< . 18 7 > o< g
[®) i B 2 © > i e
= fip— — <
= R () — o
L M\m ' Pl 12 £ < ]
© o il S = s
) e = N,
o R ° [} Wu 2
L5 —— 13 £ s
g R s S c — 5
£ . o > J s
e 5] (%] - B
r =) P 1o . i
e 1 e
w P ——— 2
e P o |9
L T 18 -8
H o
O - -
£ g
o 0 =) 0 o 0 =) 0 o 0 o w W © N ® © O o N ® ¥ B © N~ © O O o
g %2 8 § 3 8 3 3 s 3 4 F8LEE58 8333388388 8¢%
o (=} (=} o (=] o o o o o o (=} o o (=] o o o

1334 NI 'LNIW3OV1dSIa

1334 NI 'INIW3OV1dSIa

DISPLACEMENT, IN FEET

JULIAN DAYS SINCE 1990

Figure 19. Continued

35

Parameter Range Estimates



Table 2. Summary of skeletal storage coefficients and equivalent skeletal specific storages estimated from the results of the
stress/strain analyses of the Holly site (8N/10W-1Q), Edwards Air Force Base, Antelope Valley, California

[ft"L, per foot]
Skeletal storage coefficients Skeletal specific
Number of
Type of response o storage
data sets Mean Standard deviation (fth)
Winter elastic.........c.cco........ 6 7.4x40 1.5 x 10* 9.0 x 10’
Summer elastic ................... 4 5.9 X410 8.1x 10° 7.2x 107
Summer inelastic................. 4 1.6 x40 1.8x10% 1.7 x 10°

Heywood (1995b) for New Mexico and by Riley developed by Londquist and others (1993), is well con-
(1969) for the San Joaquin Valley, California. strained stratigraphically by lithologic and geophysical
logs (fig. 5), hydraulically by water levels measured at
the nested piezometers (fig. 10), and mechanically by
HOLLY MODEL compaction measured at the borehole extensometer
(fig. 14). For purposes of simulating the mechanical
A digital model was developed for the Holly site response (compression and expansion) of the aquifer
to simulate aquitard drainage, refine estimates of aqusystem to water-level variations, a one-dimensional
fer-system hydraulic parameters controlling compac- numerical formulation was developed using assump-
tion, and predict possible future compaction for three tions embedded in the aquitard-drainage model and
selected scenarios. A vertical one-dimensional, finite-was based on the conceptual model of the Holly site.
difference model that simulates coupled aquifer- Two periods were simulated for this study—the histor-
system compaction and ground-water flow was develical period (1908—97) and the recent period (1990-97).
oped using MODFLOW-96 (McDonald and Harbaugh, Although the historical model was developed primarily
1988; Harbaugh and McDonald, 1996) and the IBS1 to constrain transient conditions in 1990 for use as ini-
package (Leake and Prudic, 1991). The one- tial conditions in the recent model, the dual time peri-
dimensional approach is discussed in the section  ods allow for comparisons of aquifer-system
“Assumptions and Limitations.” The model solves for compaction owing to sustained ground-water-level
hydraulic head and vertical displacement for specifiedirawdown through the period of ground-water devel-
aquifer-system properties as a function of depth and opment and seasonal ground-water-level cycling dur-
time. The Transient Specified-Flow and Specified- ing the 1990s. Aspects of model formulation included
Head Boundaries (FHB1) package (Leake and Lilly, designation of spatial and temporal discretization,
1997) was used to specify constant-head boundariesboundary conditions, initial conditions, convergence
using measured and estimated values of ground-wateand mass balance criteria, and limiting assumptions
levels. The model parameters were adjusted within that arose from idealization of the aquifer system or
moderate ranges and available constraints to providefrom simplification of computations.
the best “history match” between measured and simu-
lated compaction. In addition to IBS1 and FHB1, otherg,atial and Temporal Discretization
MODFLOW-96 packages used in the Holly site model
include Basic 5 (BAS5), Block-Centered Flow 5 The MODFLOW-96 numerical finite-difference
(BCF5), and Strongly Implicit Procedure Solution 5 model requires spatial and temporal discretization of

(SIP5) (McDonald and Harbaugh, 1988; Harbaugh andhe model domain. Spatial discretization is defined in
McDonald, 1996). terms of layers, rows, and columns that typically are

associated with volumes, but in a one-dimensional
(vertical) model are associated with thicknesses. Tem-
Formulation of Numerical Model poral discretization is defined by stress periods and
time steps; these are time intervals used by MOD-
A reasonable conceptual model is vital to the FLOW-96 to calculate volumetric exchanges of water
realistic simulation of any aquifer system. A concep- between adjacent cells within the model and into or out
tual hydrogeologic model of the Holly site, previously of the model.
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Two one-dimensional aquitard-drainage models Jithologic log of the Holly site (fig. 5). The fine-grained
one for the historical period (1908-97) and the other sediments were simulated as aquitards with both elastic
for the recent period (1990-97), are spatially dis- and inelastic compressibility, and the coarse-grained
cretized in MODFLOW-96 as a single layer with 1 row sediments were simulated as aquifers with only elastic
and 272 columns (fig. 20). This one-layer, columnwisecompressibility. For this report, sediments in the upper
arrangement effectively translates the aquifer system®840 ft (this excludes the lower aquifer) with resistivi-
as represented in the conceptual model, from one- ties of less than 15 ohm-m on the short-normal resistiv-
dimensional vertical to one-dimensional horizontal asity log were defined as fine-grained aquitards on the
represented in the numerical model. This adaptation dbasis of similar criteria used for the Graham Ranch area
MODFLOW-96 and the IBS1 package for simulating (fig. 3) (Londquist and others, 1993). Sediments in the
one-dimensional vertical ground-water flow and com-lower aquifer (840-1,091 ft below land surface) with
paction is presented by Leake and Prudic (1991) andresistvities of less than 10 ohm-m on the short-normal
was selected for this study for economy of the layer- resistivity log (most often about 5 ohm-m) were
wise formatting of MODFLOW-96 input and output. defined as fine-grained aquitards. Fine-grained aqui-

The model domain was discretized on the basistards are defined differently in the lower aquifer com-
of location and thickness of the fine-grained sedimentpared with more shallow aquitards to compensate for
determined from borehole resistivity logs and the the resistivity shift (attributed to differences in water

Depth below Water level
land surface, in feet ater leve Model node
0. S /
Upper aquifer { g Younger alluvium / Upper model boundary:
100 HO-4 ‘ specified head
Confining unit { VIV Lacustrine clay
200 / —
- Ju— | Short normal resistivity log
300 |
Thick aquitard
- - ol Internal specified
400 Hgallme/irum —head boundary
coo - Middle % -— < /(3 shown of 21 total)
i - gquitards
aquifer - a >Aquitard
600 - Model
%ﬁHO—Z _ cell
700 =5Creen e
-—
Interbedded
800 \ aquitards
900 - L Continental =
a ol\JAiI]%rr « deposits
1000 | FHO-1
< Lower model boundary:
1,100 [ NN CC N~
L ; ~N 2 no flow
Dol ek {| 07 A0 quan mondonie 24

Figure 20. Relation of model domain to the conceptual model and short normal resistivity log of the Holly site (8N/10W-1Q), Edwards Air
Force Base, Antelope Valley, California. See figure 5 for horizontal scale of resistivity log. The model domain represents a 1- x 1-ft vertical
column; the horizontal dimension depicted is for illustration purposes only. (Modified from Londquist and others, 1993)
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guality) evident on the resitivity logs (fig. 5). Then,  dimension of the grid in figure 20 is for illustration pur-
using the guard resistivity log, more precise locationsposes only). Variable spacing was required because
and thicknesses of fine-grained sediments were detemore cells per length were needed to simulate the rela-
mined. Using these criteria, the aggregate thickness dively large and highly nonlinear hydraulic gradient

the low-resistivity strata in the model domain (91 to within the aquitards, and less cells per length were
1,090 ft below land surface) is 256 ft, of which 223 ft needed to simulate heads in the aquifers because there
is within the range measured by the extensometer (91s essentially no gradient. The resulting discretization

to 840 ft below land surface). The thickness of individdis relatively coarse in the aquifers (ranging from 1 to 13
ual low-resistivity units interpreted as aquitards rangest and averaging nearly 5 ft) and relatively fine in the

from 1 to 66 ft. aquitards (ranging from 1 to 4 ft and averaging less
Aquitards were modeled in one of two ways  than 2 ft). To avoid numerical instability that can occur
depending on the thickness of an individual aqui- with large thickness variations of adjacent cells in
tard—nonexplicitly for aquitards less than 5 ft in thick-MODFLOW-96, the maximum variation in thickness
ness and explicitly for aquitards 5 ft or greater in of adjacent cells was 50 percent, except where adjacent

thickness. Assuming that thinner aquitards would cells represent thicknesses of 1 and 2 ft. This approach
equilibrate quickly, the thinnest fine-grained aquitard results in many model cells; however, the large number
that was explicitly modeled for this study was 5 ft in of cells used to represent the system did not signifi-
thickness. “Explicitly modeled” means that at least  cantly lengthen the computation time for the relatively
four adjacent model nodes were assigned hydraulic simple one-dimensional simulations.
parameters representative of 100 percent fine-grained IBS1 simulates the ultimate compaction that will
sediment. Aquitards less than 5-ft thick shared a cell occur for a given head decline in the aquifer under the
thickness with coarse-grained sediment representingassumption that pressures equilibrate instantaneously
aquifer material, and the node, or center of the cell, wabetween the aquitard and the aquifer rather than per-
assigned hydraulic parameters according to the appranitting slow drainage and resultant delayed, or resid-
priate proportion of aquitard to aquifer thicknesses forual, compaction of the aquitard. Using a haorizontally
that cell. A total of 12 fine-grained aquitards ranging translated grid of finely spaced nodes to explicitly
from 5- to 66-ft thick, with a total aggregate thicknessmodel thicker aquitards compensates for this limitation
of 217 ft, were explicitly modeled. Fine-grained aqui- in the IBS1 package. The small vertical thickness and
tards that were not explicitly modeled account for the the low diffusivity prescribed for several adjacent cells
remaining 39 ft of the total aggregate thickness of  representing aquitards (greater than or equal to 5 ft
modeled aquitards. thick) permits the slow propagation of head changes in
The finest level of discretization was applied to the aquitard in response to head changes occurring in
the aquitards and the boundaries between the aquitarttse adjacent aquifers during a model time step. This
and the aquifers. The thinnest cell representing 100 allows the simulation of residual pore pressures and
percent aquitard material represents 1 ft of aquitard residual compaction in the aquitards. For a particular
material and the thickest cell generally represents 3 flaquitard, this approach can be limited by the duration
of material; however, two cells in the model representof the model time step; if the time steps are too long,
4 ft of aquitard material. Cells adjacent to the bound- the simulated heads propagate too quickly through the
aries between the aquifers and the explicitly modeledaquitard because the hydraulic gradient is constant dur-
aquitards were discretized by 1-ft thick cells in every ing a time step. The duration of model time steps was
instance except one, where one side of the boundaryselected by experimentation (30 days for the historical
was a 2-ft thick cell. model and 1 day for the recent model) which indicated
A coarse discretization was applied to aquifers that lengthening the time step caused more immediate
that contain only a small percentage of fine-grained compaction, and less residual compaction, in response
compressible sediment or none at all. The largest cello water-level declines and that shortening the time step
a maximum of 13 ft of sediment represented by a singléid not significantly change the response.
node, was prescribed to aquifer sediment nonadjacent The one-dimensional model is temporally dis-
to aquitard boundaries. cretized in MODFLOW-96 by stress periods and time
The resulting grid is a 2 1-ft vertical column  steps; these time intervals are different for the historical
with variable-spaced layers (fig. 20). (The horizontal and recent models. Stress periods for the historical
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model were defined by available historical water-levelBoundary Conditions
data. Annual measurements of water levels in wells in

Antelope Valley during the 1970s and 1980s represent I_Sound_ary condlt_lons, or flow conditions, n the
the lowest measurement frequency since the early one-dimensional (vertical) model of the Holly site con-

1920s. As a result, 89 yearly stress periods (365.25 sist of specifiec_i (time—vgriant) heads for those parts of
days) were chosen for the historical model. Monthly the_ coarse-gralned. aqwfer_that represent measured (or
time steps (30.4375 days) were assigned to reduce €stimated) hydraulic head in the piezometers and a
mass-balance errors and poor piecewise approxima- specified no-flow boundary at the base of the model
tions that could result because of large water-level  (fig. 20). The upper, middle, and lower aquifers at the
changes that may occur during year-long time inter- Holly site (fig. 7) are represented in the model by spec-
vals. However, annual (stress period) results from  ifying heads in each aquifer. The upper model bound-
MODFLOW-96 were used to history-match the sparseary is a time-variant, specified-head boundary that
(approximately 30-year time intervals) land-surface- represents measured (or estimated) head in the upper
elevation change data collected or estimated near thesquifer at the Holly site. The boundary is 29 ft above
Holly site (fig. 17). o the confining unit, about 91 ft below land surface.

For the recent model, prescription of stress Periaquitard drainage and aquifer-system compaction
ods and time steps was more flexible because of t_he fi&ere not simulated for the upper aquifer because the
quent mea_surement of water levels at the Holly site. ntire model domain must remain saturated (the upper
Stress periods of 22 days were chosen to ensure reso, L&fuifer was represented in the model only to specify

tion of the seasonal compaction and water-level Signalﬁead above the confining unit). The effect of omitting

and to maximize the available water-level data for theCom action in the unconfined aquifer is discussed fur-
Holly site at the time of model development. The b ) u ¢ aqu S dIscuss ., u
fher in the section "Assumptions and Limitations.

1990-97 model simulates 118 stress periods represe ) . _ .
ing more than 7 years. Daily time steps were selectednternal boundaries (within the model domain) consist

to minimize errors introduced by the assumption of Of time-variant, specified heads that represent mea-
instantaneous head equilibration between aquifers angired (or estimated) heads in the middle and lower

aquitards for longer time steps as discussed by Helmaquifers at the Holly site. A no-flow boundary at the

(1975). For the recent model, daily (time step) resultsmodel base, 1,090 ft below land surface, represents
from MODFLOW-96 were used to history-match dataimpermeable quartz monzonite bedrock (basement

collected daily at the Holly site. complex).
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Figure 21. Measured or estimated depth to water for piezometers HO-1, HO-2 and HO-3 (combined), and HO-4 used in the 1990-97 model
simulation of the Holly site (8N/10W-1Q), Edwards Air Force Base, Antelope Valley, California.
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For the 1990-97 simulation, the water levels vicinity of the site; therefore, we estimated hydraulic
measured in the nested piezometers at the Holly sitehead from available historical ground-water-level data.
were used as input for the time-variant specified-headVhen data were sparse, we used interpolation tech-
boundaries because these measurements provided aniques. The historical model begins in 1908—the time
good definition of the hydraulic head of the aquifers of the earliest recorded ground-water levels for wells
throughout the simulated depth profile (figs. 7, 10, andiear the Holly site (Johnson, 1911) and the time most
21). The shallowest piezometer (HO-4) monitors waterepresentative of predevelopment conditions near the
levels in the upper aquifer (unconfined). The water site.
level in this piezometer defines the upper boundary of A composite hydrograph of water levels for the
the model (fig. 20). The intermediate piezometers  upper aquifer at the Holly site was created using a sim-

(HO-2 and HO-3), which are screened in the middle Ple linear interpolation for the period 1908 to 1990. The
aquifer, monitor water levels in the principal produc_ water level at the HO”y site was estimated to be at land

zometers were combined for modeling purposes in 1990. Water levels measured in piezometer HO-4
because the water levels for these piezometers trackPetween 1990 and 1997 were used for the last 7 years

each other very closely, and only one or the other waSf the hydrograph (fig. 22). _
instrumented at most times (figs. 10 and 21). Water- A composite hydrograph representative of the
level data from the combined record for piezometers middle aquifer was developed on the bags of historical
HO-2 and HO-3 were used for the internal time-variantVater 1evels from wells near the Holly site. Because
specified-head boundaries within the middle aquifer. MOSt Of the wells did not penetrate the lower aquifer

Measurements made in the deepest piezometer (Hof‘tgng thishpefr[[%d $1908_90).} the corEpos:jte th
were used for the internal time-variant specified-hea rograph ot thé fower aquiterwas based on the com-
posite hydrograph of the middle aquifer and on recently

boundaries within the lower aquifer (figs. 20 and 21). (1990-97) measured water levels for both aquifers

For the 1908-97 S|mulat|on, three com.posne Water levels in well 8N/10W-9M1 (fig. 3) for the period
hydrographs (representative of the three aquifers at thf908—36 were compiled from Thompson (1929) and
Holly site) were developed; the hydrographs were usefhainzer and others (1945). Because measurements
for input as time-variant specified-head boundaries \yare made infrequently during much of this period,
(fig. 22). Prior to the construction of the Holly site,  ggpecially during the early years of record, we esti-
ground-water-level information was limited for the  mated changes in water levels using descriptions of the
area by Johnson (1911) and Thompson (1929), who
reported artesian conditions in the vicinity of the Holly
site until sometime between about 1914 and 1919. For
the period 1937-51, we used a simple linear interpola-
tion to estimate water-level declines. For the period
1952-89, water levels for 8N/10W-28B1 (fig. 3) were
used. The composite hydrograph represents water lev-
els in the middle aquifer for every year from 1908 to
1989 (fig. 22).

Wells 8N/10W-9M1 and 8N/10W-28B1, which
were used to construct the hydrograph, are located
south of the Willow Springs Fault (fig. 2) where histor-
0 ical water levels were substantially lower than those
10| ] measured north of the fault near the Holly site [more
162900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 than 40 ft lower in 1952 (DUtCher and WOftS, 1963)’ but

nearly equivalent in 1990]. Because of the lower water

levels in these wells, the composite hydrograph was
Figure 22. Water levels used for input in the historical model for the ad.JUSted for the middle aquifer. No water-level records
upper, middle, and lower aquifers at the Holly site (8N/10W-1Q), prior to the 1950s were found for wells north of the
Edwards Air Force Base, Antelope Valley, California. Willow Springs Fault near the Holly site. Water-level
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measurements were recorded in the 1950s for two Initial Conditions

wells north of the fault, but only well 8N/10W-2P1 (fig. Transient conditions for ground-water flow and
3) had more than one measurement recorded that  aqifer-system compaction that occurred at the Holly
decade. Same-year water levels in the composite site prior to 1990 are largely unknown; therefore, a his-
hydrograph were compared with water levels for well torical model was developed to better constrain the
8N/10W-2P1; a ratio was used to adjust the compositeffects of transient conditions prior to 1990. The initial
hydrograph to water-level measurements of well conditions for the historical model are representative of
8N/10W-2P1. The result is a composite hydrograph estimated steady-state conditions in 1908. The initial
representative of the middle aquifer at the Holly site conditions for the more detailed and constrained recent
prior to 1990. The combined water levels of the inter- model (1990-97) were derived from the historical
mediate piezometers were used to complete the ~ model (1908-97).

hydrograph of the middle aquifer to 1997 (fig. 22). _ Initial heads for e_ach of the three aquifers are
The composite hydrograph representative of th&defInGd by the composite hydrographs (fig. 22). The
: . . _Initial head in the upper (unconfined) aquifer for 1908
lower aquifer (fig. 22) was created by applying an off was set equal to land surface; initial heads for the mid-

set of -4.0 ft to the composite hydrograph for the mid-y, " ey (confined) aquifers were set to about 22

dle aquifer for 1908-89 and by using measured watel,q 18 ft above land surface, respectively. For the con-

levels for piezometer HO-1 for 1990-97. Water levelSgjning ynit, initial heads were assigned values that var-
measured in the lower aquifer generally were lower jaq |inearly from top to bottom, between land surface
than those in the middle aquifer, although not by a coryng 22 ft above land surface. All other aquitards were
sistent amount (fig. 10). Water levels probably were assigned the initial head of the aquifer in which it is
higher in the lower aquifer than in the middle aquifer contained.

for at least part of the century, but because historical A range of predevelopment preconsolidation
wells in the vicinity of the Holly site were not deep  stress values, in terms of hydraulic head, was estimated
enough to penetrate the lower aquifer, no data are avaifom the time series for paired bench marks and water
able to delineate the relational history between theselevels (fig. 17) and iteratively refined with model out-
two aquifers. The sensitivity of the model to the put. The estimated range of predevelopment preconsol-
hydrograph of the lower aquifer was investigated by idation head was about 0 (at land surface) to 50 ft below
applying an equivalent offset in the opposite directionand surface, which corresponds to the period 1929 to
+4.0 ft, so that heads in the lower aquifer were always- 261 When land subsidence apparently began (fig. 17).

. : . : The middle and lower aquifers were calibrated with
higher then heads in the middle aquifer for 1908—89. o
The results of the simulations for the lower aquifer preconsolidation heads of about 20 and 22 ft below

: . . . land surface, respectively. Nodes representing the con-
were nearly identical using the two compoglte 'hyd.ro- fining unit, 120 to 186 ft below land surface at the
graphs even though there was an 8-ft shift indicating )y site, were calibrated with values that varied lin-

the appreciable insensitivity of the model to the early from top to bottom, between about 15 ft and 20 ft
variation. below land surface. All other aquitards interbedded in
It was assumed that there was sufficient verticathe confined aquifer system were assigned the precon-
connectivity between aquifers outside of the model colsolidation head of the aquifer in which they are con-
umn for heads in the aquifers to equilibrate rapidly. tained. Because compaction was not simulated for the
This assumption is supported by data from wells HO-2upper aquifer, no fine-grained material was attributed
and HO-3, which show essentially identical heads (figto this unit and, thus, no preconsolidation-head values
10). This aquifer head distribution was implemented invere needed.
the model by specifying constant (time-variant) heads
in coarse-grained sediment between each aquitard. Convergence Criteria and Mass Balance Criteria
Consequently, 21 constant (time-variant) head bound- The strongly Implicit Procedure Solution 5
aries were specified—one for each coarse-grained (SIP5), a solver option in MODFLOW-96, was used for
stratigraphic layer that was bounded above and belowhe Holly models (historical and recent) to solve the
by aquitards. governing equations for all nodes simultaneously and
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iteratively until the solution converged or until the IBS1 assumes that changes in effective stress are
maximum number of iterations was exceeded. The a function only of changes in head not of changes in
convergence criterion used for the Holly model permitgeostatic load, that is, the change in total stress is zero.
ted a maximum difference of 0.001 ft in the solution In a confined aquifer overlain by a confining unit and
from consecutive iterations. an unconfined aquifer, this assumption tends to result
Results of volumetric-flow computations made in an overestimation of the change in effective stress

with BCFE5 and IBS1 were used with MODELOW-96 and associated deformation if the water table declines
to calculate a mass balance for each stress period toin the unconfined aquifer. Conversely, this assumption
provide an indication of the overall acceptability of thetends to result in an underestimation of the changes in
numerical approximation to the true solution. MOD- effective stress and deformation if the water table

FLOW-96 uses a water-budget approach to compute recovers (Leake and Prudic, 1991). Compaction may
mass balance independently of the equation solution b€ overestimated for the historical model because the
process and, in this sense, may provide independentWater table declined about 56 ft (fig. 22) (conserva-
evidence of a valid solution (McDonald and Harbaugh,tiVely, about 18 percent of the total geostatic load at the
1988). In the Holly models, two components of base of the upper aquifer) during the simulated period.
flow—flow to and from the specified-head nodes and For the 1990-97 simulation of the Holly site, this
flow into and out of storage—constitute the budget. assumption may not be a significant source of error
IBS1 accounts for elastic and inelastic skeletal storagfecause the water table declined only about 4.5 ft (fig.
changes and augments the storage component of the21) (conservatively, about 1.5 percent of the total geo-
budget computed by BCF5 (storage from expansion static load at the base of the upper aquifer) during the
and compression of water) with these subcomponent§imulated period.
Cumulative water budgets and discrepancies between ~ Compaction in the unconfined aquifer is not sim-
the volume of water moving into and out of the model,ulated in the Holly models because its seasonal contri-
accounting for any changes in storage, were tallied aution to total compaction is insignificant, as indicated
the end of each stress period. Discrepancies in the in figure 21 by the small seasonal change in effective
Holly models were less than 0.1 percent. stress in the unconfined aquifer system compared with
the confined aquifer system. The hydrograph for pie-
zometer HO-4, screened in the upper aquifer, indicates
that the water levels in the well are steadily declining.
Assumptions and limitations in the model were The associated rate of compaction also is steady. The
derived from translating the complex and variable aquiwater levels in piezometers HO-2 and HO-3 (screened
fer system into a digital computer model. Aquitard  in the middle aquifer) and HO-1 (screened in the lower
drainage was simplified to a one-dimensional diffusionaquifer) fluctuate seasonally, which indicates that com-
process and further simplified for material paction in the confined aquifer system has a seasonal
deformation. component of compaction. Over long periods of time,
The Holly models simulate vertical Darcian flow the unconfined aquifer system probably plays a more
within the aquitards, a widely applied and appropriateimportant role in deformation at the Holly site.
assumption for simulating the drainage of aquitards in The Holly models use the same constant (time-
large aquifer systems with permeability contrasts of variant) heads for the entire middle aquifer. Piezome-
several orders of magnitude between the aquifers anders HO-2 and HO-3 are screened below the thick aqui-
the aquitards (Neuman and Witherspoon, 1969; Han-tard (302—365 ft below land surface) in the middle
son, 1989). Flows into, out of, and between cells reprequifer; none of the piezometers at the Holly site are
senting aquifer material also are vertical and caused bscreened between the thick aquitard and the lacustrine
head gradients between the aquifers and specified-heathy confining unit (120-186 ft below land surface)
(variable) boundary conditions. The Holly models (fig. 7). The assumption that the thick aquitard (302—
assume that lateral flow is negligible compared to 365 ft below land surface) is laterally discontinuous
changes in storage and related vertical flow. permits the use of equivalent hydraulic heads above

Assumptions and Limitations
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and below this thick aquitard, but this may be an affected partly by changes in the vertical hydraulic dif-

oversimplification. fusivity owing to changes in vertical hydraulic conduc-
The IBS1 package assumes that elastic deforméivity and storage. Reductions in vertical hydraulic

tion of the aquifer system is proportional to changes irconductivity occur exponentially with increases in

effective stress and that inelastic compaction is proposffective stress; hence, flow in aquitards will be overes-

tional to increases in effective stress. Results of labor&imated for later times as these units compact into

tory consolidation tests indicate that inelastic stiffer, less permeable assemblages. Because compac-

compaction of many of the fine-grained sediments is tion is relatively small at the Holly site, especially dur-

proportional to the increase in the logarithm of effec- ing the period of record of the site, this limitation does

tive stress. Any error resulting from the linearization ofnot pose significant error in the recent (1990-97)

this logarithmic relation will be less for deeper sedi- model.

ments because a given decline in head will result in a An additional limitation of the IBS1 package is

smaller percentage increase in effective stress in deepgrat compaction calculations do not include cells used

sediments than in shallower sediments (Leake and Prto specify head (Leake and Prudic, 1991). As a result,

dic, 1991). For the Holly models, particularly for the specified-head cells for aquifers that may contain a

recent model (1990-97), increases in effective stressfraction of fine-grained compressible material may not

are a relatively small percentage of the initial state of adequately be simulated. To minimize the aggregate

stress; thus, any error introduced by this limitation  thickness of sediments excluded from the compaction

probably is small. IBS1 assumes that the soil grains arealculations, heads were specified at the node of a cell

incompressible, which is not a limiting assumption for or cells that represented the smallest thickness of sedi-

the range of stresses considered in the Holly models.ments for each aquifer. The vertical hydraulic conduc-
IBS1 inherently assumes that changes in hydradivity of the aquifer nodes was set high to ensure the

lic head in aquitards equilibrate with changes in head imapid transmission of head changes throughout the ver-

aquifers within a single model time step, which meandical aquifer section. As a result of this method,

that no residual pore pressure and no residual compa22 heads were specified and only 30 noncontiguous

tion is simulated—only ultimate compaction. For aqui-feet of aquifer material (4 percent of total) and 1 ft of

tards with delayed drainage, this assumption is invalidaquitard material (0.4 percent of total) were not

and model simulations may result in an underestima-included in the calculations of sediment deformation.

tion of storage changes and compaction for later time

and an overestimation of those changes for early time

(Leake and Prudic, 1991). Aquitards (at least 5-ft thick)g|MULATIONS

simulated in the Holly models were vertically dis-

cretized into small-thickness cells to minimize the Two periods, 1908-97 which represents the his-

effects of this limitation in an attempt to explicitly torical period and 1990-97 which represents the recent

model pressure diffusion in the aquitards (discussed period, were modeled for the Holly site using two sep-

earlier in the “Spatial and Temporal Discretization”  arate, but linked, models. The dual simulations pro-

section of this report). vided a characterization of compaction at the Holly site
For the simulations of the Holly models, specific related to nearly continuous ground-water-level
storage and vertical hydraulic conductivity were decline throughout the period of ground-water devel-

assumed constant; however, in fact, they vary inverselgpment, combined with the effect of seasonal ground-
with changes in effective stress. This assumption canwater-level cycling from nearby pumping. The two
resultin an overestimation of compaction for later timeperiods were modeled in an iterative procedure to attain
because reductions in skeletal storage are directly a single set of aquifer-system properties that provides a
related to decreases in compaction. Other than for a reasonable history match for the magnitude and the
narrow elastic range, the more a material has com- timing of aquifer-system compaction measured or esti-
pressed the smaller is its compressibility; thus, largermated for each period. More emphasis was given to the
effective stresses will be required to compact at the recent model because it is better constrained by
equivalent rate. This relational response will be measured data.
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The historical model was developed primarily to simulated compaction and measured or estimated land
define the initial conditions at the Holly site in 1990. subsidence compares well to subsidence measured or
This model is being used to provide constraints for a estimated in 1961, but a comparison between measured
regional three-dimensional ground-water flow model and simulated subsidence for the late 1980s and early
of EAFB that is being developed concurrently with this 1 9g0s indicates that the simulated subsidence is under-
model. estimated (fig. 23). Simulated compaction (to a depth
of 840 ft below land surface) for the recent model com-
pares well with measured compaction at the Holly
extensometer for the period 1990-97 (figAR4rhe

The history-matching process constituted a trial simulated displacement-stress trajectory also compares
and-error adjustment of selected model parameters Well in magnitude, timing, and phase with the mea-
until the variance between simulated and measured ctured displacement-stress trajectory (fid3)24
estimated aquifer-system compaction was minimal andResults of the simulated compaction of the recent
until one set of parameters reasonably simulated commodel show a noticeable departure from measured
paction for both models. The curve showing historicalcompaction beginning mid-1996 (fig. 24 less

History Matching
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Figure 23. Simulated compaction and measured or estimated land subsidence at bench marks P1155 and LS42
near the Holly site (8N/10W-1Q), Edwards Air Force Base, Antelope Valley, California, 1908-97. (See figure 3 for
location of bench marks.)
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Table 3. Values of hydraulic parameters derived from the best stress/strain analyses did not account for slow drainage

history matches between simulated aquifer-system compaction and results were not intended to be representative of
and measured or estimated compaction at the Holly site (8N/10W- . . . .

1Q), Edwards Air Force Base, Antelope Valley, California thick aquitards. The value for the thicker aquitards,
[ft, foot; ft/d, foot per day; f, per foo} however, is more typical of the values computed by

Poland and others (1975), Helm (1978), Hanson

Hydraulic parameters Value . .

_ YoTaue parameter - (1989), and Heywood (1995b); the value of inelastic
Vertical hydraulic conduCtivity, BUITT .......c...ccrevve 3.0%0d specific storage for thinner aquitards is consistent with
Vertical hydraulic conductivity, aquitard (less than or

equal to 18 ft thick) .......cccceeevrverrierereeereecees e 1,5 10°ft/d (O:Iggrg;/alues computed by Helm (1978) and Hanson
Vertical hydraulic conductivity, confining unit (120 to N . .

186 ft below land SUMace)............oooovvvvvvvvvoveveeeeeeeee 1.2x105t/d Time constants (equation 9), representing the
Vertical hydraulic conductivity, aquitard (302 to 365 ft time requwed_for about 93 percent of the excess pore

below land surface) 1.5x10° ft/d pressure to dissipate, were computed for the aquitards.
Skeletal elastic specific storage, aquifer system .............. 15710 For aquitards 5- to 18-ft thick, equivalent vertical
Skeletal inelastic specific storage, aquitards (less than or hydraullc CondUCtN'ty and inelastic skeletal _SpeC|f|C

equal to 18 ft thick) ......ovvereeciriscie, 4,0x10° 1 storage values were used (table 3). For aquitards
Skeletal inelastic specific storage, aquitards (greater between 5- and 18-ft thick, time constants ranged from

than 18 fHHICK) vvvse v 3.5x10* ft about 17 to 216 days. For the 63-ft thick aquitard (302
Specific Storage, Water ..o 47xto to 365 ft below land surface), the time constant was

about 60 years. For the confining unit (120-186 ft
below land surface), a strictly comparable time con-
stant could not be calculated because this unit does not
CIdoubly drain, but replacing '() with b in equation 9,
which represents the length of the drainage path
(Epstein, 1987), we calculated a time constant of 350
years.

) The predevelopment preconsolidation stress
g(head) in the middle aquifer corresponded to an esti-
mated 42 ft of ground-water-level decline before per-
. . . manent compaction initiated (assuming hydraulic
. The_ two values of v_ertlcal hyd_raullc conduct|y- heads were about 22 ft above land surface in the middle
ity determined for the aquitards are in agreement with,, jiter in 1908). This preconsolidation stress threshold

the values used for aquitards in aquitard-drainage mo sompares with values reported by Hanson (1989) for

els of other a.llluvial basins in California and Arizona ground-water-level declines in alluvial basins in Ari-
(Helm, 1975; Hanson, 1989) and values computed byzona, which range from 50 to 150 ft, and by Holzer

Riley (1969) and Neuzil (1994). The value for elastic (1981) for other areas of subsidence, which range from
specific storage is two times larger than the value estig 15 207 ft.

mated from the stress/strain analyses but is consistent

with the values used in other models (Helm, 1975;

Hanson, 1989). The value for elastic specific storage, Sensitivity Analysis

however, is smaller (by a factor of 10) than that com-

puted by Heywood (1995a) for the Hueco Basin in Sensitivity to changes in initial preconsolidation
Texas. Two values of inelastic specific storage were stress, elastic and inelastic storage, and vertical hydrau-
determined for the two classes of aquitards—thick  lic conductivity was investigated for the Holly models.
aquitards (greater than 18-ft in thickness) and thin  Sensitivity to initial preconsolidation stress was exam-
aquitards (less than or equal to 18-ft in thickness). Thened using the historical model; all other parameters
values for the thick and the thin aquitards were aboutwere examined using the recent model.

21 and 2 times larger, respectively, than the values esti-  The simulated magnitude of land subsidence is
mated from the stress/strain analyses. Note that the most sensitive to predevelopment preconsolidation

compaction occurred in the aquifer system than was
simulated by the model. The comparisons of simulate
and measured compaction for two time periods (figs.
23 and 24) indicate that the set of selected model
parameters that provided the best “history match”
(table 3) for both models reasonably matched the ma
nitude (storage) and timing (drainage) of measured
compaction.
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stress, which controls the threshold beyond which fine- The sensitivity analysis shows that the model is
grained material begins to compact. For a specified very sensitive to changeskf, Sy, and the vertical
head decline spanning predevelopment preconsolidahydraulic diffusivity of the aquitards. Both the sensitiv-
tion stress, the total compaction varies inversely. Varyity of each parameter and its relative sensitivity among
ing the predevelopment preconsolidation stress valueall three parameters varies significantly within the
determined from the best history match by plus or  parameter space defined by the range of tested values.
minus 10 ft resulted in simulated values of 3.5 and 4.3or values similar to the history-matched values, small
ft of historical aquifer-system compaction, changes iK', result in larger changes in the computed
respectively, compared with 3.9 ft for the match valueerror than for similar changes Yy (fig. 25, C). For
Results of the simulations of the recent model Vvalues less similar to the matched values, the model is
indicate that residual compaction is responsible for virslightly more sensitive to variations 8}, thanK',.
tually all compaction measured at the Holly site. The largest errors resulted from variations in the direc-
Therefore, we examined in detail the sensitivity of thetion of increasind<', and decreasin§,, for a con-
recent model to the key parameters controlling the ~ stant hydraulic diffusivity equal to the history-matched
equilibration of residual pore pressures in the aquitard¥alue (fig. 2). Variations in diffusivity were exam-
and residual compaction. These parameters are verticiled using selected combinationsko§ andS, posi-
hydraulic conductivity of the aquitards,, and the tioned in the parameter space (figAPalong a line
aquitard inelastic skeletal specific storagig,, perpendicular to the line of constant diffusivity and
(fig. 25). Sensitivity was evaluated on the basis of thedrawn through the history-matched values. The sensi-
computed erroiSce between measured and simulatedtivity of the model to changes in diffusivity reflects the
compaction (displacement) for the depth interval of thecombined sensitivities to the individual parametiks,

aquifer system measured by the borehole extensomeandSgy (fig. 23).
ter. The error was computed as Vertical hydraulic conductivity for the aquitards

and elastic specific storage for the aquifer system were
modified in the same manner. These modifications
> resulted in a slightly smaller standard error compared
Sce= 4/[(2(“20_“25) ) /(n=1)], (10)  with the results of similar changes for vertical hydrau-
lic conductivity and inelastic specific storage for the
wherep,, andu,sare measured and simulated dis-  aquitards, with less deviation in standard error values
placement, respectively, and n equals 1,751, the numamong several simulations. The model is least sensitive
ber of daily displacement values compared, limited byto independent variations in aquifer-system elastic
availability of daily measured compaction values. A specific storage.
range of values from less than 1 to nearly 3 orders of The results of the sensitivity analysis suggest
magnitude from the history-matched values were that a good approach to history-matching would have
tested. The tested range was limited by modeling erroriseen to begin with a larger-than-expected value for ver-
caused largely by numerical instabilities for certain  tical hydraulic diffusivity of the aquitards, adjusting
combinations of the parameters. Figurd 26ows the that value downward until the minimum error is
35 pairs oK', andSy,, values tested for the confining achieved and then adjusting the valu&g§, to
unit. The same parameters were adjusted proportion-minimize error.
ally for all aquitards, but only specific parameter values The narrow range of expect&d,, 5x 10 Sto
used for the confining unit are shown as representativé x 10 ft1, identified from measured field values for
values in figure 25. Within the range of tested values,subsiding basins in Arizona, Texas, and California
several trends of variation were explored—uvariations (Epstein, 1987; Hanson, 1989; Heywood, 1995a; Riley,
in K',, for a constan®y, variations inSg, for a con-  1998), and the increased sensitivity of the modK!jo
stantK',, and variations in both parameters for a con- in the near range of the solution suggest that efforts to
stant value of the ratio, vertical hydraulic diffusivity. improve field measurementskf, [which can vary by
Several other combinations of the parameters also wekelarge range, 2.8 10%to 2.8x 102 ft/d (Neuzil,
tested. 1994)] could lead to better constrained simulations of
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residual compaction and improved predictions of tard accounted for 57 percent, and the rest of the system

future land subsidence. On the other hand, because afccounted for about 1 percent (figA27In the simula-

the narrow range of expect&d,, and the plausibility  tion, aquitards less than or equal to 18-ft thick did not

of obtaining reliable measurementsgj, the value of  contribute significantly to compaction. For these

K', estimated from these modeling approaches couldquickly equilibrating thin aquitards, measured and sim-

be comparable to, or better than, values measured in th#ated stresses for 1990-97 were, for the most part, less

field. These measurements and estimates are limited ltlgan the previous maximum stresses simulated by the

the depth-integrated measurement inherent to converhistorical model. These aquitards deformed mostly

tional borehole extensometers, and therefore, averagelastically during the 1990-97 period (figB}7

values of aquitard properties rather than specific values Vertical distributions of hydraulic head in the

of individual aquitards should be expected. aquitards can be used as a direct measure of residual
compaction (Riley, 1998). A linear profile showing
deviations in the simulated 1997 head distributions for

ANALYSES two thick clay sequences—the confining unit and the
thick aquitard 302 to 365 ft below land surface—indi-
cate large residual pore pressures (fig. 28). The simula-

Simulated Compaction tions indicate that more than 99 percent of the
compaction measured by the extensometer (since its

The simulations for the two periods (1908-97 construction) is residual compaction occurring in these

and 1990-97) provide information about how the  two thick clay sequences. Simulations of the historical

aquifer-system components, aquifers and aquitards, model show that by 1976 aquitards less than or equal to

contributed to overall compaction because of the con48-ft thick had significantly reduced compaction rates,

tinual lowering of water levels throughout the 1900s and by 1988, heads in these aquitards were approach-

and because of seasonal water-level cycling in the  ing an apparent equilibrium (fig. B

1990s.

Compaction simulated by the historical model

totaled 3.93 ft for the period 1908-97; 3.75 ft (95 per-Future Compaction Scenarios

cent) of this total compaction occurred in the depth

interval measurable by the extensometer. Of the total The vertical distributions of hydraulic head in

simulated compaction, the confining unit separating the thicker aquitards at the end of the simulations

the upper and middle aquifers accounted for 31 percerff997) indicate that excess fluid pressure remains in the

of the total; the thick aquitard 302 to 365 ft below landthick aquitards (fig. 28), which represents the potential

surface accounted for 51 percent; aquitards 5- to 18-ftor significant residual compaction (at least 30 per-

thick (aggregate aquitard thickness = 88 ft) accountedent). To predict future compaction, scenarios repre-

for 11 percent; and the rest of the system (aggregate senting three possible water-level responses at the

aquitard thickness = 39 ft) accounted for about 7 per-Holly site to nearby pumping were simulated using

cent (fig. 28). Among the explicitly modeled aqui-  history-matched model parameters.
tards, a linear relation exists between thickness and For the first scenario, compaction was simulated
simulated ultimate compaction. In other words, all  in response to future water-level changes predicted on

hydraulic parameters being equivalent in the model, ahe basis of extrapolation of the Holly site hydro-
10-ft-thick aquitard ultimately compacts twice as muchgraphs; the predicted water-level changes were consid-
as a 5-ft-thick aquitard (fig. Bj. ered to represent continued pumping rates and

Total compaction simulated by the recent modeldistributions at EAFB during the 1990s. This scenario
was 0.36 ft; more than 99 percent of the compaction was simulated for about 30 years (1997-2026); pre-
occurred in the same depth interval measurable by thdicted water levels declined about 30 ft, to about 180 ft
extensometer. Of the total simulated compaction, the below land surface in the confined aquifer system. The
confining unit accounted for 42 percent, the thick aquisecond scenario simulated compaction in response to
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static water levels (1997 levels) for all the aquifers forthickest aquitards. All compaction was residual com-
about 100 years. The third scenario simulated compapaction, about 54 percent derived from the thick aqui-
tion in response to water-level changes assuming a cegrd, 302 to 365 ft below land surface, and the

sation of pumping at EAFB for about 100 years (1997remaining 46 percent from the confining unit (fig.
2096). This scenario assumed water-level recoveries 30A). For this scenario, both thick aquitards approach

for the confined aquifer system at the Holly site of . . )
about 30 ft, to about 115 ft below land surface. Com- hydraulic eqw.llbrlum by. the ye.ar 2096 (fig. B0 )
In the third scenario, aquifer-system compaction

parisons of the results of the three scenarios indicate _ _ _ _
that in year 2026, 1.7 ft of compaction may occur if &t the Holly site was simulated using estimated water-
drawdown continues, 0.8 ft of compaction may occur iflevels that may occur if no pumping occurs after 1997
water levels remain at current (1997) levels, and 0.5 fat any wells on EAFB. This scenario also was simu-
of compaction may occur if water levels recover. lated for 99 years (through the year 2096). For the

In the first scenario, compaction at the Holly site period 19972096, estimated recoveries equaled 32 ft
was simulated using future water-level changes pre- in the lower aquifer and 29 ft in the middle aquifer, and
dicted on the basis of extrapolation of Holly site hydrougstimated drawdown in the upper aquifer equaled 23 ft.

graphs. These future water-level changes may  aq 3 result of the estimated water-level changes, about
represent a scenario where pumping rates and dIStI‘IbH—

tions at EAFB during the 1990s would continue into 8 t of additional net compaction oceurs (figAg1

the future. For the period 1997-2026, predicted drawDY the end of the simulation, all units except the con-

downs equaled 39 ft in the lower aquifer, 37 ft in the [INING unit showed elastic net rebound (more rebound
middle aquifer, and 10 ft in the upper aquifer. As a than compaction), albeit a small amount. In reality, the
result of these predicted water-level changes, more fringes of thick aquitards begin to rebound immedi-
than 1.7 ft of additional compaction occurred. Com- ately, while interior parts of the aquitard continue to
paction in the confining unit constituted 36 percent ofcompact. In the third scenario, the thinner aquitards
the total future compaction; the thick aquitard, 302 to (less than or equal to 18 ft thick) and the aquifer mate-
365 ft below land surface, constitutes 53 percent of theja| began to rebound immediately, the thick aquitard
total compaction; other aquitards, 5- to 18-ft thick, congiaried to rebound (net) in year 2033, and the confining
stitute about 6 percent; and the rest of the system Copg,t continued to compact throughout the simulation.
stitutes about 5 percent of the future compaction (f'g'AIthough the two thick aquitards have the same

29A). Figure 28 shows the migratory evolution of hydraulic parameters, except for a slightly different

head distribution in the confining unit and the thick . ) - .
aquitard indicating continued progressive, albeit slow,Vetical hydraulic conductivity (table 3), the confining

dissipation of excess pore pressures. This simulationUnit continued to compact because it drains mostly
was stopped in the year 2026 to avoid causing water downward into the underlying aquifer while the thick
levels in the middle aquifer to decline below the bottomaquitard drains both downward and upward into adja-
of the confining unit, thus converting at least parts of cent aquifers, dissipating pressure at about twice the
the middle aquifer to unconfined conditions, which  rate as the confining unit.

invalidates many of the assumptions used inthese anal-  The head distribution in the confining unit was

yses. However, if ground-water production were t0 ¢ in equilibrium by 2096 while the other thick aqui-

L o . ) Yard had nearly attained equilibrium; pore pressures
would cause significant additional compaction (fig. . : .
near the center of the unit were equivalent to those in

29B). . € unt
In the second scenario, compaction at the Hollyth® surrounding aquifer (fig. B). As recovery pro-

site was simulated for the next 99 years (through the ceeded, the thick aquitard underwent some small elas-
year 2096), holding hydraulic heads in the aquifers tic expansion (fig. 3) at its upper and lower

constant at 1997 levels. An additional 1.3 ft of compacboundaries as it took water back into storage at the
tion occurred, all of which is attributed to the two outer margins (fig. 3B).
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SUMMARY 1997, which indicates that ultimate compaction and
land subsidence have yet to occur. Results of the sce-
Land subsidence resulting from ground-water- narios of future possible water-level changes examined
level declines has long been recognized as a problem {ising the Holly site models indicate that if water levels
Antelope Valley, California, and in other alluvial basins decline or recover about 30 ft from current levels, an
in the arid and semiarid southwestern United States. additional 1.7 or 0.8 ft of Compaction’ respective|y,
Historical and continued depletion of ground-water  may occur, with most of the future compaction occur-
resources in Antelope Valley has resulted in land subring in the two thick aquitards. It also may be inferred
sidence that will persist into the future. Two separate,py the areal extent of the lacustrine confining unit that
but linked, models were developed to simulate aquifeiother parts of the Lancaster subbasin have also not yet
system compaction and land subsidence and to explofgalized all the compaction that ultimately may occur
future compaction and subsidence at the Holly site. Thgs a result of historical ground-water-level declines of
models were calibrated by history-matching simulatednore than 150 ft, declines that slowed significantly
aquifer-system compaction to measured and estimate@ore than 20 years ago.
historical aquifer-system compaction for two peri- The results of the models, in terms of residual
ods—historical (1908-97) and recent (1990-97). The compaction, emphasize the importance of long-term
calibration resulted in refined estimates of the hydraUmanagement of ground-water resources because,
lic parameters controlling compaction. The calibrateda|though water levels during the past 20 years have
models were used to predict aquifer-system remained relatively stable compared with historical
compaction and subsidence for three future Scenariowater levels, aquifer-system compaction continues
A single set of aquifer-system property values owing to past stresses on the aquifer system. Manage-
was used to model two periods. The history match foment of ground water can help mitigate potential
the historical model (1908-97) was based on the few aquifer-system compaction and resultant land
land-subsidence measurements from areas near the subsidence.
Holly site. The history match for the recent (1990-97)
model was better constrained by the more than 7-year
time series of aquifer-system compaction and water- REFERENCES CITED
level measurements for the Holly site, and therefore,
more consideration was given to these results. Becauggderson, S.R., 1988, Potential for aquifer compaction, land
the single set of simulation parameters provides a good ~Subsidence, and earth fissures in Tucson Basin, Pima
history match for both time scales, a greater confidence ~ COUN: Arizona: U.S. Geological Survey Hydrologic
in the hydraulic parameters for the aquifer system Investigations Atlas HA-713, scale 1:2,500,000, 3

Ited sheets.
resu te. ) ) o 1989, Potential for aquifer compaction, land subsid-
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