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Abstract

Historic ground-water overdraft in the Santa Clara Valley caused up to 3.9 m (12.7 fi) of land subsidence
from 1916 to 1969. Importation of water, artificial recharge, and reduced pumpage have resulted in recent
land subsidence that is predominantly elastic during seasonal and climatic cycles. However, the need for
continual management of the water resources remains. The U.S. Geological Survey (USGS) developed a
regional model of ground-water flow and land-subsidence using MODFLOW to assess the effects of changes
in the quantity and distribution of recharge and pumpage on regional land subsidence, and to provide the
management tool needed to help steward the water resources.

New data were used ta develop the simulation model of ground-water flow and subsidence. Inelastic and
elastic specific storage values were based on consolidation tests of selected cores from new multi-well
monitoring sites. These data suggest that the zones of greatest pumpage are generally less compressible. The
measured extensometer data and related wellbore-flow and thermal gradient data indicate that most of the
pumpage and subsidence is occurring between 300 and 650 feet blow land surface.

Model simulations match compaction related to seasonal and climate cycles measured at several
extensometers, as well as measured ground-water levels and streamflow. The explicit simulation of
multi-aquifer wells significantly affects the distribution of layer-specific simuleted compaction because
intra-wellbore flow from upper-aquifer layers supplies some of the water that otherwise would have been
simulated as water from aquifer and aquitard storage in the lower model layers.
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1. INTRODUCTION

The regional aquifer system formed by the altuvial deposits of the Santa Clara Valley, California (Fig.1} is
composed of multiple aquifers and is typical of most regional flow systems in the western United States.
Historic ground-water overdraft in the Santa Clara Valley caused up to 3.9m (12.7f) of land subsidence from
1916 to 1969. Starting in the late 1960s, the Santa Clara Valley Water District (SCVWD) began importation
of new surface water supplies for direct delivery and artificial recharge. These surface-water deliveries
significantly reduced ground-water pumpage, which was driving the historical subsidence, and generally put
most of the basin in a long-term water-level recovery. This historic conjunctive development of ground-water
and surface-water resources, which is also typical of many regional aquifer systems, and has resulted in
increased ground-water flow driven by reduced pumpage from multi-aquifer wells combined with additional
infiliration of streamflow ang artificial recharge. The development of the ground-water resources in the Santa
Clara Valiey, California (Fig.l), bas included construction of hundreds of multi-aquifer wells and a lerge
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system of artificial recharge ponds that help to sustain and replenish the ground-water resources. This type of
ground-water development has increased water-level differences and related vertical flow in parts of the
regional flow system, which ultimately affects the magnitude as well as the spatial and vertical distribution of
land subsidence,

There remains a need to manage the effects of ground-water pumpage, including regional elastic and
inelastic land subsidence. The management of the water resources by SCVWD required a more realistic
simulation of ground-water flow. The new model used to assess the combined effects of ground-water and
surface-water flows includes subsidence, streamflow routing, climatically variable natural recharge, artificial
recharge, faults as flow barriers, and pumpage from multi-aguifer wells, The simulation of flow and

subsidence uses a six-layer regional ground-water/surface-water flow model with monthly stress periods for
the period 1970-1999 (Hanson et al., 2004).
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2. SUBSIDENCE PROPERTIES

New data from research drilling were combined with previous geologic and hydrologic information to
bet ter estimate the properties needed for the simulation of regional subsidence owing to ground-water
pumpage (Hanson et al., 2002; Newhouse et al., 2004). Estimates of skeletal elastic storage co-efficients
{5 were based on a combination of estimated values from consolidation tests, extensometers, and reported
values (Ireland and others, 1984 Poland and Ireland, 1988; Hanson, 198%). New specific storage values
were estimated from consolidation-test data derived from samples of cores from recently completed
monitoring-well sites and from recent extensometer data {Fig.1). Skeletal elastic specific storage (5’ 4
values from consolidation tests have a geometric mean of 0.4 x 10* m* (1.2 x 10 i), with a range
from 0.8 X 108 m* 10 0.4 X 10°m’ (2.7 x 10° fi' 10 1.4 x 10* fi'}. The graphical estimates of ', for
data collected from the San Jose and Sunnyvale extensometers for the period 1983-2001 are about 1.2 X
10 and 6.2 % 107, respectively (Fig.1). These result in §'g. values on the order of 0.5 x 10-*m" and 0.5 x
10° m? (1.5 x 10 fi* and 1.5 % 10° f-1) for San Jose and Sunnyvale, respectively, based on the aggregate
thickness of fine-grained de-posits. The §. and § 4 estimates for the San Jose exiensometer are comparable
to the previous estimates reported for the San Jose extensometer of 1.5 x 107 for § ke and 0.6 x 10¥m’!
(1.9 % 10% ft") for § . (Poland and Ireland, 1988), and other reported values for alluvial deposits (Ireland
and others, 1984; Hanson, 1989). Even though the geometric mean from con-solidation tests is greater than
the value commonly estimated from reported values, it falls within the range of values detived from graphical
estimates of local extensometer data,

The new estimates of elastic and inelastic specific-storage values appear to be related to the distribution of
wellbore flow (Fig.2). The primary zones where ground water enters the water-supply wells are inferred from
the temperature gradient logs from monitoring wells CCOC and GUAD and from the wellbore flow logs
from the 12th St. No. 10 and Williams No. 3 water-supply well that is near the CCOC and the GUAD sites,
respectively (Hanson et al., 2003; Newhouse et al., 2004). The normal conductive temperature gradients are
dis-turbed from a relatively linear and nearly constant value within zones where predominantly lateral
ground-water flow is caoling the aquifer and causing selective reductions in the geothermal gradient. Thus
the numbered regions shown on figure Z are zones where lateral ground-water flow is occurring. These zones
also are coincident with the sloped parts of the cumulative wellbare flow curves that are zones of lateral
ground-water flow in the nearby water-supply wells. These data suggest that repeated pumping cycles may
have con-tributed to the preferential reduction of the elastic and inelastic storage properties of the zones with
the greatest contribution to wellbore flow. The estimated inelastic specific storage values coincident with the
screened/ perforated interval are ahout 52 (GUAD) te 76 (CCOC) percent of the values above and below
screened/perforated interval of greatest wellbore flow. Similarly, the elastic values were about 49 (GUAD) 10
88 (CCOC) percent of the zones of reduced pumpage.
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Fig.2 Graph showing the distribution of elastic and inelastic specific storage, and thermal gradient data for

CCOC and GUAD menitoring wells and wellbore flow from 12th Street No. 10 and Williams No. 3, Santa
Clara Valley, California
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Estimates of the elastic and inelastic skeletal storage coefficients are needed to simulate regional
subsidence. The regionalized estimates were based on the thickness of sediments of four categories that
represent the fractions of model-layer thickness of incompressible coarse-grained (sediment class 4, SC4),
incompressible mixed (sediment class 3, SC3), and compressible fine-grained sediments (sediment class 2,
SC2) and incompressible fine-grained sediments (sediment class 1, SC1). The values of inelastic storage
coefficients were estimated on a cell-by-cell basis as the product of an initial value of the fine-grained
interbed elastic skeletal specific storage (4 of 0.9 X 16¢m™ (3.0 % 10* f") and the aggregate cell-by-cell
thickness of the compressible fine-grained deposits {(Leighton et al., 1994). For an active model cell in row §,
column j, and layer k, the interbed elastic skeletal storage coefficient was computed as:

5’.&-9:& = 8% X Lo (1
where,
8§z is the interbed elastic skeletal storage coefficient for all fine-grained interbeds in the cell;
§ 4 is a common initial value of interbed elastic skeletal specific storage for all model cells for model
layer & ;

L.z« is thickness of fine-grained interbeds (sediment class 2, SC2) in the cell.

The composite inelastic skeletal storage coefficient (§'y) was estimated as the sum of the products of the
non-interbed inelastic skeletal specific storage coefficient (S urscl) of 0.6 X 105 m™ (2.0 X 10° &) and the
aggregate thickness of coarse-grained sediments (sediment class 4) plus the incompressible fine-grained
sediments {sediment class 1) plus the mixed sediments {sediment class 3), and the product of the inelastic
specific storage coefficient (§ ursc2) of 0.6 x 10% m (2.0 X 10 ftY) and the thickness of the compressible
fine-grained interbed sediments (sediment class 2) as:

8eir = (5w X Wasrt L L) + (8 0 X Leis)s 2)
where,

§' .. is the common, base initial value of interbed inelastic skeletal specific storage for all model cells for
model layer k;

Ly1yi ;. refers to the thickness of sediments for categories 4, 3, 2, and 1 and represent the fractions of
model-layer thickness of incompressible coarse-grained (sediment class 4, SC4), incompressible mixed
{sediment class 3,SC3), and compressible fine-grained sediments (sediment class 2, SC2) and incompressible
fine-grained sediments (sediment class 1, SC1), for each cell in each model layer k.

The aggregate cell-by-cell thicknesses of the sedimentary components were interpolated from drillers logs
compiled throughout the basin (Leighton et al., 1994). Thus, the resuiting elastic siorage (fig. 3-1) and
inelastic storage (fig. 3-2) coefficients vary spatially with the aggregate thicknesses for each model layer.
While uniform values were used initially across all layers, the final calibrated elastic and inelastic specific
storage values for the model layers with the majority of pumpage (model layers 3 and 4) were reduced to half
the values used for the uppermost and two Yowest layers (Hanson and others, 2004).



LAND SUBSIDENCE—Proceedings of the Seventh International Symposium on Land Subsidence (Vol.Ily 621

et A TS T T EXPLANATION |
A 'IJE,,'.‘lI ‘!,,!u'f'"l.m,""ilrEHs 1 Skebetal elwtic specific stornge multiplics
2 4 b B 10MILES D
o Jﬁs_ﬂ_--r = | OO0 fe 0001
; 77 ogen
B oo
I o
] oans
[ onoa
] onor
[ Toms
7] e
(T,

B ot o020

2 Skeletnl inelastic specific stornge molfiplies

RN ?_flni_m:fr':'m-m' |
BN AR T [ RO
| TR
B 0020
B o2 w0
B .31 10 040
Bl 041 0050
[ AR
I oot w070
e 0s0

3 Creatbeal lieael, b malers

T ] -iz2-113 B -0mw-22
I -1nzee-i B 210013
Bl -0vw-ss -12 10 =}
< 1ep =B EE] 27mwh
8410 76 B 64013
7% 1 67 Bl s
6 1 -8 Bl :ivow
=57 |0 =49 [ EEETER
48 b0 Bl 1w
=3 =21

Btecsn fiom 115 Goobogeal Suvy diplal elivaton dita, 1:7500000,
1607,z digital dzno, 1:100,000, 1881 -8% Unwmisst Tianswerss
Murcalor Prigetion, Fers 10 Shaded reliaf basn drem 150,000
sealu Digitol Eveation Mol =imutated sun ikamination froos
merltnnst ot 0 dagrias Al the hanamn

il ‘h-.
% ’Eﬁ?._

2O

Fig.3 Map showing the distribution of elastic and inelastic stotage and critical head for model layer 3,
the Santa Clara Valley, California



622 SISOLS 2005  SHANGHAI CHINA

3. SUBSIDENCE SIMULATION

Recent land subsidence is predominantly elastic and occurs over seasonal and climatic cycles. The land
subsidence was simulated for all six model layers as ultimate compaction with the Interbed Storage Package
(IBS, Leake and Prudic, 1991) in MODFLOW-2000 (MF2K, Harbaugh et al., 2000). This was a reasonable
approximation for recent historical deformation since stress-strain relations from extensometer data suggest
that all excess pore pressure is dissipated seasonally, The simulated seasonal elastic compaction was as great
as 0.03 m {0.11 ft) at the San Jose extensometer (Fig.4) in response to seasonal water-level changes of about
18.3 m (60 f). This seasonal elastic compaction is superimposed upon longer-term simulated, predominantty
elastic compaction of about 0.1m (0.32 f) from 1983-1989 and recovery (uplift) from 1989-1990 (Fig.4).
This multi-year trend is the resuit of from water-level declines of as much as 35 m (116 i) during the drought
of the late 1980s. Some inelastic compaction may have occurred during the peak summer months of the
drought years during maximum water-level declines. Extensometer data from the Sunnyvale site ndicates
that most of the compaction occurred below the upper extensometer. On the basis of the analysis of wellbore
flow and thermal-gradient data from CCOC and GUAD multiple-well monitoring sites, most pumpage
occurs within the zone between 300 and 650 fi below land surface (Fig.2), and is coincident with the related
compaction at the nearby Sunnyvale extensometer (Fig.4).

Estimates of critical heads were also required for the simulation of subsidence. Critical heads were
primarily based on estimates of maximum water level decline (Poland et al., 1988) but were ultimately
adjusted during the calibration process. The critical heads were initially set equal to the initial head, with the
assumption that the initial heads were representative of January, 1970, conditions, which implies that the
fine-grained deposits were normally consolidated at these levels. However, this resulted in anomalous
changes in storage and increased water levels during the first few years of the simulation. Critical heads were
previously estimated as being 24.4 m (80 ff) lower in 1967 than in 1978 on the basis of the artesian head
recovery at the San Jose index well (75/1E-7R1/6M1; Poland and Ireland, 1988). Thus, the critical heads
were then uniformly reset to 80 ft below the initial conditions. Yet a large simulated decrease in head in the
peripheral parts of model layer 3 outside a region defined by more than 0.03 m (0.1 fi) of historical
subsidence continued creating large coniributions from interbed storage and model error.  To eliminate this
source of error, the critical heads were decreased another 48,8 m (160 ft) in the peripheral areas of model
layer 3. In addition, for cells located within the historical cones of depression, the critical heads were
increased another 3.04 m (10 ft) to allow for a small amount of inelastic compaction in the late 1980s near
the San Jose index well after the dry pericd in the late 1970s (Fig.3-3). The resulting critical-head values
were based on model] calibration and may represent a lower bound of critical heads within the basin and
within specific model layers.  Critical heads remain uncertain in some parts of the basin where simulated
subsidence in the southwestern margins is still larger than expected (Fig.3-3, 5). Critical heads may also be
uncertain in the pumping centers because water-level declines during the droughts of the simulation period
may not have exceeded historical lows.

Calibration of the land subsidence mode! was constrained by data collected at two extensometers and
Interferometric Synthetic Aperture Radar data. The calibrated model matches compaction related to seasonal
and climate cycles measured at several extensometers (Fig.4), as well as measured ground-water levels and
streamflow. Patterns [simulated subsidence not contoured) of simulated subsidence for the period 1983-1999
are generally aligned with those for historical subsidence (Fig.5) and are in general agreement with the
InSAR estimate for seasonal subsidence for January through August 1997 (Galloway, et al., 2000; Hanson et
al., 2004). Additional subsidence may be occurring southwest of the historical subsidence bowl due to more
recent purnpage (Fig.5). However, this subsidence is likely overestimated due to uncertainty in the critical
heads in the southwestern part of the valley.
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4. SUBSIDENCE AND REGIONAL FLOW

Water detived from simulated land subsidence accounts for about one percent of the average net simulated
regional ground-water outflow for the period 1970-1999, which includes a drought followed by a decade of
sustained recovery. Likewise, this water of compaction accounts for as much as three percent of the
simulated pumpage for the drought period 1984-1989, Wellbore-flow and thermal-gradient data indicate that
the majority of this water is derived from compaction within the zone between 300 and 650 ft below land
surface. This may be due to a reduction in the compressibility of the aquifer system in the zones of major
pumpage and (or) the presence of less compressible fine-grained sediments interbedded between the major
aquifer layers,

Pumpage from multi-aquifer wells that span up to four model layers, simulated with the MNW package
{Halford and Hanson, 2002), significantly affects the distribution of layer-specific simulated compaction. The
MNW package allows the simulation of intra-wellbore flow from upper to lower aquifer layers. This water
would otherwise have been simulated as being derived from aquifer and aquitard storage in the lower model
layers by way of vertical flow through the aquifer system. Thus, simulating multi-aquifer wellbore flow helps
separate vertical interaquifer flow through wellbores from flow across the aquifers and fine-grained interbeds.
The distribution of simulated flow between model layers has largely shifted from interlayer flow to
intrawellbore flow, which represents about 19 percent of the total regional flow. This separation of flows
affects the hydrologic budget of the basin, simulated interlayer flow, streamflow infiltration, and in particular
the distribution and magnitude of layer-specific compaction (Fig. 6). Mutti-aquifer pumpage includes éingle
and multi-layer pumping wells as well as all unpumped and abandoned multi-aquifer wells. Simulated
pumpage with the MNW package changes through time with as many as 40 percent single-aquifer wells and
60 percent multi-aquifer wells in 1970, and intrawellbore flow in inactive multi-aquifer wells increases over
time, involving a maximum of 40 percent of these wells by 1989 (Hanson et al., 2003). The addition of
MNW pumpage allows simulation of more ground water flowing downward from the appermost layers. This
results in increased net streamflow infiltration in the uppermost layers and reduced subsidence in the lower
layers (Hanson et al., 2003). The simulation of subsidence is affected by the distribution of wellbore flow and
interlayer flow, which changes the relative portions of water derived from aguifer storage, interbed storage,
and interaquifer flow. For example, when the simulation uses fixed flows as opposed to multi-aquifer flow, a
greater portion of the subsidence is simulated in the deeper mode! layer 5 (Fig. 6).
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5. SUMMARY

Simulated subsidence in the multi-aguifer regional flow system of the Santa Clara Valley successfully
captures subsidence driven by water-level changes over seasonal and climate cycles, matches extensometer
data, and is generally in alignment with historical subsidence (Poland and Ireland, 198%) and Interferometric
Synthetic Aperture Radar (InSAR) images (Galloway etal., 2000). Simulations indicate that additional
subsidence may be cocurnng from morte recent pumpage 1o the sonthwesi of the historical subsidence bowl.
The measured extensometer data and related wellbore-flow and thermal gradient data indicate that most of
the pumpage and subsidence is occurring between 300 and 650 feet blow land surface. Consolidation-test
data in combination with temperature and wellbore flow data indicates that the compressibility of the aquifer
system may have been reduced within this zone and {or} that water is being derived from less compressible
fine-grained sediments interbedded between the major aquifer layers. The use of aggregate thicknesses of
coarse and fine-grained sediments is a useful approach to estimating storage properties for the simulation of
subsidence, The application of the MNW package helps to simulate multi-aquifer flow and affects the
simulated vertical distribution of subsidence in the regional ground-water flow system. The new model
provides a useful tool for the management of the water resources of the Santa Clara Valley, including the
simulation of subsidence throughout the regional aquifer system.
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