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Estimating the permanent loss of groundwater storage
in the southern San Joaquin Valley, California

R. G. Smith?, R. Knight?, J. Chen’, J. A. Reeves?', H. A. Zebker?, T. Farr2 (2, and Z. Liu2

1Depar‘cment of Geophysics, Stanford University, Stanford, California, USA, 2Jet Propulsion Laboratory, California Institute
of Technology, Pasadena, California, USA

Abstract In the San Joaquin Valley, California, recent droughts starting in 2007 have increased the
pumping of groundwater, leading to widespread subsidence. In the southern portion of the San Joaquin
Valley, vertical subsidence as high as 85 cm has been observed between June 2007 and December 2010
using Interferometric Synthetic Aperture Radar (InSAR). This study seeks to map regions where inelastic (not
recoverable) deformation occurred during the study period, resulting in permanent compaction and loss of
groundwater storage. We estimated the amount of permanent compaction by incorporating multiple data
sets: the total deformation derived from InSAR, estimated skeletal-specific storage and hydraulic parame-
ters, geologic information, and measured water levels during our study period. We used two approaches,
one that we consider to provide an estimate of the lowest possible amount of inelastic deformation, and
one that provides a more reasonable estimate. These two approaches resulted in a spatial distribution of
values for the percentage of the total deformation that was inelastic, with the former estimating a spatially
averaged value of 54%, and the latter a spatially averaged value of 98%. The former corresponds to the per-
manent loss of 4.14 X 10® m® of groundwater storage, or roughly 5% of the volume of groundwater used
over the study time period; the latter corresponds to the loss of 7.48 X 108 m? of groundwater storage, or
roughly 9% of the volume of groundwater used. This study demonstrates that a data-driven approach can
be used effectively to estimate the permanent loss of groundwater storage.

Plain Language Summary Subsidence due to groundwater pumping from 2007 to 2010 in the
San Joaquin Valley, California was mapped using satellite data known as InSAR. These data were incorporat-
ed with additional datasets, including geological information, to estimate how much subsidence was per-
manent. This subsidence represents a permanent loss in groundwater storage. Using these methods, we
estimated that a permanent loss of 7.48 X 10® m® of groundwater storage occurred during our study
period. This accounted for roughly 9% of groundwater pumping in our study area. While this is just a small
fraction of the total water stored underground in this area, this ‘water of compaction’ is an important safe-
guard for times of drought that, once removed, cannot be replenished.

1. Introduction

California’s Central Valley is a highly productive agricultural region in the United States. Due to its water-
intensive crops and arid climate, it accounts for roughly one fifth of the nation’s groundwater usage [Faunt
et al,, 2009b]. The recent droughts in California have further increased the groundwater demand, causing
groundwater depletion throughout the valley. One concerning consequence of groundwater depletion in
the Central Valley is wide-scale subsidence due to compaction of the sediments in the aquifer system. The
compaction and subsidence has been most pronounced in the San Joaquin Valley, which is located in the
southern two thirds of the Central Valley. In particular, the southern half of the San Joaquin Valley has expe-
rienced the most subsidence.

The compaction rate in the southern San Joaquin Valley was as much as 30 cm/yr from the 1920s to 1970s,
but was largely arrested when the state developed surface water routing systems to decrease reliance on
groundwater [Poland et al., 1975]. Over the past decade, however, reliance on groundwater has
increased due to droughts and the increased planting of water-intensive crops. Ground subsidence in the
San Joaquin Valley has numerous negative effects, including damaging buildings, well casings, bridges,
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water conveyance structures, permanently removing groundwater storage, and decreasing pore space and
permeability within the aquifer [Galloway and Riley, 1999; Faunt et al., 2009b].

One major question raised by water managers and policy-makers, related to the ongoing subsidence in the
San Joaquin Valley, is whether the subsidence is permanent (inelastic deformation), representing a nonreco-
verable loss of groundwater storage, or whether the level of the ground surface and water storage capacity
of the aquifers and aquitards will recover. This question is typically addressed using a three-dimensional (3-
D) groundwater model, which solves for the head at each element of the model over time and space [Helm,
1975; Leake, 1990; Hoffmann et al., 2003a]. Many of the commonly used groundwater modeling codes have
built in subsidence modules that can model compaction of aquifers and aquitards [Hoffman et al., 2003b;
California Department of Water Resources, 2007]. However, building and calibrating a 3-D groundwater mod-
el is very time-consuming and expensive. In addition, to accurately determine the amount of inelastic defor-
mation, the model requires as an input the lowest head previously experienced by the aquifer or aquitard
(referred to as the preconsolidation head). This value is very difficult to estimate, especially in the Central
Valley where water level data reporting has many temporal gaps. Furthermore, to be useful in addressing
ongoing questions such as subsidence, a groundwater model must be updated regularly, which further
adds to the cost and time demand. Studies such as Bell et al. [2008] and Chaussard et al. [2014] compared
multidecade InSAR time series with head levels to estimate long-term trends in deformation as a response
to changes in head. Bell et al. [2008] estimated inelastic deformation using InSAR by assuming inelastic
deformation was the long-term signal of ground deformation. However, over short time scales such as the
2007-2010 California drought examined in this study, without knowledge of the preconsolidation head it is
unknown whether the ground will rebound once water levels rise to their predrought levels.

Faunt et al. [2016] estimated that most of the recent subsidence in the Central Valley was due to inelastic
deformation. Their study used water level data from the California Department of Water Resources to deter-
mine what fraction of wells dropped below their historically lowest water level (preconsolidation head) dur-
ing the recent 2007-2010 and 2012-2015 droughts. When water levels drop below their preconsolidation
head, the aquifer system reaches new levels of effective stress and inelastically deforms [Terzaghi, 1925;
Poland, 1975]. The study of Faunt et al. [2016] estimated that most wells in the San Joaquin Valley did drop
below their preconsolidation head during the recent droughts. Their study provided useful qualitative infor-
mation about the nature of subsidence in the Central Valley. The publications by Faunt et al. [2016] and Farr
and Liu [2015] both estimated the amount of subsidence over parts of the San Joaquin Valley using InSAR.
The goal of this study is to further develop the ability of InSAR to be used to spatially map changes in
groundwater storage.

In this study we present a method that can be used to quantitatively estimate how much compaction is per-
manent, and how it varies spatially. The time frame of our study is from 2007 to 2010, during which time
the Central Valley experienced a significant drought that increased farmers’ reliance on groundwater and in
turn resulted in wide-spread land subsidence. We used recent water level data along with InSAR-derived
subsidence for the time period June 2007 to December 2010, and previously estimated geomechanical
properties of sediments in the area to obtain an estimate of permanent compaction and loss of groundwa-
ter storage in the southern portion of the San Joaquin Valley. This method does not require knowledge of
the preconsolidation head, nor does it require the calibration of a groundwater model, allowing it to be
effectively implemented in areas that have limited data.

2. Background

2.1. The Link Between InSAR Data and Hydraulic Head

Synthetic Aperture Radar (SAR) is a microwave imaging system, which uses a radar antenna mounted on an
airborne or satellite-based platform to transmit and receive electromagnetic (EM) waves [Madsen and
Zebker, 1998; Rosen et al., 2000]. The difference in the phase of the EM wave as measured between two
acquisitions can be related to the change in elevation of Earth’s surface that has occurred. The process of
using multiple SAR images interferometrically in this manner is referred to as Interferometric Synthetic
Aperture Radar, or InSAR.

In the application of InSAR to studies of groundwater systems, it is assumed that the change in elevation
obtained from the INSAR measurement is due to the change in the total integrated thickness of the
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underlying material (aquifers and aquitards) due to the withdrawal and recharge of groundwater; the for-
mer causing a decrease in elevation and the latter an increase. Here we use “aquifer” to denote the coarse,
more permeable material; “aquitard” or “clay layer” to denote fine-grained, less permeable material; and
“aquifer system” to denote the heterogeneous combination of both aquifers and aquitards. The following
equations outline the relationship between changes in water level (head) and changes in aquifer system
thickness.

The link between changes in aquifer system thickness and changes in hydraulic head is based on the rela-
tionship between pore pressure and effective stress, developed by Terzhaghi [1925]

ge=01—Pp, (1)

where g, is the effective stress, a7 is the total stress related to the weight of the overburden, and P, is the
pore pressure. In confined aquifer systems, we assume a constant overburden stress, as the saturated thick-
ness does not change with a change in head, so differentiating equation (1) yields

Ace=—AP,. 2)

Further, in a confined aquifer system AP,=Ahp,, g, where Ah is the change in hydraulic head, p,, is the den-
sity of the water, and g is gravitational acceleration, so Ag.=—Ahp,,g. Jacob [1940] used this principle to
define the specific storage, or S;, as the volume of water produced per unit volume of the aquifer system
per unit change in head, while remaining saturated. S; is given by the following equation:

Ss=pwg(atnp), (3)

where « is the compressibility of the sediment, 7 is the porosity, and f is the compressibility of water. Equa-
tion (3) can be separated into two components

Ss=Ssk+Ssw, (4)

where Sy =p, g is the skeletal-specific storage, which relates the deformation of the aquifer system to the
change in effective stress, and can be rewritten as

Ab

S, =2
sk boAh7

(5)
where Ab is the change in thickness of the compacting material; Ah is the change in head experienced by
the compacting material; and by is the original thickness of the material that is experiencing a change in
head, also referred to as the saturated thickness. This value is time-dependent and related to the degree to
which the compacting material equilibrates with a change in head in the aquifer system. This is a function
of the hydraulic conductivity and specific storage of the sediment; for example, a thick clay aquitard may
only experience a significant change in head (over a short time period) near its border with an aquifer, due
to delayed drainage caused by low hydraulic conductivity. Thus, its by value over a short time period would
be lower than its total thickness. The other component of equation (4) is Sy, =p,gnf, which relates the
deformation of water to the change in effective stress. Using typical values for p,, and g, 4.6 X 107'° m?/N

for f as reported by Fetter [2001], and assuming a porosity, 7, of 0.3, S, is estimated to be 1.35 X 10 m~".

In unconfined aquifers, compaction and expansion can also occur, but the overburden stress is not constant
because the aquifer thickness changes with a change in head. Because of this, the effective stress is a func-
tion of the change in head as well as the amount of water that drains from or recharges the aquifer per unit
head. This is shown in the following equation:

Ace=—(1-S5,)AP,, (6)

where S, is the specific yield [Leake and Galloway, 2007; Poland and Davis, 1969]. S, has been estimated to
be 0.1 in the San Joaquin Valley [Williamson et al., 1989]. Thus, the change in effective stress in an uncon-
fined aquifer, and by extension the amount of compaction experienced in an unconfined aquifer, could be
approximated in the same way as with a confined aquifer, then multiplied by (1 —Sy) =0.9.

Deformation in response to a decrease in head (increase in o) can be elastic, so the loss of thickness can be
recovered with an increase in head, or inelasticc where the compaction is permanent; permanent
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compaction in unconsolidated sediments is caused by rearrangement of the grains at the pore scale.
Unconsolidated sand does not typically deform inelastically in the pressure conditions existing in aquifers.
However, clays in aquifers can deform inelastically given certain stress conditions. Following the work of
Poland et al. [1975], we assume that deformation is elastic unless o, is greater than the historic maximum
value oemax. The head corresponding to gemax is referred to as the preconsolidation head, so if the head
drops below the preconsolidation head, inelastic deformation will occur and the compaction is permanent.
The convention is to add “—e” to the subscript for skeletal-specific storage to denote elastic deformation
(Sske) and “—V" to denote inelastic deformation (S ).

Equation (5) can be separated into its inelastic and elastic components

Ssk=Sskv T Sske, (7)

where Sy, is the inelastic skeletal-specific storage. It is given by the equation below

Abine/asn‘c

— (8)
bOv Ah inelastic

Ssv =
where Ahjpepstic is the drop in head below the preconsolidation head, Abjneastic is the inelastic portion of
deformation, and by, is the thickness of sediment that experienced inelastic deformation. Referring back to
equation (7), Sy is the elastic skeletal-specific storage, and is given by

Abe‘;‘lastic

O ©)
bOeAh elastic

Sske=
where Ahgjgsiic is the drop in head that remains above the preconsolidation head, Abejgsic is the elastic por-
tion of deformation, and by, is the thickness of sediment that experienced elastic deformation.

There are significant differences in the magnitude of S for unconsolidated materials undergoing elastic
and inelastic deformation. Most studies estimate that Sy, is 10-100 times larger than Sg. [Sneed, 2001;
Faunt et al., 2009b; Riley, 1998].

In addition to these differences in the mechanical properties of materials impacting the magnitude of defor-
mation in aquifer systems, differences in hydrologic properties determine the timing of the deformation rel-
ative to the timing of groundwater withdrawal or recharge. While the sands in an aquifer system typically
equilibrate quickly with changes in head at the wellbore (and thus deform quickly), clays often have a time
lag. This timing is governed by the one-dimensional (vertical) diffusion equation [Helm, 1975], shown here

d oh oh
& (Kv 5) =S50 (10)

where K, is the vertical hydraulic conductivity, S; is the specific storage, h is the hydraulic head, z is depth,
and t is time. Assuming K, is uniform with depth, it can be placed outside of the partial derivative. Under
this condition, the time it takes for a given hydrologic unit to equilibrate with the hydrologic head above
and below it, denoted as 7, can be approximated by the following equation when there is a step decrease
in hydraulic head of equal magnitude on both boundaries of the unit [Scott, 1963; Riley, 1969]:

2
T~ (%) Ss/Ky, (11)

where by is the thickness of the equilibrated hydrologic unit. Sneed [2001] compiled a list of estimates of K|,
Sske, @and Sg, Of clay layers, which were estimated by modeling the diffusion and compaction of clay layers
at sites in the San Joaquin Valley where detailed information on pressure history and clay thickness were
available. Estimates of K, range from 1.67 X 10™8 to 2.48 X 10~° m/d with an average of 1.23 X 107% m/d.
The average of estimates for Sy, is 9.3 X 10°* m~’, and values range from 4.6 X 107 % t0 2.2 X103 m™".
The average Sy is 1.5 X 107> m™’, and ranges from 6.6 X 107 t0 2.5 X 107> m™ . Sneed [2001] also com-
piled property estimates for sands in the San Joaquin Valley: the average Sge is 5.6 X 10°° m™" and ranges
from 1.4 X 107% to 1.6 X 107> m~ ", Estimates of Sy, in aquifer systems in the San Joaquin Valley that are
composed of aggregate combinations of sand and clay range from 2.0 X 107 to 2.3 X 107> m ™' with an

average of 9.0 X 105 m™".
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The vertical diffusivity, referred to throughout the paper as simply the diffusivity D, is defined as K, /S, so
equation (11) can alternatively be written as

&)’
2l (12

T

Thus for clay layers, the delayed drainage time, 1, is proportional to the square of the half thickness, (%)2,
and inversely proportional to diffusivity, D. Equation (12) can be rearranged to solve for by, giving

b = 2v/7D. (13)

Since S; is very different under elastic conditions than inelastic conditions, D varies significantly based on
whether the sediment that is compacting is deforming elastically or inelastically. Combining the range of
values of K, and adding S, to the range of values of S, and Sg. reported by Sneed [2001], D ranges from
6.43 X 107* m%/d to 3.59 X 10" m?/d with an average of 7.60 X 102 m%/d during elastic deformation of
clays. During elastic deformation of mixed sand and clay systems, it ranges from 6.87 X 10™* m%d to
8.55 X 107" m%d with an average of 1.19 X 10~" m?%/d. During inelastic deformation of clays, it ranges
from 7.59 X 107® m?%/d to0 6.16 X 10~ m?/d with an average of 1.32 X 107> m%/d.

2.2. The Hydrogeology of the Study Area

Our study area is in the southern portion of the San Joaquin Valley and includes four different subbasins:
Kings, Kaweah, Tulare Lake, and Tule. These subbasins, as well as our study area, are shown in Figure 1. We
chose this as our study area because of the large historic subsidence bowl and recent subsidence in the
center of the study area. We limited the study area to where we had well coverage. The subsurface of our
study area is a mix of sand, gravel, and clay layers of variable thickness. The upper 400-800 m, generally
considered as the aquifer system, are continental sediments, derived from the Sierra Nevada and Coast
Ranges. Below this are less permeable continental sediments with saline pore water and a thick (approxi-
mately 6 km) package of marine sediments with low hydraulic conductivities, assumed to be a no-flow
boundary by previous groundwater studies in the San Joaquin Valley [Williamson et al., 1989]. In the western
half of our study area, the Corcoran clay, which ranges in thickness from 0 to 20 m, separates the upper and

Groundwater sub-
basins

@ Study area
Corcoran clay
= extent

Figure 1. Map of our study area, shown in red. The study area was limited by areas that had water level measurements. The approximate
extent of the Corcoran clay, as mapped by Page [1986] is shown in brown. The four subbasins that overlap with our study area are also
shown: Kings, Kaweah, Tulare Lake, and Tule.
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Figure 2. Simplified geologic cross section of our study area.

lower aquifers. The extent of the Corcoran clay, determined by Page [1986] using a combination of electric
logs and lithology logs, is shown in Figure 1. Figure 2 shows a generalized, simplified cross section of the
upper 800 m of the subsurface of our study area, which includes an upper aquifer, the Corcoran clay, and a
lower aquifer. Note that in both the upper and lower aquifers, numerous thin clay layers exist. These thin clay
layers can act as small-scale confining units, creating semiconfined conditions above the Corcoran clay.

Deformation in the southern San Joaquin Valley could potentially come from multiple sources. Although
the Corcoran clay is the main confining unit in the area, other, less extensive clay units of varying thickness
throughout the upper and lower aquifers can also deform. The upper and lower aquifers as well as the Cor-
coran clay can deform elastically when the pre-consolidation head has not been reached.

3. Method for Estimating Permanent Loss of Storage

To estimate the permanent loss of storage over the time period 2007-2010, we used a system of constitu-
tive geomechanical equations. We defined the total deformation (Ab;,) as the sum of its inelastic and elas-
tic components, and the total change in head (Ahy,) as the difference between the highest head and the
lowest head experienced during our study period. Since virtually all wells experienced a head decline, this
number is negative. We divide Ahy, into the sum of its drop in head while above the preconsolidation level
(i.e., in the elastic deformation range), during the study time period, Ahejgsic, and its drop in head while
below the preconsolidation level (i.e., in the inelastic deformation range) Ahjseiasiic- This assumes that the
elastic contribution to deformation is negligible when inelastic deformation is occurring

Abyor = Abjnelastic + Abeastic, (14)
Ahior = Ahinetastic + Aheastic - (15)

We used equations (8) and (9), rearranging them in the following way

Abinelastic
Ahinetastic= ——— (16)
inelastic bOv Sskv
Abelasn’c
Ahejastic= . 17
elastic bOe Sske ( )

This system of four equations contains ten variables. We were able to estimate six of these variables from
measurements: Abo:, Ahiot, Sskvi Ssker Doy, and bge. The variable Aby,,: was measured using InSAR. The
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parameter Ahy, was estimated by determining the maximum drop in head between 2007 and 2010. We
obtained a range of estimates for Sg, and Sy from Sneed [2001]. The saturated thicknesses, bg,, and bge,
are the initial thicknesses of the compacting sediment when deforming inelastically or elastically, respec-
tively. Hereafter we use the term by only in cases that apply to both bg, and bg. Since compaction is domi-
nated by clays in inelastic deformation [Sneed, 2001], we assumed that bg, represents the thickness of
compacting clays. For the case of elastic deformation (bo.), we calculated the compacting sediment using
estimates of the sand and clay thickness. The total thickness of coarse- and fine-grained deposits of the
aquifer system has been estimated by Faunt et al. [2009a], so we used that as a basis for estimating b.. For
the case of inelastic deformation (b, ), we only used the clay thickness for our calculation of the compacting
sediment. In order to calculate the thickness of compacting clay from the total clay thickness, we needed
estimates of diffusivity (D) and the thickness of the clay layers. We calculated what we assumed to be the
maximum possible by values by assuming a sufficiently high D and/or low thickness of clay beds that all
clay beds equilibrated and compacted between 2007 and 2010. We made lower, more reasonable estimates
of by by setting D equal to the average reported values under inelastic deformation (D = 1.4 X 1073 m?%/d)
and calculating the amount of clay that would compact over our study period under those conditions.

This left us with four equations and four unknowns: Abjnefastic; Abeiastic: Ahineiastic; and Ahejgstic. The purpose of
our study was to calculate the portion of the deformation that is permanent compaction so we solved for
Abinelastic, Obtaining

SskvbOV (AhrorsskebOe B Abtor)

(18)
Sskv bOv - sske bOe

Abjnelastic=—
In the following sections we describe the approach taken to estimate the parameters needed to solve equa-
tion (18).

3.1. Estimating Ab;,: Using INSAR

The InSAR processing technique for this data set has been previously published in Farr and Liu [2015] but
we will briefly summarize the processing methodology here. L-band ALOS PALSAR scenes were acquired
over the San Joaquin Valley from the Alaska Satellite Facility (https://www.asf.alaska.edu/). Seventeen
acquisitions of the ascending track 218 between 21 June 2007 and 30 December 2010 were processed
using a modified version of JPL/Caltech ROI-PAC software package. Forty-three interferograms were formed
based on the spatial and temporal baseline thresholds (less than 800 m and 4 years) and the topographic
phase was removed using the SRTM 3 arc sec digital elevation database. To improve the phase coherence,
power-spectrum (PS) filtering was applied to each individual interferogram and the interferograms were
multilooked in range and azimuth by 32 and 64 pixels, respectively, producing roughly 250 X 250 m pixels.
The interferograms were unwrapped using SNAPHU and minimum-cost flow algorithm [Chen and Zebker,
2001]. A long-wavelength ramp in each interferogram due to orbital errors and northwestward tectonic
motion was also removed.

In order to solve for the long-term line-of-sight (LOS) deformation velocity from these unwrapped interfero-
grams, a variant of Small Baseline Subset (SBAS) InSAR time series inversion analysis was used, with a linear
deformation model [e.g., Berardino et al., 2002; Sansosti et al., 2010]. Residual DEM error correction was
incorporated in the time series analysis. Spatiotemporal filtering was used to remove high-frequency turbu-
lent troposphere noise [Berardino et al., 2002; Samsonov, 2010; Farr and Liu, 2015]. To ensure that only highly
coherent pixels were used in the time series analysis, analysis was limited to the pixels that had coherence
(>0.5) in at least 60% of the filtered interferograms. As INSAR measures relative LOS motion referenced to a
given location, INSAR deformation measurements were calibrated to the Plate Boundary Observation (PBO)
network GPS station P725 (http://www.unavco.org/instrumentation/networks/status/pbo/overview/P725)
about 30 km north of Fresno near Coarsegold, CA, where no significant vertical deformation occurred dur-
ing the study period. The vertical displacement of this GPS station is shown in Figure S1 of Supporting Infor-
mation. From these methods, the total displacement along the LOS was determined.

For the purposes of this study, we calculated the InSAR LOS look angle and converted the InSAR LOS defor-
mation to vertical subsidence, or Aby,. This assumes that there was negligible spatial variation in horizontal
displacement during our study period which is considered to be valid based on the existing GPS data over
the study area. Figure 3 shows the total vertical subsidence for the period of June 2007 to December 2010.
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Figure 3. Map of InSAR-derived total vertical subsidence from June 2007 to December 2010 (modified from Farr and Liu [2015]).

As a further check on the validity of our maps and time series, we compared our results to other GPS sta-
tions (for example, P307 shown in Figure S2 of the Supporting Information). The result shows good agree-
ment in the long-term trends with small short-term departures, most likely caused by decorrelation noise or
residual tropospheric water vapor variations, both of which can impact the InSAR deformation estimate.
Another validation of the time series and subsidence interpretations would be comparison to extensometer
measurements. Unfortunately, no extensometers were active in the area during the period of our study.

3.2. Estimating Ahyo¢

In order to estimate how much compaction was permanent, we needed to know the change in head in the
time period 2007-2010. This requires water level data which are available throughout our study area with
fairly good spatial density. There are 945 wells in our area containing data over the study period. The data
are provided through the Water Data Library of the California Department of Water Resources (http://www.
water.ca.gov/waterdatalibrary/). Some of these wells (~10%) contain a water level record going back to the
1960s and earlier.

We initially assumed that we would need to determine head levels in the upper aquifer and lower aquifer,
as both could contribute to compaction. However, we found from comparing head levels in the lower aqui-
fer with head levels in the upper aquifer, that the two aquifers have similar head levels, closely track each
other over time and have seasonal head changes of similar magnitude, indicating that the aquifers are fairly
well connected. This is likely caused by several factors—widespread wellbore leakage [Williamson et al.,
1989; Faunt et al., 2009b] and a relatively thin Corcoran clay over most of the study area. It has been sug-
gested that the presence of numerous clay layers above the Corcoran clay create semiconfined conditions
[Williamson et al., 1989]. For these reasons, we treated the whole aquifer system as one semiconfined to
confined unit. This approach is similar to that of Williamson et al. [1989]. We used estimates from Faunt et al.
[2009a] for the depth of the aquifer system, which ranges from 470 to 760 m.

Figure 4 illustrates how the difference between the maximum and minimum head (Ah;;) experienced from
June 2007 to December 2010 was calculated. This figure has average water levels taken from ~80 wells in
our study area. Note that the average pattern in head levels shows a sharp decrease in head in 2008, and
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Figure 4. lllustration of how Ahy,s was calculated. The dashed line represents the unknown preconsolidation head, which separates
Ahelastic from Ahineiasiic. The measurements of head drop shown are averaged from ~80 wells in our study area. Note that the infrequent
sampling causes some loss of information in calculating Ah,. Note that the head remained below its 2007-2008 levels for at least 2 years.
The dashed preconsolidation head line is unknown, and its position is merely hypothetical. Also note that while depth to groundwater is
shown in this figure, head as meters above mean sea level is used in the actual calculations.

water levels remain low for approximately 2 years. Also note the relatively low sampling frequency. Most of
the wells that we used were sampled, during this time period, once in the late winter/early spring (typically
between January and March) when water levels are at or near their highest point, and once in the fall (typi-
cally between September and November) when water levels are at or near their lowest point. While a great-
er density of temporal sampling would be ideal, we assumed that the difference between the highest level
measured in the spring samplings and the lowest level measured in the fall samplings provides a good esti-
mate of the maximum head drop, Ah¢,: experienced at a well location, especially during periods of drought
when long-term trends dominate over seasonal head variations. One advantage to our method is that even
though the preconsolidation head is unknown, we can still calculate the amount of inelastic deformation.
Typical methods that require knowledge of the preconsolidation head would introduce significant error in
our study area since historic head levels have a high degree of uncertainty.

By only considering the head change between 2007 and 2010 to compare with the deformation observed
by InSAR from 2007 to 2010, we assumed that all deformation that occurred between 2007 and 2010 was
related to the change in head from 2007 to 2010. We did this because significant delayed deformation sig-
nals related to changes in head prior to 2007 were not observed in continuous GPS data in the area (see
Figure S3 of Supporting Information). Since there were no major droughts 2 years prior to our study period,
we considered the assumption that all deformation occurring between 2007 and 2010 was related to
changes in head within the same time window to be valid.

For the purposes of our study, we needed to have head measurements that were representative of the region-
al head levels. Most of the head measurements used in our study come from irrigation wells, which are regu-
larly pumped for groundwater. If head is measured shortly after the pump is turned off, the measurement will
be affected by the cone of depression and not be representative of regional head levels. A head measurement
at one well can also be impacted by pumping at near-by wells. The approach we took was to find locations
where we had at least three wells within a radius of 5 km, and to average all of the head measurements within
that window using a spatial moving average filter to suppress the effects due to cone-of-depression.

3.3. Estimating b,

The value of by is the total thickness of sediment that experienced compaction during the 42 months of our
study period. We assumed that during our study period, sand layers within the aquifer system (as defined in
3.3.1 and 3.3.2) completely equilibrated with the change in head experienced at the wellbore and com-
pacted. Referring to the thickness of clay that experienced compaction, we defined it as

N
bo=3 ., boi (19)

where N is the total number of clay layers and by is the portion of a single layer that was subject to compac-
tion in that time period. As discussed in the background section, the portion of a clay layer that drains and
experiences compaction can be approximated with knowledge of the time given to drain (1) and the
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diffusivity (D), given by equation (13). An individual clay layer, by;, has finite thickness; the thickness that
compacts cannot exceed the total thickness of that layer. Thus, by; is given by

boi=min (2\/10“ bn), (20)

where by; is the total thickness of the given layer, and D; is the diffusivity of the layer. To accurately estimate
these would require a detailed geologic model showing the location and thickness of each clay layer, the
locations of all perforated intervals in wells, and knowledge of the diffusivity of all materials in the aquifer
system. We chose to take two approaches to determining the values of by, first estimating what we assume
to be their maximum values, and then refining that estimate to a lower, more reasonable estimate using
other available information.

3.3.1. Upper b, Estimate

The best information about the amount and distribution of clay is available in the study by Faunt et al.
[2009a] who classified cuttings from over 8000 driller’s logs as either fine-grained or coarse-grained, and
determined the percentage of each over 15 m depth intervals. They then interpolated these data over the
Central Valley using a geostatistical method known as kriging. The grid spacing for the resulting geologic
model is 1 mile, and the size of the depth intervals is 15 m. From this, the thickness of clay in each 15 m
interval can be determined by multiplying the fraction of fine-grained material by 15 m. The geologic model
also provides the depth to the base of the aquifer. We summed the clay thickness over all 15 m intervals
above the base of the aquifer system, which ranged in depth from 470 to 760 m to determine the total clay
thickness of the aquifer system, br.

We used this information to obtain an estimate of by, at each land surface location (grid cell) in the model
of Faunt et al. [2009a]. To estimate bge, we summed the thickness of all sands and clays from the geologic
model. Our simple conceptual model was the following: At each surface location, all of the material in the
aquifer system, from the top of the perforated interval to the base of the aquifer system, equilibrated with
the head change that occurred due to pumping at any depth at that surface location. This assumes that the
diffusivity of the clay layers is sufficiently high and/or the thicknesses of the clay layers are sufficiently small
that all available clay below the top of the perforated interval equilibrated with the head change and com-
pacted. It also assumes that the diffusivity of the aquifer-system as a whole is sufficiently high that the deep
portions of the aquifer equilibrated quickly with the head changes experienced in the wellbore, which is
typically much shallower. We used these simplifying assumptions to make an estimate of what we consider
to be the maximum possible clay thickness that could compact. For each clay layer i, by; < 2v/1D, so that
boi=b7i and thus bg= 27:1 bri=br. The resulting maximum possible value for by, is therefore the total thick-
ness of clay in the aquifer system as represented in the geologic model by Faunt et al. [2009a]. This ranges
from 197 to 514 m in the southwest of our study area; this result is shown in Figure 6a. The resulting values
for bg. range from 263 to 655 m, and are shown in Figure S4 of Supporting Information.

3.3.2. Lower b, Estimate

Our other approach involved estimating by by summing bg; using equation (20). This method calculated the
estimated thickness of clay that compacted during our study period. To accurately do this required a rea-
sonable estimate of diffusivity, D and the drainage time, 7. A reasonable estimate of the drainage time
would be the duration of time that water levels were at or near their lowest point. This is the time during
which compaction in the clays can occur—once water levels rise again, drainage from the clays into the
aquifer system stops. A longer duration would mean any given clay layer would have more time to equili-
brate with the drop in head experienced by the aquifer, and compact more. Our study period covered 3.5
years, but based on average head levels (Figure 4) and modeled change in groundwater storage [Faunt
et al,, 2016], it appears that on average the head levels were at or near their lowest point for only about 2
years of our study period. For this reason we chose 2 years for the delay time, 7. Note that ¢ as described
here is not describing the time it will take for the entire aquifer system to equilibrate with a drop in head,
but rather the duration of our study period where water levels were at or near their lowest level. This was
done so that we could estimate the fraction of clay that compacted during our study period, rather than the
total clay of the aquifer system.

As a limiting assumption that significant diffusion outside of the estimated upper and lower perforated
intervals in wells did not occur, we summed clay layers between these intervals. Since perforated intervals
of irrigation wells are typically not reported, we used an estimate of perforated intervals from the
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Figure 5. Number of layers in a given thickness bin (k) divided by the total number of layers, with thicknesses binned in 1 m intervals from
0to30m.

groundwater model of Faunt et al. [2009b]. This model has the same grid spacing (1 mile between cells) as
the geologic model of Faunt et al. [2009a].

To calculate bg,, we chose to use the average diffusivity under inelastic conditions as determined from
the range reported by Sneed [2001]: 1.32 X 103 m?/d. To calculate b, we used the average diffusivity
under elastic conditions of clays from the values reported by Sneed [2001]: 7.60 X 102 m?/d. Using these
values for D and 7, we determined 2v/7D to be 2.0 m for the inelastic case and 19 m for the elastic case.
Thus, taking for example the inelastic case, if by < 2.0 m, then bg;=by but if by > 2.0 m, then
boi=2.0 m. Solving for by thus required knowledge of the number and thickness of all clay layers in the
perforated interval.

While the model of Faunt et al. [2009a] provides estimates of total clay thickness within depth intervals, it
does not provide information about the number or thickness of individual clay layers. We chose to estimate
the probability that a clay layer in the subsurface would have a given thickness, k, by recording the thick-
ness of all clay layers reported in 12 drillers’ logs in our study area. From this we obtained a distribution of
clay layer thicknesses (see Figure 5), with a maximum thickness of approximately 30 m. We assumed that
the probability of a clay layer having a given thickness was stationary throughout our study area. With this
information, we were able to estimate b, as follows:

bo=N> " Pr(k—0.5 < Th < k+0.5) X by, @1

where N is the total number of clay layers, Th is the random variable for clay layer thickness, Pr
(k—0.5 < Th < k+0.5) is the probability that a clay layer will be within 0.5 m of thickness k, and by is the
thickness that compacted in a clay layer of total thickness k: boy =min (2\/5, k). The total thickness of clay
is related to the number and thickness of layers by

br=NY_" Pr(k—05 < Th < k+0.5) X k. (22)
We were then able to solve for the fraction of total clay that compacts, fryo, by dividing by by br, giving

_ N2 Pr(k=0.5 < Th < k+0.5) X bo _ 332 Pr (k—0.5 < Th < k+0.5) X box

froo 30 30 :
N> o Pr(k—0.5 < Th < k+0.5) X k i—o Pr(k—0.5 < Th < k+0.5) X k

(23)
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Figure 6. (a) Upper by, estimate, assumed to be the total amount of clay in the aquifer system as estimated by Faunt et al. [2009a]. (b) Lower, more reasonable by, estimate, based on
the total amount of clay as in Figure 6a but also accounting for perforated intervals and an average rate of diffusion for the clay layers. Clay layer thicknesses were estimated using 12

drillers’ logs.

From this we determined that for the inelastic case, fr,o=0.36. We multiplied fr,o by the clay thickness
that is within the perforated intervals to estimate by. The resulting bg, estimate ranges from 1 m in the
northeast to 142 m in the southwest and is shown in Figure 6b. For the elastic case, we determined
frro=0.95. We multiplied this by the thickness of clay sediments, and added that to the total thickness
of sand sediments (assuming that all sand drained during the study period) to estimate bg.. The result-
ing boe estimates range from 6 to 549 m, and are shown in Figure S4 of Supporting Information. We
consider these estimates of by, and b, to be more reasonable than the upper by, and bg. estimates
because these estimates account for additional factors, such as delayed drainage and the bottom of the
perforated intervals.

3.4. Computing Abj,ejastic: Analysis and Results

We used the estimates of by, Sge, and Sg, and the measurements of Ahy, and Aby, to compute Abjneiastic
using equation (18). For Sg. we used the estimates for mixed sand and clay systems. Since by, Sse, and Sg,
all have ranges of values, we chose those that correspond to the lower value for Abjpeiastic (the higher of our
by estimates, highest S, highest Sg,) for what we consider to be the lowest possible estimate. For the sec-
ond, more reasonable estimate, we chose the lower, more reasonable of our b, estimates, and the average
values of Sg. and Sg,. Note that the higher by value corresponds to a lower Abjeiasiic €stimate, because if
more clay is undergoing compaction, then a higher fraction of the compaction can be explained by elastic
deformation. In these two estimates, we have used a range of estimates for Sge, Sskv, and b, to account for
potential variations in these parameters across our study area.

4. Map of Permanent Compaction: Results and Discussion

The lower estimate of permanent compaction that we obtained (shown in Figure 7a) indicates that the
amount of permanent compaction ranges from 0 to 0.66 m, varying spatially throughout the study area.
The percentage of the observed compaction that is permanent ranged across our study area from 0 to
100% of the total compaction, with an average of 54% of the observed compaction being permanent.
This estimate assumes that all of the clay and sands below the top of the perforated interval in the
study area compacted during our study period. Because of delayed drainage due to diffusion, we are
confident that the amount of permanent subsidence experienced over our study period is larger than
this lower estimate.
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Figure 7. (a) Lower estimate of permanent subsidence (54% of observed subsidence calculated as permanent). (b) Upper, more reasonable estimate of permanent subsidence (98% of
observed subsidence calculated as permanent). Wells used in the study are shown as plus symbols.

The upper, more reasonable estimate is shown in Figure 7b and indicates that the amount of permanent
compaction ranges from 0 to 0.78 m. The percentage of the observed compaction that is permanent ranges
across our study area from 0 to 100% of the total compaction, with an average of 98% of the observed com-
paction being permanent. This method took into account the estimated perforated intervals, as well as dif-
fusion from clay layers of varying thickness. It assumed that the distribution of clay layer thicknesses is
stationary across our study area.

In this method, we estimated the values for the parameters Sqy, Sske, and K, based on values reported by
Sneed [2001]. Earlier studies have used InSAR time series with co-located head levels to estimate S
(=Sskebo) [Reeves et al., 2011; Chen et al., 2016]. In these cases, the head levels were above the preconsolida-
tion head, so the researchers were confident that the deformation was elastic. For the vast majority of our
study area, the preconsolidation head was unknown, thus both elastic and inelastic deformation could be
occurring. Because of this we were unable to estimate the skeletal-specific storage properties at each well
site, but rather relied on previous estimates of geomechanical properties made with extensometer data
[Sneed, 2001].

There is uncertainty in these estimates, as each of the parameters has a range of reported values. To test
the impact of this uncertainty we used the second (more reasonable) method and varied each parameter
within the reported range of values. In Figure S4 we show the results of this uncertainty analysis in terms of
the resulting fraction of deformation calculated to be permanent. These values range from 95 to 99.5%
(within 3% of our best estimate, 98%). Thus, we conclude that varying these parameters does not result in a
significant change in the results.

One of the key negative impacts of inelastic deformation is a permanent loss of groundwater storage. Our
lower estimate of Abjneasiic cOrresponds to a total loss of groundwater storage of 4.14 X 108 m?; that volume
of groundwater has been permanently removed from the aquifer system. The upper, more reasonable esti-
mate corresponds to a total loss of groundwater storage of 7.48 X 10% m>. The California Department of
Water Resources estimated that the groundwater usage in the planning areas that cover our study area was
1.65 X 10'® m® over the time period of our study [California Department of Water Resources, 2013]. More
spatially detailed groundwater pumping records were not available for our study period. Since our inelastic
deformation estimates only cover about half of the planning area, our lower and upper estimates of perma-
nent loss of groundwater storage account for approximately 5 and 9%, respectively, of the total volume of
groundwater usage by area over that time period.

The pumped groundwater resulting from compaction of sediments has been referred to as “water of com-
paction” by Poland et al. [1975], who estimated this as a percentage of total pumped groundwater in the
Los Banos-Kettleman Hills area (20-60%), as well as the Arvin-Maricopa area (0-40%). Our best estimate
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that 9% of pumped groundwater was due to inelastic deformation in our study area differs in two key ways
from their estimates. First, we separated inelastic deformation from elastic deformation, a distinction not
made by Poland et al. [1975]. Second, our estimate represents a regionally averaged value because we did
not have detailed groundwater pumping data over our study area, while theirs represents a spatially varying
map. Since our estimate included areas that experienced very little inelastic deformation, as well as areas
that experienced a high degree of inelastic deformation, it is likely that the percentage of pumped ground-
water that was due to inelastic deformation of sediments over our study period was much higher than 9%
toward the southwest part of our study area, where inelastic deformation was highest.

5. Validation

To validate this new method of computing permanent loss of groundwater storage, we compared our
results with a recent study of Faunt et al. [2016] which analyzed InSAR data and changes in hydraulic head
over the same study area from 2008 to 2010. They analyzed historic groundwater levels, where available,
over the southern San Joaquin Valley and found that in most cases these wells had dropped below their
preconsolidation head, resulting in inelastic deformation, from Spring 2008 to the date of publishing. This
study builds on their work by quantifying the degree of inelastic deformation even in areas that don’t have
historic well data, and in general agrees with their observation that significant inelastic deformation
occurred during this time period.

To further validate this method, we did a quantitative analysis using a traditional method that uses the pre-
consolidation head to estimate inelastic deformation. We analyzed all wells in our study area that had at
least eight measurements taken from 2007 to 2010, and at least 65 measurements taken over a period of at
least 40 years prior to 2007. Having a relatively high measurement frequency gave us more confidence in
estimating the preconsolidation head, although there is still uncertainty in this estimate. The above criteria
resulted in a data set of 28 wells. We removed 10 wells from this data set due to an abundance of noisy
measurements, thus we were left with 18 wells. One of the wells, with its collocated InSAR-derived ground
displacement, used in this analysis is shown in Figure S6 of Supporting Information. At the remaining 18
wells, we calculated the difference between the minimum head from 2007 to 2010 and the pre-2007 pre-
consolidation head. We refer to this value as Ahjpejqstic. A positive value of Ahjneasiic indicates the head from
2007 to 2010 did not drop below the preconsolidation head, while a negative value indicates that it did
drop below the preconsolidation head.

The 18 calculated values of Ahjpeiastic ranged from —7.1 to 2.1 m, with an average of —1.8 m, meaning on
average the head dropped 1.8 m below the preconsolidation head. We also calculated the drop in head at
each well in the elastic range (above the preconsolidation head). We refer to this as Ahejgsiic. These values
ranged from —1.5 to —11.4 m, with an average of —6.6 m.

We used equation (23) and the methods outlined in section 3.3 to calculate by, and bg., and equations (8)
and (9) to calculate Abjnejastic and Abejqstic. Summing the two results in an estimate of Ab,. Calculating these
variables required estimates of K, Sy, and Sg.. We used the average values for these parameters from
those reported by Sneed [2001], as described in section 2.1. We divided the sum of Abjnejqstic by the sum of
Aby,: over all 18 wells to estimate the percent of deformation that was inelastic, or permanent: 89%. This is
the estimated percentage of deformation that was permanent at these specific wells. We then estimated
the percent of deformation that was permanent at these wells with the new method as described in section
3. We used the upper, more reasonable estimate for comparison, and the resulting estimate was 91%. Since
these two methods arrived at such similar outcomes, we consider this a validation that our method can
effectively estimate inelastic deformation without prior knowledge of the preconsolidation head.

6. Conclusions

We estimated the amount of permanent compaction that occurred from June 2007 to December 2010
using a combination of InSAR deformation measurements, head measurements, and constitutive geome-
chanical equations. Because of uncertainty in Sy, Sske, and by, we made two estimates, a lower estimate
and an upper, more reasonable estimate, to obtain the range of inelastic deformation. Our results suggest
that significant permanent compaction occurred during our study period. The amount of permanent
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subsidence was estimated to be at least 54% of the total subsidence measured. Our more reasonable esti-
mate was that 98% of the total subsidence measured was permanent. These two estimates correspond to a
permanent loss in groundwater storage of 4.14 X 10° m® and 7.48 X 10% m?, respectively. While this is just
a small fraction of the total water stored underground in this area, water extracted from clays during inelas-
tic deformation is an important safeguard for times of drought that, once removed, cannot be replenished.

This study highlights a region that is experiencing significant inelastic deformation—the subsidence bowl
that spans the northeast corner of Tulare Lake subbasin, and the western edges of Kaweah and Tule subba-
sins. Because of high clay content, this region is likely to experience inelastic deformation again when
groundwater pumping and limited recharge occur during times of drought.

Our approach outlined in this study is a useful one for groundwater managers because it does not require
the time and resource-intensive development and calibration of a groundwater model. It also does not
require an extensive history of head levels over the study area to compute the preconsolidation head. This
is advantageous for an area like the San Joaquin Valley, where most water level data are from irrigation
wells and have some data quality issues, so an estimate of the preconsolidation head would have a high
degree of uncertainty. It also is straightforward to update using additional head and InSAR data as they are
acquired. Our method does require significant knowledge of the clay content of the aquifer system. In the
San Joaquin Valley, the geologic model of Faunt et al. [2009a] is very useful for this purpose. Applying this
method to another area would require the development of a geologic model that estimates clay content, as
well as information about the distribution of clay layer thicknesses, and estimates for the parameters K,
Sskv: and Sske-
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