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e We integrated head and other
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compaction model, simulating
subsidence from 1952 to 2017 in the
San Joaquin Valley

e The majority of compaction occurred
in the lower aquifer, and the time
scales for the residual compaction of
clay ranged from 64 to 1,008 years

e In order to significantly reduce
subsidence, there must be some
recovery of head, not just a
stabilization
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Development and Application of a 1D Compaction Model to
Understand 65 Years of Subsidence in the San Joaquin Valley
Matthew Lees! (), Rosemary Knight!, and Ryan Smith?

!Stanford University, Stanford, CA, USA, >Missouri University of Science and Technology, Rolla, MO, USA

Abstract High rates of land subsidence, caused by groundwater overdraft, are resulting in millions

of dollars of infrastructure damage in California's San Joaquin Valley (SJV). In recent years, the use of
interferometric synthetic aperture radar (InSAR) has enabled us to substantially improve our understanding

of this subsidence. However, only very occasionally have the InSAR data been integrated with a physical
model of subsurface compaction. Here, we have used InSAR and other data to parameterize and calibrate a

1D compaction model. We applied our model to a study area in the SJV where we had access to the necessary
information on hydraulic head to develop model inputs. Our model simulated subsidence in the three aquifer
system layers over the period 1952-2017, and is the first 1D compaction model in the SJV to simulate multiple
aquifer system layers from the 1950s to 2017. The results from our model suggest that previous studies have
significantly underestimated the time constants governing the slow, residual compaction of subsurface clays.
We suggest that residual compaction of clays is a process that continues for decades-to-centuries, indicating
that to significantly reduce subsidence requires some recovery of head, not just a stabilization. We also show
how compaction in the lower, confined aquifer has accounted for over 90% of subsidence in the past 20 years.
Although our study area is small, our findings are likely representative of the subsiding regions of the SJV, and
our methodology can be applied to unconsolidated aquifer systems exhibiting subsidence worldwide.

1. Introduction

California's San Joaquin Valley (SJV) has experienced periods of land subsidence, triggered by the extraction of
groundwater and subsequent compaction of subsurface clays, since the 1920s (Poland et al., 1975). The magni-
tude and extent of this subsidence have been vast: up to 9 m has been observed at some locations, while the foot-
print of subsiding regions exceeded 13,000 km? by the 1980s and has continued to grow since (Faunt et al., 2016;
Ireland et al., 1984). The subsidence has been immensely damaging to long-range infrastructure crossing the
Valley, in particular gravity-driven canals and aqueducts which have required remedial repairs costing 100s of
millions of dollars (Borchers & Carpenter, 2014). This, in combination with a new wave of subsidence starting in
the statewide 2012—2015 drought, led to subsidence being included in a groundbreaking piece of legislation, the
Sustainable Groundwater Management Act (SGMA), which legally requires groundwater managers in California
to make plans to reduce subsidence along with other negative impacts of groundwater extraction. Against this
backdrop, it is a critical time for the study of subsidence in the Valley.

Subsidence in the Valley is a complex process. The large-scale hydrostratigraphy is a three-layered alluvial aquifer
system: an upper aquifer, a regional confining unit known as the Corcoran Clay, and a lower aquifer. Within the
upper and lower aquifers is a mix of sediments, which are commonly described as a coarser-grained background
containing many clay interbeds. Sediments throughout the aquifer system will compact, leading to land subsid-
ence, if there is a drop in hydraulic head within those sediments. Drops in hydraulic head are triggered when
there is a net loss of water from the aquifer system, which primarily occurs when the largest sink—groundwater
pumping—exceeds recharge, a circumstance known as overdraft. Overdraft conditions have occurred repeatedly
in the SJV since the early 20th century. Importantly, the head drops do not occur simultaneously in all of the
sediments. Since they are hydraulically conductive, pumping and recharge both occur in the coarser-grained
sediments, and head accordingly drops first in these materials. However, the head in the Corcoran Clay and clay
interbeds only responds gradually, because clay has a low hydraulic conductivity. This gradual decline in head
in clay layers means they experience so-called residual compaction, a process which can continue long after the
overdraft which initiated it. The compaction of clays is the primary origin of subsidence, since clay is far more
compressible than the coarser-grained materials. Together, these complexities mean that the subsidence is heter-
ogeneous in space and time, thus challenging to study.
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Prior to the 2000s, subsidence was monitored through leveling surveys, which measured the total subsidence at
the surface with limited spatial and temporal resolution, and installation of extensometers, which measured the
aquifer system compaction over discrete depth intervals in wells. In the past two decades, the widespread availa-
bility of satellite geodetic sensing from Global Positioning Systems (GPS) and interferometric synthetic aperture
radar (InSAR) has allowed us to observe the subsidence at an unprecedented level of detail (Chen et al., 2015;
Farr & Liu, 2014; Farr et al., 2015). This imaging capacity has led to a large number of studies which have
allowed us to make significant improvements in our understanding of the broad-scale features of the subsidence,
including its relation to different land uses (Jeanne et al., 2019; Levy et al., 2020), groundwater and surface water
flow patterns (Neely et al., 2021), losses in the amount of stored groundwater (Chaussard & Farr, 2019; Faunt
etal., 2016; Liu et al., 2019; Ojha et al., 2018, 2019; Smith et al., 2017), the depths at which the compaction orig-
inated (Carlson et al., 2020; Vasco et al., 2019) and the origin of groundwater contaminants (Smith et al., 2018).
In addition to the geodetic data, these studies have typically utilized complementary Valley-wide data sets along
with some local-scale measurements such as hydraulic head. These approaches, enabled by satellite geodetic
sensing, have resulted in major advances in our understanding of subsidence.

Using satellite geodetic measurements to understand land subsidence, however, has a few limitations. In particu-
lar, the geodetic measurements observe only the total, integrated surface deformation and do not provide any
direct information on the depths at which compaction occurs in the subsurface. Several studies have attempted to
address this limitation using geophysical inversion methods (Carlson et al., 2020; Vasco et al., 2019) or numerical
modeling (Smith et al., 2021). A second limitation is that the geodetic record, and particularly the InSAR record,
is still relatively short compared to the time scales over which residual compaction of clays is thought to occur.
The earliest literature-reported InNSAR measurements of the SJV are from 2002 (Smith & Knight, 2019), and Farr
and Liu (2014) suggest that reliable coverage only began in 2006. This limitation might be significant because
modeling studies have reported time scales for the residual compaction of clays ranging from 5 to 1,400 years
(Helm, 1978; Ireland et al., 1984), which far exceeds the duration of the geodetic record. Finding approaches
which enable geodetic measurements to address the depths at which compaction occurs, as well accounting for
the long time scales over which residual compaction can continue, is an important issue in advancing subsidence
science in the SJV.

Integrating the geodetic measurements with a physical model of subsurface compaction presents a way to under-
stand both the depths at which compaction occurs and the long-associated time scales. Our best conceptual model
of subsidence in alluvial aquifer systems such as the SJV is the aquitard-drainage model, which describes how a
head fall in the coarser-grained regions of aquifers causes the gradual drainage of water from the clay interbeds
within aquifers and the confining layers separating them, resulting in the head drops which cause subsidence
(Holzer, 1998; Liu & Helm, 2008). One numerical implementation of this model, which has been successfully
applied in the SJV and elsewhere, is referred to as a 1D compaction model (Helm, 1975; Hung et al., 2012). In
a 1D compaction model, the evolution of head in the coarser-grained aquifer sediments is assumed to be known,
either through direct measurement or by simulation in a groundwater model. The model then solves for the
gradual drainage of the clay interbeds and confining layers, and calculates the resulting compaction. Since such
a model can be applied to simulate both compaction in multilayered aquifer systems and the residual compaction
of clays within the aquifer/s, it has the potential to address both limitations of geodetic data raised in the previous
paragraph, and is the approach we take in this paper.

1D compaction models have been applied in the SJV in three main ways. First, in the 1970s, they were used by
Helm to simulate compaction over depth intervals monitored by extensometers (Helm, 1975, 1976, 1977, 1978).
These models, which took measurements of hydraulic head in coarser-grained regions and compared the simu-
lated compaction to that directly measured by extensometers, were accurate and provided important insights into
the nature of subsidence, but can only be applied where there are extensometers. This is a major drawback as
the extensometer network in the SJV has largely fallen into disrepair since the 1980s (Swanson, 1998), and the
subsiding region has changed such that surviving extensometers are no longer in the areas of greatest concern
(Figure 1). Second, 1D compaction models have been used in conjunction with groundwater flow models which
simulate the head in the coarser-grained regions. A drawback of this approach is that, since volumes of pumped
groundwater in the SJV are rarely measured and not publicly reported, the groundwater flow models have to
make various assumptions about the fluxes of water in and out of the aquifer system to estimate hydraulic head.
Furthermore, regional-scale models are computationally expensive, often controlled by tens to hundreds of
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Figure 1. Map showing the relationship between 1925 and 1970 subsidence,
2016-2020 subsidence, and the location of extensometers. There are almost no
active extensometers in the regions which subsided between 2016 and 2020,
which also contains our study area (shown by the red star). The 1925-1970
subsidence is defined as the region which subsided by 120 cm (4 feet), taken
from Ireland et al. (1984), while 2016-2020 subsidence is the region which
subsided by 50 cm during the five water years 2016-2020, as measured by the
Sentinel InSAR data described in Section 3.3.1. Extensometer locations are
gathered from the USGS's California Water Science Center (https://ca.water.
usgs.gov/land_subsidence/central-valley_extensometer-data.xlsx), from the
data set associated with Faunt (2009) and from Poland et al. (1975). Five
important extensometers, which are referred to later, are labeled with their
names.

to subsidence. For these reasons, it is challenging to accurately character-
ize subsidence with them, although they can capture broad-scale subsidence
patterns (Corbett et al., 2011; Faunt, 2009; Williamson et al., 1989).

The third way 1D compaction models have been used, which is the focus of
this paper, is to use measurements of hydraulic head and compare simulation
results with integrated measurements of subsidence, such as those made by
InSAR. These models have the advantage of not relying on auxiliary mode-
ling assumptions to obtain head inputs, and can be applied wherever satellite
geodetic and head data are available, without being tied to locations with
extensometers. To date, we are aware of only one published study applying
such a model in the SJV (Smith & Knight, 2019). This study demonstrated
the viability of the method and was able to make important predictions about
how future head changes would influence subsidence. However, their study
did not simulate subsidence prior to 1990 or make a distinction between
compaction occurring in the upper aquifer, lower aquifer, and Corcoran Clay,
largely due to difficulty in obtaining the high-quality head inputs necessary
to do so. If such inputs could be obtained, these models would be able to
provide even more valuable insights into the nature of subsidence.

Our objective in this study is to develop a model, similar to that of Smith and
Knight (2019), but one which covered a longer time span and was able to
distinguish between compaction in the three major hydrostratigraphic layers.
In particular, we wanted to see whether such a model would reproduce the
long time scales for residual compaction of clays obtained by historic mode-
ling studies (10s—100s of years). The potential long time scales provided the
incentive to model over a longer time span since they suggest that resid-
ual compaction of clays initiated in the 1920s could still be occurring today.
Another specific goal was to constrain the amount of compaction in each
of the upper aquifer, lower aquifer, and Corcoran Clay in a location without
extensometers, as we lack direct observational data on this in the currently
subsiding regions (Figure 1). Implementing a 1D compaction model in the
Valley over a long time scale and separately treating the three aquifer system
layers represents a significant advance over previous work; the reason this
has not been attempted before is largely due to the difficulties in obtaining a
long record of head in the coarser-grained sediments in both the lower and
upper aquifers.

We focused on the Tulare Lake and Kaweah groundwater subbasins, where
we had existing relationships with local partners which provided access to
very long head records and the auxiliary information required to assign the

head records to the aquifer-of-origin. We identified a small study area within those subbasins in which to target

our modeling. Although we worked at a single study area, the approach we have developed is readily applicable

for studies in other regions of the SJV, and even alluvial aquifer systems worldwide. Additionally, we expect many

of our conclusions on the nature of compaction at our study area to be transferrable throughout the SJV due to a

shared hydrostratigraphy and head history, and can therefore provide an important part of the scientific endeavor

to provide better information on Valley-wide subsidence.

2. Background: Governing Equations

The standard numerical implementation of the aquitard-drainage model was first set out in Helm (1975). Here, we
summarize the key parts of the theory in order to highlight the governing equations which we used in our model
and the key dynamics which they capture.
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Helm (1974) derived the governing equation for the draining of clay layers in terms of effective stress, ¢’, which
is related to head / by ¢’ = ¢ — pgh, where ¢ is the overburden stress, p is the density of water, and g is the grav-
itational acceleration. When cast in terms of effective stress, the governing equation takes a form well known in
mathematics: the diffusion equation. This represents how effective stress changes diffuse into the clay layers. The
equation is produced below:

K, 0’¢’ _ 9o’

S, 07 o M
In Equation 1, K, is the vertical hydraulic conductivity and S, is the specific storage, which itself can be written
as the sum of the skeletal specific storage .Sy and the specific storage due to the compressibility of water S,
(Ss = S + Ssw). Working in effective stress requires knowledge of the overburden stress. In certain special
cases, it may be possible to assume that overburden stress is constant with time, but this is not the case in the
multilayered aquifer system of the SJV, where it varies in all three aquifer system layers (two aquifers and the
confining layer) based on the upper aquifer head. We calculated this variation using the relation de = pgd hupper Sy
where S is the specific yield, which is explained in Poland et al. (1975).

The effective stresses of the two aquifers are time-varying and act as boundary conditions for Equation 1. These
boundary conditions drive the system's dynamics. The terminology “interbed” is used to describe a clay layer
embedded within an aquifer, whereas “confining layer” describes a clay layer which separates two aquifers. For
interbeds, the boundary conditions are the same on the upper and lower boundaries. For confining layers, the
upper and lower boundary conditions are different, and are the effective stress in the overlying and underlying
aquifers, respectively. Equation 1 can be solved by standard methods for solving partial differential equations; in
this study, we used a finite-difference method.

An important part of the solution of Equation 1 is the hysteretic behavior of S,. As proposed by Helm (1975),
), which
is relatively small and applies when effective stress is below its historic maximum; and a so-called inelastic

this can be approximated by two values, depending on the effective stress: a so-called elastic value (S,

value (S,,), which is far larger and applies when effective stress is at its historic maximum. Mathematically, we

followed Helm in applying this in our model as follows:

Sske if 6/ < max (¢")
Ssk = (2)
S if 6/ > max (¢”)

Calculation of compaction for each clay layer was computed according to Equation 8 in Helm (1975). We repro-
duce that equation here, modified slightly to match our notation:

Jj-1

bty = 22 |54 X | max (6]") =0} ) = Sue | max (o]") =o' 3)
Pg j=1 n<i n<i

where b (t;) refers to the total compaction of a clay interbed or confining layer at timestep i, Az is the mesh spac-
ing, and there are J nodes. Superscripts on effective stress refer to the value at a given timestep. The nodes used
were the midpoints of the nodes used to solve Equation 1; values of effective stress at the midpoints were obtained
through linear interpolation. Note that, in the condition that effective stress at the current timestep is equal to its
maximum, the S, term equates to zero and compaction is calculated purely as the inelastic sum.

An important aspect of Equation 1 is the existence of a time constant which represents the characteristic time over
which diffusion of effective stress occurs. (See Hoffman et al. (2003) for a derivation.) This time constant repre-
sents the time taken for the effective stress within a clay, with constant initial stress, to achieve 93% equilibration
to a step-change in the boundary condition and is written as:

2
b()Ssk
T =

4K, (C)

where b, is the initial thickness of the clay layer. This time constant provides a useful guide to understanding
the time scales over which compaction occurs. In the case of a clay layer experiencing the historic maximum of
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effective stress, S, = S, and the time constant is long, which we refer to as the inelastic time constant (Z;ne/asric)-
This represents the residual compaction of clays. If the clay layer is not at its historic maximum effective stress,
S, = S, and the time constant, which we now call the elastic time constant (z./gic), is shorter. In reality, clay
layers seldom satisfy the conditions required for Equation 4 to represent the time to reach 93% equilibration. In
particular, clay layers almost never have a constant initial head and boundary conditions do not have step changes.
Additionally, there are typically parts of a clay layer experiencing their historic maximum of effective stress and
other parts which are not. Even in these scenarios, 7 remains a meaningful time constant, since a simple scaling
analysis of the diffusion equation (shown in Appendix A) shows that the governing time scale is proportional
to 7, provided b, is now thought of as the thickness of the clay experiencing a given S, value and not the entire
clay layer. The time constant z therefore provides a useful rule of thumb for understanding the time scales of
expansion/compaction.

Equation 4 applies to an individual clay layer, but it is also useful to also have a time scale which is representative
of the entire aquifer system. For this purpose, Helm (1978) suggested a gross time constant, which we will denote
7, as defined in Equation 5. The gross time constant for an aquifer system can be thought of as the aggregate time
over which residual compaction of clays occurs. Since the aquifer system contains many interbeds of different
thicknesses, it is important to note that significant compaction can still occur beyond the gross time constant. In
this study, we used the gross time constant to characterize the compaction time scale for our simulations

bgqsskv
4K,
n )

Z_ ni ;n,‘tiz
i

?:

beg =

Equation 5 applies to an aquifer system containing i unique interbed thicknesses ¢, with n, interbeds of each
thickness. To be consistent with the results of Helm (1978), we did not include confining layers (i.e., the Corcoran
Clay) when computing the gross time constant.

3. Methods

The defined objective of our modeling was to assess the depths and time scales over which compaction occurs.
We included three steps in our methodology to answer these questions, which are described in Sections 3.1-3.3:

3.1. Selection of a Study Area

We required a study area where we had access to a long head record in both the upper and lower aquifers, ideally
stretching back to the onset of subsidence. It quickly became apparent that nowhere in the SJV does a single well
or well cluster contain such information, and that we would have to stitch together the records from multiple
wells. We selected a study area based on a group of eight wells just south of the town of Hanford, which, when
taken together, allowed us to reconstruct head records in both aquifers from 1952 to 2017. The location of our
study area within the SJV is shown in panel a of Figure 2. Literature records showed major subsidence began in
this area in around 1953 (Poland et al., 1975), so we could satisfy our requirement for a long temporal record.
To define the exact study area, we applied a 1 km buffer around the eight wells (see panel b of Figure 2 for the
study area shape).

In addition to the availability of long-term groundwater-level measurements, our highest priority, there were
several other advantages of this study area. Specifically, a continuously monitored, multiscreened well-known as
Well H with 4-hourly measurements from 2015 to 2020 lies just outside of our study area and provides impor-
tant contextual information about head levels. In addition, there are nearby historical subsidence measurements
obtained in the 50s, 60s, and early 70s (Poland et al., 1975) as well as a leveling survey location along Highway
198 within a few kilometers of the study area (Sneed et al., 2018). A final benefit of the selected study area was
that it contained a borehole, drilled by Kaweah Delta Water Conservation District, with a driller's and resistivity
log, which we could use to identify the coarser-grained layers and clays in the subsurface. These measurements,
and how we incorporated them into our model, are discussed in detail in Section 3.2. The locations of these other
data sets with relation to our study area can be seen in panel b of Figure 2.
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Figure 2. (a) The study area location, shown by the red star, within the San Joaquin Valley (SJV; main); and the SJV within California (inset). The Tulare Lake and
Kaweah subbasins are also shown. (b) The study area, shown in detail, and the locations of the borehole, leveling surveys and Well H. The locations of the eight wells
which defined the study area are not shown, as some of the well data are private.

3.2. Preparation of Model Input Data
There were five model inputs to prepare. These were:

Head time series in the upper and lower aquifers

Information on the thickness of clay interbeds and confining layers

Defining the top and bottom of the compacting domain

The initial effective stress condition in the clay interbeds and confining layers
Data on appropriate physical parameters

M

We describe how we estimated each input in Sections 3.2.1-3.2.5.
3.2.1. Preparing Head Time Series in the Upper and Lower Aquifers

The lack of a head time series, of sufficiently high accuracy with a sufficiently long time-record, is a major
impediment to running 1D compaction models and simulating subsidence in the Valley. The creation of the input
head time series was what allowed us to develop a model spanning 65 years and simulating compaction in three
model layers. It is generally difficult to construct long-term head time series corresponding to the upper and lower
aquifers in the SJV. Although Smith and Knight (2019) presumed the same head in the two aquifers, the data from
Well H, which were not available to Smith and Knight, reveal significantly different trends and seasonal oscilla-
tions in head between the two aquifers (Figure 3). In particular, the seasonal head variations in the lower aquifer
are much larger than in the upper aquifer. This is an expected characteristic for a confined aquifer, and we used it
to help identify whether other head measurements were from the upper or lower aquifers.

The data from Well H provide an exceptionally high-quality record of head. There are many other wells in the
SJV in which hydraulic head is measured, but for the vast majority of these the data are of lower quality and
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Figure 3. (a) The relationship between the Corcoran Clay and the screened intervals in Well H and (b) the continuously monitored head records from Well H. These
two head time series show clear and distinct head values and trends between the two aquifers. The data from Well H were provided by Kings County Water District,

who installed and operate the well.

there are numerous challenges in making these data usable. The primary challenges are that well completion
reports are seldom available, making it difficult to determine the aquifer that is being sampled; wells are often
screened across both aquifers; and measurements are often either privately owned or contain unmarked errors
(Brewster et al., 2015). Additionally, the standard measurement frequency is twice per year, with many wells
not even achieving that. In our study area, we had access to a large number of head measurements from several
sources. The available data sets were: statewide well data from the California Statewide Groundwater Elevation
Monitoring (CASGEM) database (California Department of Water Resources, 2021); a complementary local
database of water-level measurements in the Kaweah groundwater subbasin, compiled by GSI Water Solutions
and provided with the permission of the local groundwater agencies; water-level measurements reported in
Poland et al. (1975); and water-level data from Well H (provided by Kings County Water District). Without all of
these data sets, it would not have been possible to reconstruct the head in both aquifers over a multidecadal period.
In the SJV, we expect that the modeling approach that we used, with multiple aquifer layers, could only be done
where there are local partners willing to provide available head data.

To leverage the various sources of head data, we categorized wells in our study area into four classes: gold stand-
ard upper aquifer wells, gold standard lower aquifer wells, supplementary upper aquifer wells, and supplementary
lower aquifer wells. Gold standard wells were those for which we had very high confidence of which aquifer the
head measurements represented. To that end, gold standard upper aquifer wells were defined as those with availa-
ble well completion information, well depth shallower than the Corcoran Clay, and seasonal amplitude variations
similar to those in the upper aquifer at Well H. Gold standard lower aquifer wells were those with well completion
information available, perforated intervals exclusively below the Corcoran Clay, and seasonal amplitude varia-
tions similar to those in the lower aquifer at Well H. Corcoran Clay depths were determined from the borehole
data as described in Section 3.2.2. The two gold standard upper aquifer and two gold standard lower aquifer wells
which we identified in our study area are highlighted in Table 1. Unfortunately, using only these four wells would
have left a head time series with gaps in the upper aquifer between 1978 and 2010 and gaps in the lower aquifer
between 1981 and 2006. We identified supplementary wells to fill these gaps.

Supplementary wells were additional wells which did not have completion information available but satisfied
other criteria to give us confidence of the aquifer which they were recording. Supplementary wells were defined
as those with head measurements which showed overlap with those from gold standard wells, and which showed
seasonal amplitude variations similar to the corresponding aquifer at Well H. We identified two supplementary
wells in each aquifer which, when combined with the gold standard wells, gave a continuous record of measure-
ments from 1952 to 2017, shown in Figure 4. The precise locations of the wells used are not shown, since some of
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Table 1
Information on the Wells Used to Create Input Head Time Series
Well depth (m)
[elevation of Screened interval depth Period of
Well name(s) Data source(s) well base] [elevation] coverage Classification
UA1/19S22E19A002M  CASGEM, Poland et al. (1975) 34 [32 masl] NA 1951-1978 Gold standard upper aquifer well
UA2 Local head data set 108 [-39 masl] 96-108 [-27 to —39 masl] 20102017  Gold standard upper aquifer
well
UA3/19S22E04M001M CASGEM, local head data set N/A N/A 19712017 Supplementary upper aquifer
well
UA4 Local head data set N/A N/A 1987-2017 Supplementary upper aquifer
well
LA1/19S22E08D002M Local head data set and 149 [-80 masl] 136-149 [-67 to —80 masl] 20062019 Gold standard lower aquifer well
CASGEM
LA2/19S22E19A001M Poland et al. (1975) and N/A 170 [-104 masl] 1952-1981 Gold standard lower aquifer well
CASGEM
LA3 Local head data set N/A N/A 1987-2017 Supplementary lower aquifer
well
LA4 Local head data set N/A N/A 1970-2013 Supplementary lower aquifer
well

Note. Well name refers to the encoded name used for the purposes of this paper (UA1-4 and LA 1-4; UA stands for upper Aquifer and LA for Lower Aquifer). Where the
well data are publicly available, the California State well number is also given under well name, but for certain wells from the local head data set, the head measurements
are not publicly available so we have only provided the encoded name. Gold standard wells have gold shading. The italics for Well UA2 indicates that this well was
eventually excluded due to anomalous measurements. Well depths and screened intervals are given both as depths and elevations.

60
. 8; Anomalous data
50 % g (removed well)
.& L [ ]
* * @
40  WF
***
= 30 * *,
©
E
5 20
©
[
T 10
* * %
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Figure 4. All well data from the gold standard and supplementary wells, giving continuous coverage in both aquifers
from 1952 to 2017. Well names are given as encoded names (UA1, UA2, etc.) as described in the caption for Table 1.
The anomalously low measurements that were removed are circled in thick black and are labeled, as are the anomalous
measurements which led to the removal of Well UA2. For discussion of the anomalous data, see the main text.
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Figure 5. The interpolated head data used as model input, plotted on top of the Spring peaks, Fall troughs, and raw data used to construct the input.

the measurements from the local head data set are not publicly available. However, all wells are within the study
area shown in panel b of Figure 2; the study area was defined by a 1 km buffer around these wells.

To convert the well head measurements into model input for each aquifer, we took several additional steps. First,
we dealt with some anomalies in the well data. Well UA2 had a number of anomalously low head measurements
in 2007-2010 which we could not readily explain; we therefore acted conservatively and removed this entire well.
Additionally, we removed two measurements taken in 1995 and 1976 from UA3 which were also anomalously
low, but since these were only two measurements across a 45-year record, we did not exclude the entire well
(Figure 4). Next, using the remaining head measurements, we extracted a Fall minimum and Spring maximum for
each year, then linearly interpolated between those measurements to create continuous time series. For each year,
we defined the Fall minimum as the minimum datapoint between the months of August and November (inclu-
sive), and we defined the Spring maximum as the maximum datapoint between the months of January and May
(inclusive); in the extremely rare case that no data were available within Spring or Fall, we used the measurement
from the previous year (for instance, upper aquifer Fall 1977 and Fall 1976 are identical for this reason). The final,
resulting time series used as model input are presented in Figure 5.

3.2.2. Preparing Information on the Thickness of Clay Interbeds and the Corcoran Clay

To identify the thickness of clay interbeds and the top and bottom of the Corcoran Clay we used the driller's
and resistivity logs made in the borehole in our study area, provided to us by Kaweah Delta Water Conservation
District. The borehole was 210-m deep and both logs spanned its entire depth. The driller's log contained gener-
alized lithologic descriptions of the subsurface at 5-foot intervals but did not describe individual clay interbeds.
The resistivity log was a 16-inch normal log.

We interpreted the resistivity log by presuming that clays are the least resistive layers and applying resistivity
cutoffs. These resistivity cutoffs were values below which we assumed the sediments to be clay. To choose appro-
priate cutoff values, we applied trial cutoffs and compared the result with the identification of the Corcoran Clay
and thicker clay interbeds from the driller's log. We determined that the smallest and largest cutoffs which gave
good agreement were 30.5 and 38.5 Q m, respectively, this is shown in panels a and b of Figure 6. There was
no variation in the depths to the top or bottom of the Corcoran Clay across this range, which we therefore took
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Figure 6. (a and b). Two plots showing the resistivity log (red curve), the clay layers deduced from the driller's log (hatched shading), and the clays identified when
applying resistivity thresholds of 30.5 and 38.5 Q ms, respectively. The region to the left of the threshold is shaded in blue. The Corcoran Clay is between 108 and 135 m
depth (—40 and —67 masl). (c—f) The four versions of the clay distributions which were obtained from applying the four different cutoffs.

as 108 and 135 m, respectively. However, there was variation in the number and thickness of clay interbeds in
each aquifer. In order to represent this variation, we additionally considered two intermediate cutoffs of 33 and
36 ©Q m. The four resulting distributions showing the thickness of the clay interbeds and the Corcoran Clay are
shown in panels c—f of Figure 6.

One complication encountered in the modeling was that the lower aquifer often extended below the base of the
borehole (see Section 3.2.3 for discussion of the base of the lower aquifer). When faced with this situation, on the
basis that there is no evidence for a change in depositional environment below the log, we scaled the number of
clays from within the log to correspond to the lower aquifer thickness. For example, the log covered a 50-m thick
region of the lower aquifer; in a simulation with a lower aquifer thickness of 100 m, we doubled the number of
clay interbeds identified in the log.

3.2.3. Defining the Top and Bottom of the Compacting Domain

When simulating compaction over an interval and comparing with measured extensometer data, it is trivial to
define the compacting domain since it is simply the depth interval covered by the extensometer. However, when
comparing with deformation measured at the ground surface (so integrated over all compacting depth intervals),
as in this study, it is necessary to define the domain over which compaction is occurring.

First, we needed to define the top of the compacting zone. The aquitard-drainage model does not currently
account for the situation where material becomes unsaturated. We therefore elected to define the top of the
compacting zone as the top of the permanently saturated region which is at a depth of 41 m, i.e., the depth of the
upper aquifer head in 2017. The water table declined by about 25 m between 1952 and 2017 so it is possible that
there was some contribution to compaction from this drained region of the aquifer but extensometer data indicate
that shallow compaction contributes only a small portion of the total subsidence (Ireland et al., 1984). We there-
fore considered it reasonable to omit this region from the model.

Next, we needed to define the base of the compacting zone, which occurs in the lower aquifer. We defined
the compacting zone in the lower aquifer as the region over which significant head changes occur in the
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Figure 7. Well completion records showing the drilling of new wells from 1952 to 2017 in our study area. The data were
obtained from the OSWCR database and from Gordon and Croft (1964). The two solid horizontal lines show the top and
bottom of the Corcoran Clay at the borehole location. The dashed line is the time-varying trace of the depth to the deepest
well. The elevation of the well's base (basal elevation) is shown on the right y-axis and was estimated by assuming an
elevation of the land surface of 70 m. Note that, prior to 1969, it was not mandatory for completion reports of new wells to
be submitted. The deep well reported in the Gordon and Croft (1964) data from 1952 was the well we used to observe head
measurements; we believe this was not a pumping well and have therefore excluded it from our deepest well trace.

coarser-grained sediments. Smith and Knight (2019) used a similar definition, and assumed the base of compact-
ing material aligned with a low-resistivity unit, assumed to be a thick clay, imaged with airborne electromagnet-
ics. They solved for a cutoff term defining the exact location of this boundary, which they varied until simulated
subsidence agreed with observational data. We took a slightly different approach, as we did not have access to
resistivity data deeper than the borehole in our study area. Instead, we based our approach on data providing the
depths of drilled wells from the California Department of Water Resources' Online System for Well Completion
Reports (OSWCR). Since mandatory well reporting was only introduced in 1969, we additionally digitized data
from Gordon and Croft (1964) to reveal the depths of drilled wells pre-1969.

The OSWCR data allowed us to identify the deepest drilled well in our study area. We expected head changes in
the coarser-grained sediments to propagate for some depth below this, depending on the hydraulic conductivity
of the lower aquifer and the time scale being considered. From resistivity logs, an impermeable layer called the
San Joaquin Formation has been identified in our study area at about 800 m below the surface (approximately
—730 masl) which we considered to be the maximum possible depth to which head changes could propagate.
This layer is shown, e.g., in Figure 14b in the Mid Kings River GSP (El Rico Groundwater Sustainability Agency
et al., 2020). However, to accurately determine the propagation of head changes in the region between the base
of wells and the San Joaquin Formation would require a detailed hydrogeologic model in a region for which we
had neither head measurements for validation nor well data to describe the subsurface structure. Instead, we
made the simple approximation that head changes in the lower aquifer propagated for some depth-of-influence d;
below the deepest pumping well. Since we could not reliably know d,, we allowed a range of values from 50 to
200 m. The base of the lower aquifer (z,,,,,) in our model was therefore defined as z,,;, = Zy,epesnen + @ Where
Zeepesiwen 18 the depth to the base of the deepest drilled well. Unlike in the previous hydromechanical modeling
studies of Helm (1975) and Smith and Knight (2019), this approach gave us a temporally varying base of the
lower aquifer, since ;.. has increased as more wells were drilled over time, as shown in Figure 7. We read
values for z,,,,,..,(f) from Figure 7 as follows: 2y, e = [1952-1977: 195 m, 1977-1995: 208 m, 1995-2011:
233 m, 2011-2014: 250 m, 2014-2017: 323 m]. We therefore had the base of the lower aquifer ranging between
depths of 245 and 523 m (elevations of approximately —175 to —425 masl), which is similar to the depth range of
220-450 m found by Smith and Knight (2019).

As well as the above description, a diagram illustrating the model hydrostratigraphy, including the base of the
lower aquifer, is shown in Figure S1 in Supporting Information S1.
3.2.4. The Initial Effective Stress Condition in the Clay Interbeds and Confining Layer

Given the long reported time constants for the residual compaction of clays, we expected the initial effective
stress condition inside the clay interbeds and confining layers to be an important input variable. Although the
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Table 2

The Values of Physical Parameters Used in Our Simulations

Nonvarying parameters

Parameter name Value used in model Source

Sow 15x10°m-! Smith et al. (2017)

p 1,000 kg m—3 N/A

4 9.81 ms— N/A

e 135 x 105 m~! Faunt (2009)
e 4.8%107°m™! Faunt (2009)

S, 0.2 Faunt (2009)

y

Varying parameters

Parameter name

Literature range and source(s) Upper and lower bounds

KV
S

skv

1.1 x 10°to 1.4 x 107> m day~' from Faunt (2009) and Smith and Knight (2019)
4.6 X 1010 2.9 x 10~ m~! from Faunt (2009) and Smith and Knight (2019)

2.5 x 107 and 3.00 x 107° m day™!
6 x10™*and 3.0 x 10~ m™!

initial hydraulic head condition within clays interbeds and aquitards cannot be measured, Helm (1975) suggested
that it can be estimated based on the prior history of head in the aquifers. We chose to use the aquifer head history
to bound the initial condition, rather than make a single estimate. We assumed that the initial head profile in the
clay interbeds were constant within each aquifer, and we denote the initial head in clay interbeds in the upper
aquifer as 4;””*" and in the lower aquifer as h{"*". We bounded these by considering what was known about head

0
levels pre-1952.

In the upper aquifer, we identified CASGEM well with state well number 19S22E06NOO1M within the study
area which contained head data from 1925 to 1963. This well showed head approximately constant at a value of
68 masl from 1925 to 1948. From 1948, it dropped steadily to its 1952 value (55 masl). We therefore bounded
hy’”*" between 55 and 68 masl.

In the lower aquifer, we were unable to identify any wells providing head data prior to 1952. Instead, we used the
literature to obtain information, albeit limited, about lower aquifer head levels. In a map representing the location
of artesian wells in 1905, Mendenhall et al. (1916) included our study area within the artesian zone. This gives us
reason to believe that lower aquifer head in our study area was at least the level of the land surface, or 71 masl, in
1905. By 1925, Harding (1927) reported that artesian wells in the Valley had stopped flowing apart from in very
wet winters, which suggests head was at or below 71 masl by that point. We do not, however, have any constraint
on the deep aquifer head between 1925 and 1952. We therefore bounded hg’“’"* as being between the 1952 level
(39 masl) and the land surface (71 masl).

Within the Corcoran Clay confining layer, we defined a linear initial head profile with the initial head on the
upper edge of the Corcoran Clay set equal to 2;”* and on the lower edge set equal to h*". This is the expected
head profile within a confining layer in equilibrium with the surrounding aquifers.

3.2.5. Preparing Values for the Physical Parameters

In the model equations described in Equations 1-3, there are seven hydrologic parameters: vertical hydraulic
conductivity of clays K, elastic skeletal specific storage of clays and of coarser-grained sediments (denoted
here as Sff(e and S¢ , respectively), inelastic skeletal specific storage of clays S, the specific storage due to the
compressibility of water S

sw?

the density of water p and the acceleration due to gravity g. Additionally, an eighth
parameter (specific yield S)) is needed to calculate overburden stress. Three of these parameters (S,,, p, and g)
are well-known physical cbnstants, while specific yield has a relatively tightly constrained value in the SJV
(Faunt, 2009). Additionally, since S;’(E < Sy and S¢, <K Sko, W did not expect Sscig or §¢ to have significant
influence on our simulated subsidence, and we therefore did not consider a range of values for these parameters.
The values used for these six, nonvarying parameters are given in the top part of Table 2.

LEES ET AL.

12 of 25

85U8017 SUOWIWIOD dAIIERID 3|qedl|dde aup Aq peuienob ake SapiLe YO 8sN JO 3N Joj Al T8UIIUO /811 UO (SUONIPUOD-pUB-SWLIBI L0 A3 | 1M AReIq1[Bul [UO//Scy) SUORIPUOD pue SWLe 1 8y} 88S *[£202/20/Tz] Uo AriqiTaulluo A8 |IM '80ueios JO A1SIeAIun LINossII AQ 06ETE0MMTIZ0Z/620T OT/10p/Wod Ao im Ate.d utjuo'sgndnBe/sdiy wouj pepeojumod '9 ‘2202 ‘€L6.176T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2021WR031390

The remaining two variables (K, and S, ) were important to our simulations. Since a range of values for these
parameters can be found in the literature, we defined the upper and lower bounds for each of these variables.
When defining the bounds for S, , we only considered values from previous models, as opposed to values from
laboratory experiments, as it is known that the values are not comparable at these two scales (Sneed, 2001). The
literature ranges and the values used in our simulations are given in the bottom part of Table 2.

3.3. Model Calibration

Many of our model inputs had some uncertainty, or were only defined within upper and lower bounds. Our
approach was to perform a grid search, running the model for all possible combinations of input parameters, and
then calibrating the resulting simulations with the available observational data of subsidence. We wanted to cali-
brate our simulations against as many independent data sets as possible. Although there were no extensometers
in or near our study area, we had four calibration data sets available to us. These are described below, as well as
our approach to defining the acceptance criteria.

3.3.1. 2015-2017 InSAR Data

The 2015-2017 InSAR data were acquired with the European Space Agency Sentinel satellite and processed
by TRE Altamira under contract with the California Department of Water Resources (DWR) and are availa-
ble at https://data.cnra.ca.gov/dataset/tre-altamira-insar-subsidence. The data provided measurements of verti-
cal displacement every 6-12 days, starting in February 2015 and continuing until the end of our study period,
at the pixel locations seen in Figures 8a and 8b. TRE Altamira obtained vertical displacement by combining
information from line-of-sight measurements taken in both ascending and descending orbital directions (TRE
ALTAMIRA Inc., 2020). Since our model input head was based on a Fall minimum and a Spring maximum for
each year (i.e., temporal resolution of 6 months), we degraded the temporal resolution of the calibration data
from 6 to 12 days to annual by using October-to-October values, and used the subsidence between those dates in
our calibration. We calibrated our simulated subsidence over two water years: Water Year 2016 and Water Year
2017. Based on previous work, we knew that these years show quite different subsidence rates, so calibrating to
both was important to ensure the robustness of our model (Murray & Lohman, 2018). The acceptance criteria for
these 2 years were:

Water Year 2016: Simulated annual subsidence between 20 and 34 cm, which was the range of measured subsid-
ence at the pixels in our study area (Figure 8a).

Water Year 2017: Simulated annual subsidence between 9 and 15 cm, which was the range of measured subsid-
ence at the pixels in our study area (Figure 8b).

Note that the estimated accuracy of the 2015-2017 InSAR measurements, obtained through validation against
independent cGNSS stations, is 18 mm with 95% confidence (Towill Inc., 2021), which is substantially smaller
than the spatial variation in our study area in either 2016 or 2017. The 2015-2017 subsidence time series are
shown in Figure S2 in Supporting Information S1, with the 1 October—1 October subsidence used in the calibra-
tion annotated.

3.3.2. 2007-2010 InSAR Data

The 2007-2010 InSAR data were the ALOS data described in Smith and Knight (2019). Although the raw ALOS
data contained 15 measurements from between 1 June 2007 and 2 July 2010, we elected to use the mean rate of
subsidence over that period for our calibration because this long-term estimate of subsidence gave a more reliable
estimate of the actual subsidence than the individual measurements, which likely contain some noise. The accept-
ance criterion between these dates was a mean subsidence rate between 7.0 and 16 cm/yr, which was the range
of measured subsidence in our study area. (This range is shown visually in Figure 8c.) Smith and Knight (2019)
estimated the error on these InNSAR measurements to be 1 cm, which is substantially smaller than the spatial
variation in our study area.

In producing this data set, LOS deformation was converted to vertical by dividing the LOS deformation by the
cosine of the incidence angle. In doing so, it was assumed that all deformation observed in the LOS was vertical.
This assumption was also made by Smith and Knight (2019) on the basis that there is no significant horizontal
motion due to tectonic activity (Smith et al., 2017). This assumption could introduce some uncertainty if there
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Figure 8. (a). The Water Year 2016 subsidence observed in our study area; (b) the Water Year 2017 subsidence observed in our study area; (c) the 2007-2010
subsidence rates observed in our study area; (d) the subsidence rates observed outside our study area at the Highway 198 and historic survey points. In all panels, the
study area is shown as the black dashed outline, and InSAR pixels are shown individually; in panel (c), the data were interpolated such that there is spatially continuous

coverage.

is significant horizontal motion due to aquifer deformation. While there is some seasonal horizontal deforma-
tion due to groundwater withdrawals, the signal is primarily linear (i.e., elastic) and seasonal, while the vertical
deformation is dominated by long-term, inelastic deformation signals (Smith et al., 2017; see also a nearby
GPS station: https://www.unavco.org/instrumentation/networks/status/nota/overview/P056). Since the long-term
deformation velocity is much higher magnitude than seasonal changes, and no seasonal data were used from this
data set in the inversion, we consider this assumption to be appropriate.

3.3.3. Highway 198 Survey Point

The Highway 198 survey point provided a single measure of the total subsidence between “the 1960s” and 2004
as 1.7 m, as reported in Sneed et al. (2018). Considering that “the 1960s” could refer to anytime between 1960
and 1969, we converted 1.7 m into a range of deformation rates from 3.9 to 5.0 cm/yr, equivalent to 1.7 m over
44 or 34 years. The survey point is just north of our study area, as shown in Figure 2b. At the survey point,
measurements from the two InSAR data sets record subsidence rates at 75% of the rates within our study area. To
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Figure 9. The 20 accepted simulations, plotted with the calibration data used. Over the period 1952-2017, we simulated over
6.5 m of subsidence at our study area.

account for the fact that our study area likely experienced slightly higher subsidence rates than the measurements
at this survey point, we extended the bound slightly, and therefore applied the following acceptance criterion: the
simulated subsidence between 1965 and 2004 was required to be between 90% and 160% of that recorded by the
Highway 198 survey point; i.e., it had to have a mean rate over that period between 3.9 and 6.9 cm/yr. We do not
have an estimate of the measurement error associated with the Highway 198 survey data. We assume that it will
be significantly smaller than the uncertainty contained within our 3.9-6.9 cm/yr estimate.

3.3.4. Historic-Era Leveling Data

The historic-era survey data are a series of measurements made during the years 1933, 1947, 1953/4, 1957, 1958,
1962, 1966, and 1970 as reported in Poland et al. (1975) and the Inter-Agency Committee on Land Subsidence in
the San Joaquin Valley (1958). They show low rates of subsidence until 1954, and high rates of subsidence from
then until the end of the surveyed period in 1970. Since the early part of our simulations is strongly influenced
by the initial conditions, we only used the 1966—1970 measurement for model calibration. The survey recorded
an average subsidence rate of 11 cm/yr during those 4 years. However, the survey location is slightly south of
our study area (see location in Figure 2b). At the survey location, measurements from the two InSAR data sets
recorded subsidence rates 125% of the rates measured within our study area. To account for the fact that our study
area likely experienced slightly lower subsidence rates than the measurements at this survey point, we extended
this bound slightly, and applied the following acceptance criteria: the simulated subsidence rate between 1966
and 1970 was required to be between 65% and 100% of that recorded by the survey point; i.e., it had to have a
mean rate over that period between 7 and 11 cm/yr. Formal estimates of measurement error from the historic-era
leveling are not available, although Lofgren and Klausing (1969) suggested they can be expected to be accurate to
tenths of a foot, which is significantly smaller than the uncertainty contained within our 3.9-6.9 cm/yr estimate.

3.3.5. Identification of Final Models

Our final models were those which matched all of the calibration data, within the ranges defined above. We did
not favor those models with predicted subsidence rates nearer to the median of the ranges, since the ranges came
from the spatial variation and we therefore consider them to be uniformly distributed. Once we identified the
model simulations that matched the calibration data, we had the modeling results that provided the foundation
for our study of the controls on subsidence: a multidecadal subsidence record in the three layers of our aquifer
system. These were the models we then used to tackle our main research questions, which were to determine the
depth intervals and time scales over which compaction occurs in our study area.

4. Results

Our final grid search involved 10,080 simulations producing subsidence time series from 1952 to 2017. Of those
subsidence time series, only 20 were able to adequately fit the calibration data. These time series, and the cali-
bration data, are shown in Figure 9.

The 20 accepted simulations mapped to a wide range of input parameters, and not to a small, specific region of the
parameter space. We therefore concluded that the solution space was very nonunique, and that there were many
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Table 3

The Input Parameters Used in the Grid Search, and the Values Which Were Accepted After the Calibration Process

Parameter

Input values Accepted values

S

skv

K

bo(€2)
(h:;FPC”, h:)ourer)

d;

i

T

[6x107%,1.0x 107,1.8 x 107, 2.6 x 107, 3x 10~°] m™! [6x107, 1.0x107,1.8 X 107,2.6 x 10 x 10~ m~!
[25%107,5.0%x107,1.0x 107%,1.5% 107%,2.0x 107,25 x 10%,3.0x 10 mday~!  [2.5%107,5.0% 107,1.0 x 107°,1.5 x 107°] m day™!

bo(30.5), bo(33.0), by(36.0), by(39.0) b0(30.5), bo(33.0), by(36.0), by(39.0)

[(55, 39), (55, 49), (55, 54), (55, 60), (55, 65), (55, 71), (61, 39), (61, 49), (61, 54), (61, [(55, 65), (55, 71), (61, 65) (61, 71), (68, 60), (68, 65),
60), (61, 65), (61, 71), (68, 39), (68, 49), (68, 54), (68, 60), (68, 65), (68, 71)] masl (68, 71)] masl

[50, 100, 150, 200] m [50, 100, 150, 200] m

487 discrete values between 6 and 2,585 years [64, 86, 96, 144, 237, 258, 339, 517, 542, 700, 999,

1,008] years

Note. The notation b,(2) in the third row means the distribution of clay thicknesses for a given ohm cutoff. Initial condition values are given as pairs of upper and lower

heads.

trade-offs within the input parameters. The values of the input and accepted parameters are given in Table 3.
Table 3 contains one derived parameter, which is the gross time scale 7. The accepted range of 7 reduced from
6-2,585 years in the input to 64—1,008 years in the accepted simulations.

In Figure 10 we present a display, from 1952 to 2017, of the head time series in the upper and lower aquifers (our
input data) along with the simulated subsidence, now plotted as an annual rate to more clearly show the trends
and the variation amongst our accepted simulations. Between the two plots, we show the times at which we had
calibration data. Both the input head data, and the simulated subsidence, align with known hydrologic events.
We see how known high levels of groundwater extraction in the 1940s, 1950s, and 1960s caused head to decline
and subsidence to occur. Then, the high availability of surface water in the 1970s caused head to stabilize and, by
the 1980s, recover, resulting in a reduction of subsidence rates. In the 1987-2017 period, four main dry/drought
periods (1987-1992 drought, 2001-2004 dry period, 2007-2010 drought, and 2012-2015 drought) are clearly
correlated with declining heads and spiking subsidence rates, with subsidence rates generally low between these
events. Our simulated subsidence therefore fits within the wider hydrologic framework of events in the area.
Notable is the observation that only in 1986 did we ever simulate a time period with no subsidence, when one of
the 20 simulations saw uplift of 0.4 cm.

We can now examine how much compaction occurred in each of the three hydrostratigraphic layers (the upper
aquifer, the lower aquifer, and the Corcoran Clay). This is shown for each water year in Figure 11. Overall, the
majority (84%) of subsidence occurred due to compaction within the lower aquifer, with 12% occurring due to
compaction in the upper aquifer and about 4% originating from the Corcoran Clay. However, these ratios did
vary over time. The pie charts in Figure 11 emphasize this. The period 1952-1987 was when the thickness of
the lower aquifer in the model was the smallest, and also a time when head was actively declining in the upper
aquifer whereas it had already stabilized in the lower aquifer. In this time, about 78% of compaction occurred in
the lower aquifer and 17% in the upper aquifer. Over time, the new, deeper pumping wells caused the base of the
lower aquifer in our model to get deeper, and head changes contemporaneously became increasingly amplified in
the lower aquifer. This resulted in the contribution to subsidence from the upper aquifer to reduce to 11% in the
period 1987-1997 and 6% in the period 1997-2017. The contribution of the Corcoran Clay remained small, at
4-5%, in all three periods.

To explore the implications of the long gross time scales, we ran additional simulations with the aim of quanti-
fying how much recent subsidence was due to past head changes. In these simulations, we fixed the head at its
level from a past year and simulated the subsidence that would result, with no further changes in head, in 2017.
We call these “abridged simulations”. The results, shown in Figure 12, reveal that between 29% and 56% of
the subsidence seen in 2017 was triggered by head drops prior to 2011, equivalent to a 2017 subsidence rate of
~5 cm/yr. These abridged simulations demonstrate that the long gross time scale creates high background levels
of subsidence caused by the residual compaction of clays.
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Figure 10. The relationship between hydrologic events, head, and simulated subsidence. Top: model input head time series, shown with the black dashed lines, for
the upper and lower aquifers. Red lines pre-1952 show the approximated head trajectory prior to the model start date; for more information on this, see Section 3.2.4.
Middle: observational subsidence data used in model calibration. Bottom: annual subsidence rates from the 20 simulations, shown as a box-and-whisker representation
for each water year from 1952 to 2017. The whiskers represent the full range of simulated values, which the boxes show the interquartile range and the median
simulated value for each year is represented with a horizontal orange line. Pre-1952 subsidence, shown in the gray arc, was inferred from Poland-era measurements
reported in Poland et al. (1975) and the Inter-Agency Committee on Land Subsidence in the San Joaquin Valley (1958). Hydrologic events which caused the head
variations are labeled at the top of the figure, and are marked with light orange (head decline) and cyan (head recovery) shading.
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Figure 11. The partitioning of compaction between the upper aquifer, the lower aquifer, and the Corcoran Clay over time.
Markers are the median simulated annual compaction values, with the error bars representing the range of simulated values.
The three pie charts give the median simulated values for three time periods, and reveal how compaction in the upper aquifer
has reduced in importance over time.
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Figure 12. The results from the abridged simulations. For each of the 20 accepted simulations, we reran the model, but held
head constant at its 1 January level in 1987, 2001, 2007, and 2011. Plotted are the 2017 subsidence rates in that circumstance,
in units of cm/yr and the percent of the 2017 observed subsidence. The orange lines are the median of the 20 simulations,
while the boxes show the 25 and 75th percentiles. The whiskers capture all 20 simulations.
5. Discussion
Our model makes insights which cannot be obtained from other subsidence models. 1D compaction models
which take their hydraulic head inputs from groundwater flow models rely on an additional layer of assumptions
about the fluxes into the groundwater system, in particular pumping and recharge, which are not routinely meas-
ured in the SJV; it is therefore valuable to perform 1D compaction models using measured head as input, as we
have done here. Compared with Smith and Knight (2019), which also used measured head as input, our model
covers a longer time period, allowing for a better treatment of the long time scales of residual compaction. Addi-
tionally, our model can partition compaction between the upper aquifer, Corcoran Clay, and lower aquifer, which
theirs did not. Our model thus gives a unique way of dealing with subsidence.
One unique feature of our model was the use of four sets of calibration data, covering a range of time periods. Not
surprisingly, we found that the more calibration data we used, the smaller the number of accepted simulations
became. This suggests that using a greater amount of calibration data improves the resulting simulations. When
using both sets of InSAR data, but no other calibration data, a larger group of 181 simulations were accepted.
Conversely, when using only the Poland and Highway 198 calibration data, 601 simulations were accepted, and
when using only the Poland calibration data, over 2,000 simulations were accepted. The suites of accepted simu-
lations obtained when using different calibration data are shown in Figure 13. We conclude that calibrating with
data from multiple time periods results in simulations with a substantially tighter range of outputs.
One objective of our modeling was to estimate the contribution to the total subsidence from the various depths
over which compaction was occurring. It is interesting to compare our results with extensometer data at other
locations in the Valley. To do this, we took data from the historic extensometer network (reported in Ireland
et al. (1984)) and identified extensometers that were coincident with leveling surveys, since these could be used
to estimate what portion of total subsidence came from compaction of the upper aquifer. Due to the small number
of deep, multiscreened extensometers, this was possible at more locations than could be used to estimate lower
aquifer compaction. There were four extensometers we could use, which are tabulated in Table S1 in Supporting
LEES ET AL. 18 of 25
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Figure 13. (a) The suite of 181 simulations obtained when calibrating with only the interferometric synthetic aperture radar (InSAR) data; (b) the suite of 601
simulations obtained when calibrating with only Poland and Highway 198 data; (c) the suite of 2,037 simulations obtained when calibrating with only the Poland data.

Information S1. They showed substantial variation in the amount of subsidence that originated as compaction
in the upper aquifer, with values ranging from 2% to 43%. Our value of 17% for the 1952—1987 period is within
this range. For a more recent comparison, only one extensometer can be used. That extensometer is the Fordel
extensometer, which is coincident with a GPS station in the west of the Valley. Sneed et al. (2018) reported that
9% of subsidence between 2004 and 10 at the Fordel extensometer originated from the upper aquifer. Our value of
6% for the period 1997-2017 is slightly smaller, but broadly comparable to this value. It is worth noting that some
discrepancy may be introduced by the fact we ignored the 25-m thick zone of the upper aquifer which drained
over our modeled period. In general, our modeled values are comparable to those found extensometers elsewhere
in the Valley, which gives us confidence in the validity of our findings.
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Figure 14. Illustration of the evolution of effective stress within a thin (top) and thick (bottom) clay during 2015, 2016, and
2017. In the thin clay, the clay goes from primarily inelastic to primarily elastic over the 3 years. The thick clay still retains

a large region in its core which is compacting inelastically, even in 2017. This inelastic compaction of the core will continue
for a long time, governed by 7;,e/asric, Unless head recovery continues beyond 2017. The illustrated clays are interbeds from the
lower aquifer of the simulation with the following parameters: by(33.0), S,,, = le=3 m~!, K, = 1.5e—6 m day~', d; = 100 m,
hy"" = 68 masl, hf{’"’”" = 65 masl.

Other studies have attempted to invert InSAR observations directly for the depth of compaction, using various
hydrologic and other constraints, but without using the aquitard-drainage theoretical framework of compaction.
Two such studies are Vasco et al. (2019) and Carlson et al. (2020), who inverted InSAR data to estimate compac-
tion in at various depth intervals over the time periods 2015-2018 and 2007-2009, respectively. These studies
have the advantage of being regional scale, but the theoretical basis for the inversion is less rigorous than our
approach. Vasco et al. (2019) generally found the depth range 50-150 m (which corresponds most closely to the
upper aquifer) to show the greatest compaction rates, a finding which was echoed in Carlson et al. (2020). This is
different to the findings of our model. One explanation is that their models do not account for the head change in
the upper aquifer being far less than that in the lower aquifer, which has been true in our study area since at least
1997. However, to fully explore the accuracy of the two approaches will require further work, as it is possible the
differences are due to the local nature of our study.

Let us now focus on the issue of the time scale over which residual compaction of clays occurs. Our study
could only fit the calibration data when 7 was between 64 and 1,008 years. These gross time scales are similar
to those reported from early studies in the 1970s (Helm, 1978), and are also similar to the time scales seen
for continued subsidence in the event of no further head drop in the recent study of Smith and Knight (2019).
However, two recent papers which have looked at head and InSAR-derived subsidence, but have not modeled
the drainage of clays, reported time scales for the residual compaction of clays of 0.5-1.5 years (Liu et al., 2019;
Ojha et al., 2019). A third study, Smith et al. (2017), has been cited as reporting a 2 year time scale for residual
compaction, but that study used the symbol 7 to estimate that the thickness of sediments that would equilibrate
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with aquifer heads in a 2-year period is roughly 36% of the total sediment thickness. In other words, their use of
7 = 2 years did not imply that no residual compaction would occur after 2 years.

We attribute the apparent discrepancy between the time scale of decades reported in our study and that of
0.5-1.5 years in two other studies to the presence of two subsidence time scales—one that is relevant in describ-
ing the elastic response of the system and one that is relevant in describing the inelastic response. As shown in
Figure 14, the clay layers can exhibit a mixture of elastic and inelastic behavior; the determining factor is the
magnitude of the effective stress relative to its historic maximum. If we consider the head recovery following
the 2012-2015 drought, Figure 14 shows that the thinner clays and margins of the thicker clays experienced
a reduction in effective stress during 2015-2017 in regions which were previously at their maximum effec-
tive stress. Therefore, this process was governed by the elastic time scale 7,5, Which has been estimated to
range from 0.1 to 11 years (Ireland et al., 1984). Simultaneously, in the cores of the thicker clays, Figure 14
shows ongoing residual compaction, which is still governed by the inelastic time scale 7;e/45c. In Our study area,
where subsidence was observed in 2017, the residual compaction outweighed the expansion, but both of these
processes were occurring simultaneously. Based on our findings, we hypothesize that two subsidence time scales
operate in the SJV, corresponding to elastic and inelastic processes within clays. When head levels stabilize at
their historic minimum, subsidence will continue for the very long inelastic time scales (10s—100s of years).
However, when head levels recover above that level, subsidence rates fall rapidly in accordance with the elastic
time scale (~1 year). We suspect that it is the latter time scale identified in the studies of Liu et al. (2019) and
Ojha et al. (2019).

Given the recent passage of the SGMA legislation, it is important to consider our results in the context of ground-
water management. We identify two major areas where our findings can be significant. First, our work shows that
that the lower aquifer is responsible for the bulk of subsidence. This suggests the possible subsidence mitigation
strategy of redirecting pumping from the lower aquifer to the upper aquifer. Further research into this possibility
should be a priority. Our second relevant finding is that stabilizing head at or near its historic minimum levels
does not cause subsidence to stop; subsidence could continue for 10s—100s of years in that situation due to contin-
ued residual compaction within thick clays. This is an important observation because analysis of SGMA plans
within the Tulare Lake and Kaweah subbasins show that they all intend to reach sustainability by stabilizing head
either at new lows or the 2015/2016 low (El Rico Groundwater Sustainability Agency et al., 2020; Petersen &
Nicely, 2019; Provost & Prichard Consulting Group, 2020; Ricker et al., 2020). Based on our findings, in order to
significantly reduce subsidence, there must be some recovery of head, not just a stabilization.

Although the aquitard-drainage conceptual framework of subsidence, on which our model is based, is our best
current description of the physical mechanism by which subsidence arises, we now discuss four assumptions
which could limit the accuracy of our modeling.

The first assumption made is that the coarser-grained sediments of both aquifers are perfectly interconnected,
such that there is no vertical hydraulic head gradient within an aquifer. Although multiscreened observation wells
do not exist in the SJV to assess this assumption, in the aquifers in the nearby Sacramento Valley, vertical head
gradients are seen within aquifers. If this is also the case in the SJV, the likely impact is that the input heads we
use for our modeling are a vertically averaged head across each aquifer. This is unlikely to significantly alter our
conclusions regarding the time scales and depth intervals over which subsidence occurs. It does mean that our
model should not be used to apportion compaction to smaller intervals within the two aquifers.

A second assumption is that the physical parameters are constant over time. In reality, S, values probably decline
over time, since physical intuition as well as the laboratory insight presented in Helm (1975, 1976) suggests that,
as compaction occurs, clay particles get closer to “ultimate compaction,” and therefore deform less over time.
Similarly, it is expected that K values might decline over time (Hoffmann et al., 2003b). This has implications for
the magnitude of future subsidence, since it suggests that subsidence rates in the Valley may decrease, something
our model does not account for. Intriguingly, if we select our simulations which only match the Poland leveling
survey they tend to overpredict the subsidence observed by the ALOS and TRE Altamira InSAR, while those that
only match the InSAR tend to underpredict the subsidence recorded by the Poland leveling survey (Figure 13).

One explanation for this is decreasing S, values over time. However, the continued subsidence during the

skv
2012-2015 drought indicates we are not yet at the stage where this is significantly reducing subsidence rates.
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A third assumption is that all upper aquifer compaction occurs in the permanently saturated zone. This ignores
25 m of sediments which drained between 1952 and 2017, equivalent to about 35% of the compacting zone in
the upper aquifer. Since we found that the total contribution of the upper aquifer was relatively small, we do not
expect this assumption to have a significant impact on our conclusions; however, in another location, it could be
significant.

A fourth assumption is that head measurements made over a small area are appropriate for a 1D model. The
appropriateness of this assumption depends on the size of the area selected and the average horizontal head
gradient. By choosing a small study area, we do not expect this assumption will have a large impact the validity
of our results.

Although the small size of our study area allowed us to model subsidence at a high level of detail, it raises the
obvious question of how representative are findings are of the broader SJV. Our results provide a framework for
understanding the ways in which the magnitude and timing of subsidence is determined by the head time series
and the presence of clay interbeds and confining layers, as well as the hydraulic and mechanical properties of the
sediments in the aquifer system. This framework is true across the SJV. Since the general patterns observed in the
head time series in our study area are similar, although not identical, to those seen Valley-wide (see, for instance,
Chaussard & Farr, 2019), and the Corcoran Clay and a large number of clay interbeds are present in most subsid-
ing locations, we expect our conclusions to be broadly representative. However, there are known locations where
upper and lower aquifers head time series are markedly different to those at our study area, which could result in
different partitioning of subsidence between the aquifer system layers. Additionally, there are subsiding locations
where the Corcoran Clay is not present, which correspond to a different hydrogeologic structural framework for
modeling subsidence. Finally, the heterogeneity of the aquifer system may lead to differences in the thicknesses
and hydraulic and mechanical properties of clays, which would alter time scales over which compaction occurs.
Sneed (2001) showed little spatial variation in the mechanical properties of clays, but additional work needs to be
done before it can be concluded that hydraulic properties and thicknesses are similar Valley-wide. We therefore
believe that our conclusions may provide insights into the controls on subsidence throughout the Valley, while
acknowledging that detailed modeling studies at other locations will be required to confirm this.

6. Conclusion

At time of writing (October 2021), the SJV is again in a state of extreme drought, with its two constituent parts—
the Tulare Basin and the San Joaquin Basin—having recorded their first and third driest years on record (Cali-
fornia Data Exchange Center, 2021). With the enactment of the SGMA legislation, the damaging impacts of land
subsidence caused from groundwater overdraft were codified in law for the first time. Today, the key challenge
faced in the Valley is managing groundwater sustainably given the vast agricultural industry, the increasingly
large urban population, and the needs of groundwater dependent ecosystems.

The modeling presented in this paper provides a way to obtain new information on the time scales and depth
intervals over which subsidence occurs. It is a way to reinforce what we already know from previous modeling,
observations and data analysis, as well as providing new insights. Of particular significance is the warning that
subsidence will continue, not for one-to-two years, but for multiple decades, if hydraulic head levels do not
recover. We also find some good news: if head does recover, the reduction in subsidence occurs over short peri-
ods, of one-to-two years, due to elastic deformation within clays. Insights such as these will be critical for the SJTV
to tackle subsidence, and increasingly so following the past year of extreme drought.

Appendix A: Derivation of Governing Time Scale
First, define the following nondimensional variables:

~ t
=

(A1

Tgeneral

= (A2)
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where 7ge0ra 1S the general governing time scale (to be solved for), b is the domain size over which Equation 1

applies and o is a typical value for effective stress.

If we substitute Equations A1-A3 into Equation 1, we get

K, ?' _ 1 do
S\bg 022 Tgeneral af

(A4)

From which dimensional analysis shows us that

B2S,
K,

(A5)

Tgeneral X

We can see that 7., 7, Where 7 is the time constant defined in Equation 4.

Glossary

Effective stress (¢'): The grain-to-grain stress experienced within a sediment, related to head (%) and overburden

stress (o) by 6’ = o — pgh.

Overburden stress (c): The stress acting due to the weight of overlying sediments and water.

Interbed: A clay layer embedded within an aquifer.

Confining layer: A clay layer which separates two aquifers.

Inelastic time constant: Characteristic time constant of compaction, derived assuming constant initial head and a
step-change in boundary condition, for a clay layer experiencing its historic maximum of
stress.

Elastic time constant: Characteristic time constant of compaction, derived assuming constant initial head and a
step-change in boundary condition, for a clay layer not experiencing its historic maximum
of stress.

Gross time constant: An aggregate time constant, representing the approximate time over which residual compac-

tion of clays will occur in an aquifer system.

Data Availability Statement

The model code is archived at Lees (2022b). The simulations and raw input data used to derive the model inputs
have been archived at Lees (2022a). Some of the data are not publicly available, so are “hidden” in the repository.
These data may be available on request to the author if they are needed to validate or verify this study. The ALOS
InSAR data used in this study were from a previous study (Smith & Knight, 2019) and the 2015-2017 data can
be found from the California Department of Water Resources. Maps were made using the Python wrapper for the
Generic Mapping Tools, known as PyGMT (Uieda et al., 2021; Wessel et al., 2019).
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