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Abstract

Extensometer data have an advantage over satellite-based data for monitoring land subsidence in that extensometer data provide
continuous measurements (hourly or better temporal resolution) at very high precision (several tens of microns) over a known
depth interval; the latter is important for isolating groundwater pumping from other causes of land subsidence attributed to
tectonics or eustatic adjustments in the Earth’s crust. This investigation aims to identify a semi-analytical procedure for quanti-
fying aquifer and aquitard properties from a single extensometer record in lieu of the time-consuming development of more
complex numerical models to quantify and constrain these parameter values. In spite of a limited 12-year record and the fact that
water levels both decline and increase on an annual basis, this study successfully and reasonably estimated both aquifer and
aquitard parameters at the Lorenzi extensometer site in Las Vegas Valley, Nevada (USA), when compared to the estimates
developed numerically. The key factors that allow for estimates of elastic and inelastic skeletal-specific storage and hydraulic
conductivity of the aquitards and elastic specific storage and hydraulic conductivity of the intervening aquifers is the presence of
pumping cycles at multiple frequencies, and measured heads at all the aquifer units covered in the extensometer record. There is
an inherent assumption that the aquitards possess the same hydrologic characteristics and are homogeneous and isotropic. This
assumption is also a usual limitation in numerical modeling of these settings because of the complex temporal head relationships
occurring within the aquitards that are rarely, if ever, measured.
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Introduction

The mechanisms causing land subsidence due to groundwater
extraction are well established (Galloway and Burbey 2011;
Poland 1967, 1972; Poland and Davis 1969) and the observa-
tion and measurement of land subsidence in many urban re-
gions has been well documented both in the United States and
abroad (Figueroa-Miranda et al. 2018; Galloway et al. 1999;
Hsu et al. 2015; Tosi et al. 2016; Zhang et al. 2015; Zhu et al.
2015). Unfortunately, subsidence continues to be a problem in
many areas worldwide (Castellazzi et al. 2016; Faunt et al.
2016; Hwang et al. 2016). In many cases the evidence of land
subsidence can be observed directly by examination of dam-
aged infrastructures and pipelines, differential settlement,
earth fissures, distorted roadways, buckled sidewalks,
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nuisance flooding, protruding well casings, and other features.
However, in many localities the extent and distribution of land
subsidence was discovered from interferograms created from
processing InSAR satellite data, which has become an ex-
tremely powerful tool for examining the spatial and temporal
rates of surface deformation at the basin scale resulting from
groundwater pumping where surface velocities tend to be
large (on the order of centimeters per year; Galloway and
Hoffman 2007; Hoffmann et al. 2001; Minderhoud et al.
2018). InSAR data have been successfully coupled with nu-
merical models of flow and deformation to inversely quantify
aquifer system properties such as the elastic and inelastic stor-
age coefficients of the aquifer and aquitards (Hoffmann et al.
2003; Zhang and Burbey 2016), which has become one of the
chief goals for measuring land subsidence.

Global positioning systems (GNSS or GPS) have also been
widely used to provide point measurements of surface veloc-
ities associated with land subsidence from groundwater
pumping (Abidin et al. 2008; Burbey et al. 2006; Carruth
et al. 2007; Figueroa-Miranda et al. 2018). GPS or GNSS
generally provide approximately the same level of vertical
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deformation precision as InSAR although differential GPS has
shown to provide precision of a few millimeters in some cases
(Abidin et al. 2008).

The advantage satellite-based methods for measuring land
subsidence is that they are noninvasive, the data are inexpen-
sive to obtain and process, and the results can provide details
about the spatial heterogeneity of the aquifer system that can-
not be obtained from limited point measurement data
(Galloway and Hoffman 2007; Hoffmann et al. 2001). The
disadvantage of areal satellite data (InSAR) is that they are
not continuous. InSAR can typically only provide one mea-
surement track per month (until the Sentinel-1 satellite was
launched, which provides 12-day tracks over the United
States) so cyclical pumping that is at a higher frequency can-
not be coupled with InNSAR data to characterize aquifer system
properties. GNSS or GPS data are continuous and can repre-
sent a powerful way to confirm and couple InSAR-derived
estimates of surface velocities and can allow for the interpo-
lation of surface deformations between InSAR satellite passes.
However, if cyclical pumping data are at a higher frequency
than the measured deformation data, significant information
about aquifer system response to pumping is potentially lost.
As a whole, satellite-derived surface deformations and veloc-
ities incorporate all deformations including tectonic and eu-
static changes that may be prevalent along coastlines attribut-
ed to sedimentation in delta environments and loading due to
sea-level rise. Hence, if the goal is to investigate and deter-
mine deformation derived from groundwater pumping in
coastal environments then extensometers may be required to
differentiate between pumping induced subsidence and eustat-
ic or tectonic forms of subsidence.

Extensometers have some distinct advantages over the
aforementioned satellite-based methods. Firstly, if designed
properly, they can accurately measure subsidence at the sub-
millimeter or even to a few 10’s of microns, which can be
highly advantageous in settings where subsidence rates are
not only very low, but also where evaluation of aquifer prop-
erties is nonetheless important. Secondly, the data are contin-
uous so even if pumping occurs at diurnal frequencies, it is
possible for the extensometer to record possible compaction
from these high-frequency pumping events. Thirdly, in many
localities there is a much longer historical record with exten-
someters than with satellite data. InNSAR has only been avail-
able since the early 1990’s and early GPS data were not nearly
as accurate as today due to governmental selective availability
(which was lifted in 2000) as GPS was developed for the US
Army for national defense purposes. Extensometer data, on
the other hand, have been available at some sites since the
1960’s, when subsidence rates were typically much higher
due to the fact that subsidence was not as yet well known as
a consequence to excessive groundwater pumping, therefore
precluding subsidence mitigation strategies such as reduced
use of groundwater or aquifer storage and recovery (ASR)
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operations. Fourthly, extensometers measure the compaction
over the depth of the extensometer pipe, typically within the
zone of active pumping (which is how they tend to be de-
signed) so that tectonic and eustatic changes are not part of
the deformation record. They are also not subject to topo-
graphic or elevation effects that often plague InSAR process-
ing and can interfere with signal coherence. The two biggest
disadvantages to the implementation of extensometers is the
cost and the fact that they represent point measurements. As
such, it is uncommon for more than a few extensometers to
exist within an entire aquifer system or basin. Other, typically
less troublesome, disadvantages include their need for regular
maintenance, the influence of changing temperatures on the
deformation record, and acquiring an optimal and available
location for installation (it is often difficult to acquire a secure
location in places most appropriate for monitoring the largest
subsidence rates).

Extensometer data alone are limited to measuring the total
land deformation from the base of the extensometer pipe to
land surface, but at an extremely high precision and at time
intervals of usually minutes to hours. However, and more
importantly, when coupled with time-series water-level data
in the aquifers through which the extensometer penetrates, the
two data sets can yield important aquifer system hydrologic
properties (Epstein 1987). Riley (1969) has shown that stress—
strain diagrams obtained from the combined compaction and
water-level cycles of pumping can yield reasonable estimates
of the elastic and even inelastic skeletal-specific storage
values of the aquifer system. In addition to the storage prop-
erties of the compacting system, Riley (1969) was able to
estimate the time constant of the aquitards in question, which
represents the time required to dissipate 93% of the excess
pore pressure in the aquitards after an instantaneous increase
in stress (Epstein 1987). The three key parameters in this cal-
culation are the vertical hydraulic conductivity, which affects
the length of time for the fluids to be expelled from the unit
under a hydraulic gradient, the inelastic skeletal-specific stor-
age, which affects the amount of compaction that will ulti-
mately occur from the expulsion of fluids, and the thickness
of the compacting aquitards. Zhuang et al. (2017) developed
analytical procedures using cyclical pumping and flow rela-
tions in the aquitards to quantify the vertical hydraulic con-
ductivity and elastic and inelastic specific storage of the
aquitards in a two aquifer, single aquitard system. Further
quantification of hydrologic parameters from extensometer
and water-levels has been done through the far more sophis-
ticated development of one- or two-dimensional (1D, 2D)
numerical models that couple a compaction algorithm with
fluid flow or pressure diffusion (Epstein 1987; Helm 1975,
1976; Pavelko 2004; Pope and Burbey 2004; Sneed and
Galloway 2000).

The key factors that will ultimately determine the ability to
quantify parameter values of the aquifer system as a whole, or
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for individual units, include the occurrence of cyclical
pumping in which hydraulic heads recover from their maxi-
mum preconsolidation (past maximum) stress levels. Whether
the long-term head values are declining or rising is also im-
portant because only in continued declining heads (maximum
preconsolidation stresses are exceeded during successive
pumping cycles) from the onset of pumping can one readily
estimate the inelastic component of skeletal-specific storage
using stress-strain analysis as outlined by Riley (1969). In
addition, knowledge of the pumping rates responsible for the
measured compaction and the distance to the pumping wells
responsible for the head change and compaction is extremely
important for obtaining important parameter values. Granted,
pumping data responsible for compaction is not always read-
ily available or easily evaluated, particularly in highly com-
plex aquifer systems beneath cities that have numerous and
spatially distributed pumping for municipal and domestic wa-
ter needs. Riley did not use pumping data in his analysis of
skeletal-specific storage, but the absence of such data limits
the amount of information that can be obtained from the ex-
tensometer and water-level records.

The purpose of this forensic investigation is to closely ex-
amine extensometer and coupled water-level data of a multi-
ple aquifer-aquitard system from a single site in Las Vegas
Valley, Nevada (known as the Lorenzi site), by closely exam-
ining the period of data spanning 12 years from November
1995 to April 2007. By deconvolving the available years of
water-level and compaction records into daily, seasonal, and
decadal frequencies and analyzing the data at different time
scales (frequencies), it will be shown that aquifer and aquitard
parameters can be accurately quantified using historical
knowledge of the system along with analytical and semi-
analytical methods that invoke new simplified approaches,
without having to invoke the more highly involved and com-
plex numerical modeling methods that have been previously
undertaken to obtain parameter values. In this investigation
for Las Vegas Valley, there are three aquitards separated by
three aquifers. One advantage employed here is the knowl-
edge of results of a 1D MODFLOW model using the SUB
package to quantify system parameters for the Lorenzi site in
Las Vegas (Pavelko 2004). These results are useful for
assessing some of the results of the methodologies adapted
in this investigation, assuming that the range of simulated
results of Pavelko are reasonable and fairly accurate.
Secondly, data analytics is used to process and mine these
large data sets in ways that have not been previously adopted
for extensometer data. The aim is to investigate whether sim-
ple analytical models can be used to quantify valuable hydro-
logic parameters of the multiple aquifer-aquitard system with-
out having to develop far more complex numerical models.
Additionally, because the Las Vegas data are highly complex
and exhibit daily, seasonal, and decadal signals, and water-
levels trend from declining to rising during the period of

record, it is important to understand too the limitations of what
can and cannot be gleaned from these records based on the
likely complex head distribution that occurs through the aqui-
fer system under these circumstances as well as to understand
what assumptions are necessary to be able to make reasonable
parameter estimates.

Field site and data

Pumping has been occurring in Las Vegas Valley for nearly a
century and subsequent land subsidence has been observed for
more than 60 years when increased rates of groundwater with-
drawal began to exceed natural recharge rates to the basin
(Bell 1981; Harrill 1976; Malmberg 1964; Maxey and
Jameson 1948; Maxey and Jameson 1964). The historical
conditions for land subsidence to occur in the basin are highly
favorable and include large water-level declines exceeding 90
m by 1990 (Burbey 1995) and thick compressible fine-grained
aquitards or interbeds (Morgan and Dettinger 1996), occurring
mainly in the western and northwestern parts of the basin, as
total estimated land subsidence has measured 1.6 m (Bell et al.
2002) in the northwest subsidence bowl (Fig. 1) over the pe-
riod from 1963-2000.

Harrill (1976), Bell (1981, 1991), and Morgan and
Dettinger (1996) provide a detailed and thorough description
of'the geology and hydrogeology as well as an historical over-
view of land subsidence due to groundwater pumping in Las
Vegas Valley. The interested reader is referred to these publi-
cations for a more detailed hydrogeological analysis of the Las
Vegas basin. In brief, Las Vegas Valley represents an exten-
sional structural basin filled with more than 1,500 m of allu-
vial deposits derived from the carbonate mountains to the
west, siliciclastic deposits from the north and volcanic de-
posits from the east and south. Depositional sequences have
produced a complex and heterogeneous sequence of aquifers
and aquitards of varying thickness and compressibility. A
near-surface aquifer overlies a more extensive principal aqui-
fer system from which all domestic water originates in the
valley. The principal aquifer contains various aquitards at the
Lorenzi extensometer site (Fig. 1) but the near-surface aquifer
is not identified at this locality and may be due to the abun-
dance of caliche in the uppermost 22 m and fine-grained de-
posits (shallow aquitard), extending from land surface to a
depth of about 78 m. The principal aquifer system contains
three aquitards and three aquifers, referred to here as the
shallow, middle, and deep aquitards and aquifers,
respectively. The naming convention developed by Pavelko
(2000) is retained here for continuity. The aquifers are
composed largely of sands and gravels with minor thin layers
of silts and clays, while the aquitards are composed almost
entirely of clays and silts. Drilling logs from the extensometer
borehole (244-m total depth) and geophysical surveys have
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Fig. 1 Map of Las Vegas Valley showing the location of the Lorenzi extensometer site and estimated and measured land subsidence (blue contours, in
meters) for the period 1963—1990, adapted from Bell et al. (2002). Black lines refer to major highways

defined the depths and thicknesses of the aquifer and aquitard
units within the larger principal aquifer system of the basin
(Pavelko 2000). Table 1 lists the depths and thicknesses of
each of the aquifer and aquitard units, which will become
important for the data analysis conducted in the forthcoming
sections. A piezometer nest—2-inch (0.051 m) PVC with 10-
ft (3.05m), screens—was installed to monitor water levels in
each of the three aquifers.
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A pipe extensometer extends through the deep aquifer into
the underlying aquitard (not named) and is cemented at a
depth of 244 m at the base of the deep aquifer. A series of
three slip couplers were installed in the outer casing to reduce
vertical stress while compaction occurs from increased effec-
tive stress due to pumping. A steel extensometer table sits over
the extensometer pipe whose legs extend 4 m below land
surface to minimize the recorded effects of shrink and swell
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Table 1 Depth intervals in meters
below land surface (mbls) for the
three aquifers and aquitards along
with their overall thicknesses and
screened piezometer zones. Units
defined from drill cuttings and
borehole geophysical logs
(Pavelko 2000)

Unit

Interval (mbls)

Unit thickness (meters)

Screened interval (mbls)

Shallow aquitard
Shallow aquifer
Middle aquitard
Middle aquifer
Deep aquitard
Deep aquifer

0-78 78 -

78-94 16 PZs (91.4-94.5)
94-128 34 —

128-152 24 PZm (136.3-139.4)
152-184 32 -

184-244 60 PZd (206.4-209.5)

of the soil column due to moisture and temperature fluctua-
tions. A digital linear potentiometer connected to a data logger
monitors the overall compaction at hourly intervals. A more
thorough description of the extensometer installation setup is
provided by Pavelko (2000). The extensometer is contained
within a shed where temperatures were monitored continuous-
ly. The Lorenzi extensometer site is located within 3,000 m of
about 14 municipal pumping wells that pump at different di-
urnal and seasonal rates. Figure 2 shows the entire available
water level and subsidence record of the Lorenzi site from the
US Geological Survey, extending from November 16, 1994 to
December 5, 2007. Figure 3 more readily shows the daily
water-level fluctuations that occur during the summer months
(year 1998 is shown) when daily pumping rates vary to adjust
to summertime daily demands.

Visual observation of the data (Fig. 2) reveals some very
important aspects of the aquifer system. Clearly, the data show
a consistent and periodic seasonal pattern of cyclical water
levels and cumulative subsidence. This is consistent with the
Las Vegas Valley Water District’s annual pumping cycle,
whereby summer pumping commences on or about April 1st

and ends on or about October 1st of each year. The drop and
rise in water levels appears to closely align with these dates,
but closer inspection of the data are warranted to evaluate
whether any hydrodynamic lag occurs between the water-
level and compaction records. Another extremely important
aspect of the data is the changes of yearly water levels from a
decreasing annual trend to an increasing one in the latter years
of the record. The first 3 years of the record (1995-1997)
show declining water levels in spite of the fact that an artificial
recharge program commenced in 1988 and significant quan-
tities of water were injected into the principal aquifer begin-
ning about 1990 during the winter months (Fig. 4). The lowest
water levels in the record occurred at the end of the pumping
season in 1997 (98.69 mbls); however, it is unlikely that this
low head value represents a maximum preconsolidation stress
since the decline in heads coincides with a decrease in artifi-
cial recharge. It is more likely that the lowest heads in the
principal aquifer occurred prior to the commencement of arti-
ficial recharge in the valley (prior to 1988).

Water levels began to show recovery at the Lorenzi site in
1998 except for a brief decline in water levels in 2003 and
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Fig. 3 Hourly subsidence and (a)
water-level record for a calendar
year 1998 and b July 1998, 65
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2004, which probably is associated with a sharp decline in the
quantity of artificial recharge in 2002 (Fig. 4). Water levels
again began to increase progressively until the end of the record
in 2007. These increases are likely attributed to the increased
rates of artificial recharge beginning in late 2003. During the
water-level declines in 1995-1997, the compaction record
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shows continuous compaction even during the portion of the
season when water levels recovered. However, when water
levels began to recover in 1998, there is a notable winter elastic
recovery in the compaction record superimposed on a contin-
uous increase in long-term compaction. It is hypothesized that
the seasonal elastic recovery is attributed almost entirely to the
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Fig. 4 Bar graph showing the annual quantity of injected artificial
recharge to the principal aquifer system
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elastic specific storage of the aquitards, while the continued
annual increase in total compaction is attributed to the slow
release of water from the aquitards that are not yet in equilibri-
um with the recovering heads in the aquifers. This annual (or
more accurately decadal) compaction is associated with the
inelastic specific storage of the aquitards. It should be noted
too that the rate of long-term compaction decreases in response
to the long-term water-level recovery and suggests that hydrau-
lic gradients between the center of the aquitards and the adja-
cent aquifers have lowered, thus lowering the diffusive flux of
water and subsequent rate of compaction. Furthermore, it is
likely that the vertical hydraulic conductivity of the aquitards
will decrease as compaction occurs over time.

Figure 3a, b shows a higher frequency water-level and com-
paction record for 1998 and reveals that during the summer
months a diurnal water-level fluctuation is evident in all three
aquifers (although it is difficult to see these small fluctuations
for the shallow aquifer at this scale) and is associated with a
difference in night time versus daytime pumping of 5,400 m*/
h. Because of the rapid decline and recovery of the aquifer
heads, it is anticipated that the water-level response is entirely
associated with the elastic storage of the aquifer units. The
compaction response during these diurnal cycles is polluted
with temperature effects that largely swamp out any possible
compaction and recovery that may be occurring during these
cycles. These temperature effects are associated with the ther-
mal expansion and contraction in the steel in the upper portion
of the extensometer pipe, the extensometer table, and the con-
nections and housings supporting the linear potentiometer as
daily temperature variations of 60°F commonly occurs in the

summer months within the shed housing the extensometer
(Pavelko 2000). The expansion- and contraction-induced tem-
perature effect imposed on the extensometer record is approx-
imately 0.07 mm/day but is easily identifiable because it re-
sponds contrarily to water-level changes. The temperature ef-
fect is considered negligible and does not affect the nature of
the data at the seasonal and decadal time scales because daily
mean data are used in these instances. Hourly subsidence data
was not used in the analysis.

Methods of data analysis

The methodology steps are in part dependent on the nature of
the head and subsidence data. In this analysis it is assumed
that multiple periodic pumping frequencies occur over the
course of the data set that allow for the distinction between
aquifer and aquitard compressibilities. In such a case, the anal-
ysis steps are as follows:

1. Evaluation of aquifer elastic storage and horizontal hy-
draulic conductivity with the Theis equation using diurnal
pumping signals that reflect the aquifer conditions only.

2. Evaluation of aquitard elastic skeletal storage and vertical
hydraulic conductivity of the aquitards. The assumption
here is that all the aquitards have the same hydraulic prop-
erties. The long-term inelastic signal is removed from the
record. Seasonal periodic pumping is used as this length
of pumping impacts a portion of the aquitards on a con-
sistent yearly basis (elastic). An effective aquitard thick-
ness undergoing elastic deformation is determined in this
process.

3. Evaluation of aquitard inelastic storage is evaluated on
the basis of known pumping history and the nature of
the inelastic deformation time-series. In this approach a
time-constant for the aquitards is approximated on the
basis of aquitard thickness, the calculated hydraulic
conductivity (from step 2) and the historical nature of
the inelastic compression.

Aquifer storage and hydraulic conductivity

The first step in analyzing the aquifer system of the Lorenzi
extensometer site is to attempt to quantify the aquifer proper-
ties. The fact that daily consistent periodic head fluctuations
occur in the aquifers at the Lorenzi site during the summer
months, attributed to differences in diurnal pumping rates, is
highly advantageous for isolating the aquifer response apart
from any leakage and subsequently compaction of the inter-
vening aquitards. The rapid pumping and recovery response
on a daily basis is too rapid for the aquitards to respond
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appropriately; hence, the water level cycles of Fig. 3a, b reflect
an aquifer response to pumping.

For this analysis, a 5-day period in June 1998 (Fig. 5) is
chosen where pumping and recovery periods are known as
well as the pumping rates (Pavelko 2000). Under diurnal
pumping cycles, the aquifers behave as confined units; there-
fore, to estimate the hydraulic conductivity and storage of the
aquifers, the Theis equation is adapted to account for cycles of
pumping and recovery over the three aquifers, from which the
total diurnal change in pumping rate is 5,400 m*/h between
the greater night and early morning pumping (Pavelko 2000)
and the much lower daytime pumping. The head responses
coincide perfectly with the pump off and on cycles.

The Jacob approximation to the Theis equation is valid for
the diurnal pumping scenario at the Lorenzi extensometer site
based on the amount of time elapsed (at least 8 h) for each
pumping sequence and can be written for cyclical pumping
conditions as:

Sy = Qu In Z'iSK(k)t t<t
47TK(k)b(k) & Ss(k)

(1)

o Q(k) ; 225K(k)l
Sk = =
47T'K(k)b(k) r Ss(k)

2.25K (11
9% 2(k)( Dl oy,
4K 4biy 7°Ss(k)

(2)

where s is the drawdown, Q is the pumping rate and the index
(k) refers to the aquifer (shallow = 1, middle = 2, or deep = 3),
K is the hydraulic conductivity, b is the aquifer thickness, 7 is
the distance from the pumping well to the observation wells,
S; s the specific storage (equal to storage coefficient S, divid-
ed by aquifer thickness b), ¢ is the total time (over all cycles of
pumping) and ¢, is the time since pumping stopped. Pumping
wells are located approximately 3,200 m south of the Lorenzi
site. Pumping is typically apportioned to each aquifer from a
modeling perspective as a weighting factor based on the rela-
tive transmissivity of each aquifer (K x b) compared to the
total transmissivity of the sum of the aquifer transmissivities
(Lieuallen-Dulam and Sawyer 1997). This would not be valid
in this case, as it is assumed that the hydraulic conductivities
of each aquifer are not substantially different, as the materials
are comparable and a slight decrease in K with depth is ex-
pected based on the increasing total load acting on the aquifer.
However, the aquifer thickness increases with depth (Table 1);
hence, the overall proportion based on transmissivity would
likely yield nearly identical pumping rates for each aquifer.
Clearly this is not the case based on the fact that the total head
changes over a pumping cycle are very different in each aqui-
fer. Not enough information is available to suggest that the
pumping occurring equally from each aquifer and the heads
would suggest that pumping is not apportioned equally. As
such, pumping is apportioned to each aquifer based on the
total relative head change over the range of the five cycles
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for the aquifer compared to the total head change across all
three aquifers (expressed as a percentage). This approach
yields the total pumping fractions of 0.02, 0.21 and 0.77 for
the shallow, middle and deep aquifers, respectively. Table 2
(columns 3-5) shows the initial pumping rates for each aquifer
based on these percentages.

Equation 1 shows that K and S, are unknown variables that
need to be estimated. It is assumed that the aquitards are fixed
laterally (based on available drilling logs) from the Lorenzi site
to the source of pumping, which is averaged to be approximate-
ly 3,200 m toward the south. The radius to the pumping wells is
approximate, but since r is in the logarithm, changes in this
parameter do not lead to significant changes in s compared to
K and S. The shape and amplitude of the drawdown and recov-
ery curves from cycles of pumping (selected for June 15-19,
1998) shown by the blue curves (observed heads) in Fig. 5 are
diagnostic and dependent on the values of K, S, O and r.
Estimates of K and S for each aquifer are evaluated by mini-
mizing the objective function, {2, representing the sum of the
squared residuals of drawdown (measured from a common
starting head) using Egs. (1) and (2) as

Q(SvK) = Z?i](sobs*ssim)2 (3)

where s, are the observed heads measured at the shallow,
middle or deep piezometers and sy, is the simulated drawdown
obtained from Egs. (1) and (2) for each aquifer. A MATLAB
script was developed that applies Eq. (3) to each aquifer using
the starting pumping distribution from Table 2. A range of
reasonable skeletal storage coefficient (Sy) and K values are
used in the algorithm (Egs. 1 and 2) and iterated until a mini-
mization of Eq. (3) is achieved for each aquifer. Then, begin-
ning with the deep aquifer, QO is modified in 10% increments
(both above and below values listed in Table 2) and the mini-
mization process is conducted again. If the minimization for a
refined pumping is lower than the previous objective function
for a particular aquifer, that new pumping rate is used and the
other pumping rates are modified to assure that the total
pumping of 5,400 m>/h is maintained. The orange curves in
Fig. 5 are the best-fit simulated drawdowns for each aquifer
using this minimization process. Table 2 shows the final
pumping distribution and simulated (horizontal) hydraulic con-
ductivity, K, storage coefficient, S, and specific storage, S, for
each aquifer. The calibrated parameters not only closely ap-
proximate those of Pavelko (2004) from his calibrated 1D nu-
merical model, the values fall within the range of values for Las
Vegas Valley as estimated by Morgan and Dettinger (1996).

Aquitard elastic storage and hydraulic conductivity

The next goal is to determine if the aquitard parameters can be
evaluated from the complex extensometer and piezometer
records (Fig. 2). Because no water-level data are available
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from within any of the aquitards and because only one com-
posite compaction record is available, it must be assumed that
each of the three aquitards exhibit the same behavior and thus
have the same parameter values of vertical hydraulic conduc-
tivity (the direction of water movement out of the aquitards)
and elastic and inelastic storage. This generalization is not
particularly restrictive since even the more sophisticated 1D
numerical MODFLOW model conducted for the site by
Pavelko (2004) assumed constant aquifer and aquitard param-
eters. Without detailed head distributions within each of the
aquitards, it is not possible to make a distinction between the
aquitards with only a single cumulative extensometer record.

As indicated, regarding the seasonal response of the com-
paction record in Fig. 2, it is hypothesized that the seasonal
elastic response of the total subsidence is attributed to the
aquitards and is associated with the seasonal head changes
in the aquifers. In general, a hydrodynamic lag will exist be-
tween the measured heads and the compaction occurring with-
in the lower permeable aquitards (Zhuang et al. 2017).
However, for longer (seasonal cycles) of head, an elastic lag-
free response can occur within the aquitards. This lag-free
response is dependent on the hydraulic diffusivity of the
aquitard and its thickness undergoing elastic deformation,
which is also dependent on the length of the head cycle. To
validate this hypothesis, verification is needed to assure that
the seasonal responses are fully elastic and that no hydrody-
namic lag exists in the record, which would indicate that an
inelastic component of storage exists in the seasonal record.

Jul 16

Jul 17
Date

Jul 18 Jul 19

1998

An auto-spectral analysis was performed on the deep water-
level and subsidence records (the record with the largest am-
plitude of head seasonal head change), which describes the
distribution of variance contained in the signal as a function
of wavelength. An unbiased estimator of the autocovariance,
coV,,, of the signal x(f), which can represent water levels or
subsidence in this investigation, with N data points over a
constant hourly time interval is

COVyy = N_Lj_lzﬁi’{ (xr)_c) (x,»+ j*)_c) (4)
where X is the mean and;j is the time lag. An autocorrelation is
calculated from Eq. (4) and then the power spectra is calculat-
ed using the Blackman and Tukey (1958) method. Figure 6a,b
shows the auto-spectra results for both the deep water levels
and subsidence records. Clearly, the power spectra reveal a
single peak at a frequency of 0.00274/day, which is equivalent
to precisely 1 year for the entire period of record. The cross-
spectrum correlates the two time-series (Fig. 6a,b) in the fre-
quency domain and the equation is similar to Eq. (4) and is
written as follows:

1 v/ _
COVy = N_—j_lzt:il (x,»—x) (yiJrj_y) (5)

where x represents the water-level data and y the subsidence

data. A cross-correlation is calculated from Eq. (4) and the
Blackman and Tukey (1958) method is used as before to
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Table2 Calibrated hydraulic conductivity and storage parameters for the shallow, middle and deep aquifers using the Theis equation for cyclical daily

pumping

Aquifer Piezometer Initial percent of total Initial pumping rate Final calibrated pumping rate ~ Calibrated K Calibrated S (1/m)
pumping (m*/h) (m>/h) (m/s) Sk (1/m)

Shallow PZs 2 108 150 0.0065 4x10°  25x10°

Middle PZm 21 1134 1100 0.0045 1.6 x 107 6.6 x 1077

Deep  PZd 77 4158 4150 0.0026 13x10° 22x 107

calculate the cross spectrum. The results (Fig. 6¢) clearly show
a near perfect correlation at the same frequency (no lag) and
indicates a perfectly elastic response between the heads and
compaction at the seasonal (yearly) scale for the entire 12-year
record.

To isolate the seasonal elastic response of the system a low-
pass filter is used to remove the long-term decadal trend (in-
elastic component) of system compaction (Fig. 7) and then to
fit a periodic sine function to the seasonal elastic response.
The mean seasonal elastic recovery can then be readily calcu-
lated from the mean fitted periodic curve and is 2.7 mm. Next,
identifying the seasonal subsidence contribution of each aqui-
fer from the total seasonal compaction record is accomplished
through the following equation:

T Ab; =Y SiAh; (6)

where Ab is the compaction in aquiferi (=1-3,n=3), S'is
the storage coefficient for the aquifer evaluated from the Theis
equation (Table 2), and A/ is the seasonal head change shown
for each aquifer (i). By deconvolving the total head record for
each aquifer and isolating the seasonal head change using a
low-pass filter, the longer decadal trend is removed from the
record. The head change is then fitted to a mean sine function,
which represents the mean seasonal head amplitude over the
period of record as shown in Figs. 8, 9 and 10 for each of the
three aquifers. The middle plot (labeled b) of these figures
leaves only the seasonal changes for each year, while the low-
er plot shows the sine function fit and represents the frequency
and mean amplitude for the entire period of record. From this
analysis, the total seasonal head change for the shallow, mid-
dle, and deep aquifers is 4.7, 8.04 and 10.23 m, respectively.
Multiplying these head changes by the aquifer storage coeffi-
cient according to Eq. (6), yields aquifer compactions for the
shallow, middle, and deep aquifers 0f0.19, 0.13 and 0.13 mm,
respectively. The sum produces a cumulative compaction
assigned to the three aquifers of 0.45 mm. This outcome re-
veals that 26% of the total seasonal compaction is attributed to
the aquifers; therefore, the remaining 74% of the seasonal
compaction, or 2.25 mm, must be coming from the three
aquitards. Under the assumption of a homogeneous, isotropic
aquitards (equal elastic storage coefficient for all units), the
head decline in each aquifer during each pumping cycle would
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drive the elastic compaction occurring from the same (as yet
unknown) thickness of the aquitards both above and below the
shallow and middle aquifers and from only above the deep
aquifer. Using the relative head changes results in 12, 35 and
53% of the total compaction originating from the shallow,
middle and deep aquitards, respectively. This translates to a
total compaction assigned to each of the three aquitards as
0.27,0.79, and 1.19 mm, respectively.

Riley (1969) formulated an expression for the time con-
stant, 7, for homogeneous aquitards that describes the time
required to attain any specified dissipation of average pore
pressure from within the unit. The time constant, according
to Riley, is a measure of the volume of water that must be
squeezed out of the aquitards as a result of the increased stress
(loss in pore pressure) and the impedance of the water from
the unit (vertical hydraulic conductivity). For a singly draining
unit (aquifer head decline causes an elastic response to one
side of the aquitard) the time constant is defined as:

__ S;k({),)z 7

KV
where the primes indicate the variables pertaining to the
aquitard and b’ is the length of the drainage path, K/V is the

vertical hydraulic conductivity of the aquitard and S;k is the
aquitard skeletal-specific storage. Because the compressibility
of the aquitard units is generally three or more orders of mag-
nitude greater than water compressibility, the contribution of
water expansion due to a decrease in pore pressure is generally
ignored in these environments. Hence, the use of skeletal-
specific storage as opposed to the total specific storage that
generally includes the contribution of water compressibility
(expansion).

The time constant (Eq. 7) represents the time required to
dissipate 93% of the excess pore pressure in the aquitards after
an instantaneous increase in applied stress (reduction in hydrau-
lic head). It is not uncommon for the time constant to reach 10’s
to 1,000’s of years for thick highly compressible clay beds that
have low hydraulic conductivity. However, in this analysis a
reverse approach is used where it is assumed that the time
constant is equal to the seasonal pumping period of 182 days,
which effectually produces the effective thickness of the
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aquitards that undergo elastic deformation. It is known that, , Ab
during this time period, the aquitards act elastically so the spe- Ske = A (8)

/

cific storage will represent the elastic component (S, ). Under
these conditions b’ refers to the thickness of the aquitard under-
going elastic deformation during the time of pumping. This
thickness is independent of the magnitude of head change oc-
curring within the unit. Figure 11 shows a plot of different
elastic-aquitard thicknesses for different values of elastic
skeletal-specific storage and vertical aquitards hydraulic con-
ductivity. The shaded box shows the range of values obtained
from the literature from eight different sites across the country
where extensometer data were used to obtain aquitard parame-
ter values either graphically (stress-strain diagrams), or numer-
ically (1D or 2D flow and compaction models)—Epstein 1987,
Hanson 1989; Heywood 2003; Pavelko 2004; Pope and
Burbey 2004; Riley 1969; Sneed and Galloway 2000). The
point within the box is the numerically calibrated values of
these aquitard parameters from Pavelko (2004) for the
Lorenzi site in Las Vegas. Based on these data, the mean elastic
aquitard thickness undergoing seasonal response varies from 3—
5 m with 4 m being the average and optimal value used in this
analysis with 3 and 5 m representing the upper and lower range
of reasonable thicknesses, respectively. This thickness repre-
sents the vertical extent into the aquitards directly adjacent to
the aquifers that respond elastically to the seasonal head chang-
es in the adjacent aquifers.

The skeletal elastic storage coefficient can now be estimated
through the equation

Since it is assumed that homogeneous conditions exist for
the aquitards only a mean value for Eq. (8) can be realistically
applied. Furthermore, since it is known that the thickness of the
compacting aquitard to be 8, 8, and 4 m, respectively, surround-
ing the shallow, middle and deep aquifers, the elastic skeletal-
specific storage can also be readily calculated and the mean
value is provided in Table 3 along with the upper and lower
ranges. The mean optimal skeletal storage and skeletal-specific
storage values are calculated to be S;, = 1.15 x 10 and S,
= 1.6 x 107> /m, respectively. Finally, using Eq. (7) to solve
for the aquitard’s hydraulic conductivity (all the other parame-
ters are now evaluated) yields an estimate of
Kv = 1.4 x 10 ®m/day. A range is also provided in Table 3
based on the range of b’ values used in Eq. (8) and the range of
S, values shown in Table 3. It should be noted that since the
aquitards are homogeneous, this value of hydraulic conductiv-
ity is valid for deformation in the inelastic range as well.

Aquitard inelastic storage

Obtaining an accurate estimate of the inelastic specific storage
of the aquitards is a far more daunting task. The key
reason for this difficulty is that the heads in the aquitards
are not in equilibrium with the measured heads in the
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aquifers due to the slow release of water from these units,
creating a hydrodynamic lag between the heads in the aquifer
and the observed subsidence. This is clearly evident in the
long-term compaction record shown in Fig. 2 where the mean
annual water levels show a recovery for the last 4 years of
record, yet a net decline in the land surface elevation is still
occurring, which indicates that the heads within the aquitard
are not in equilibrium with the heads in the aquifer. In the 1D
MODFLOW numerical model developed by Pavelko (2004),
where he implemented the SUB package to simulate delayed
drainage of the aquitards, the simulated head distribution with-
in the aquitards at various times is shown in Fig. 12 to high-
light the complex nature of the heads over time. In particular,
because the heads in the first few years of the data set are
decreasing and the heads in later years are recovering, the
resulting heads in the aquitards show a continual decline at
their centers (expulsion of water), but show both declining and
increasing heads in the portion of the aquitards nearest the
aquifers (the elastic aquitard response). This creates a highly
complex head distribution over time (Fig. 12).

Riley (1969) developed a methodology for estimating
the inelastic skeletal-specific storage from stress-strain
distributions for an aquifer system near Pixley,
California (USA). In this methodology the seasonal
changes in pumping created annual hysteresis loops (elas-
tic recovery), but the continued pumping led to an annual
increase in preconsolidation stress (continuous annual
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hydraulic head decline) that allowed for the tops of each
annual loop to be connected over many years to produce a
linear trend whose slope reflects the inelastic specific stor-
age of the aquifer. The key condition in this approach is
that the mean annual heads continue to decline. This is
not the case at the Lorenzi site in Las Vegas (Fig. 2) and
therefore this approach is not feasible in spite of the fact
that compaction continues throughout the period of re-
cord. However, the long-term trend (annual to decadal
compaction) in subsidence shows a significant change in
slope that is associated with the slowing of drainage from
the aquitards as the heads in the aquifers begin to recover.
A linear annual trend can be found when plotting heads
against compaction data with a high degree of correlation;
however, the slope associated with such a trend does not
reflect the inelastic specific storage of the aquitards.

In this analysis, a more semi-analytical approach is used.
Since it is likely that compaction has been ongoing (no uplift)
at this site since the inception of pumping in Las Vegas Valley,
the time constant is set to be equal to the total time of pumping
(and commencement of head declines), which is roughly 90
years. This value is reasonable for the thicknesses of the mid-
dle and lower aquitards based on estimates from this and other
systems (Epstein 1987; Pavelko 2004; Sneed and Galloway
2000). Using again Riley’s (1969) expression for the time
constant for doubly draining aquitards and rearranging to
solve for the specific storage, which in this case now
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The thickness of each of the lower two aquitards is nearly
identical (Table 1) so an average thickness of 33 m is used here.
The vertical hydraulic conductivity was calculated previously
from the analysis of the elastic properties of the aquitards
(Table 3). Figure 13 shows the different possible time constants
for the average aquitard thickness of 33 m for a range of hy-
draulic conductivity and inelastic skeletal-specific storage
values of the aquitards. The orange-shaded zone represents a
reasonable range of inelastic skeletal-specific storage based on
previous extensometer investigations (usually determined nu-
merically) and the hydraulic conductivity calculated here. The
red circle represents the calibrated value of Pavelko (2004) from
his 1D numerical model. Using 90 years as the time constant
represents the minimum realistic time constant since compac-
tion is still occurring in the inelastic range from the inception of
pumping (Fig. 7a). Furthermore, since the water-level recover-
ies are clearly impacting the slope of the long-term compaction
record, it is unlikely the time constant for these aquitards is
likely to exceed 200 years. Figure 7a shows that the compaction
is asymptotically approaching zero temporal change, which

implies that the dispersive flux from the aquitards is decreasing
at the same rate as the rate of compaction (assuming constant
parameter values for S, and K, ). This result at least qualita-
tively implies that the aquitards are approaching equilibrium
with the heads in the aquifers. Even with a 110-year possible
range for the time constant, this greatly narrows the possible
range of viable S;kv values to a factor of only 2 (Fig. 13;
Table 3). The 90-year time constant yields a calculation of
S, = 1.7x10™* /m, which is nearly identical to the value pro-
duced numerically by Pavelko (2004). Pavelko calculated a
time constant of 100 years based on Eq. (7) by numerically
calibrating the aquitard parameters.

One could argue that this simplistic way for estimating 7is
not valid or even reasonable, particularly in basins that have
perhaps just recently been undergoing pumping and head de-
clines. This indeed is true for basins where compaction rates
are large and head declines continue to annually exceed their
past maximum preconsolidation stress values, but then the
stress-strain method of Riley (1969) would likely be a more
fitting approach under these circumstance while representing a
more rigorous analytical methodology for estimating the in-
elastic skeletal-specific storage. Clearly, this semi-analytical
approach toward assigning a value to the time constant is
reasonable for basins that have undergone decades of
pumping and water-level decline, where knowledge of the
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aquitard thickness is known and where the annual rate of
compaction is asymptotically approaching zero, which indi-
cates that the system time (time since heads in the aquifer have
been reduced creating a gradient between the aquitards and
adjacent aquifers) is approaching the time constant for the
aquitards in question.

Discussion

Extensometer forensics involves using historical knowledge of
the hydrogeological environment and the general historical an-
thropogenic impacts of the aquifer system along with available
water-level and subsidence records that span the recording
depth of the extensometer to help ascertain the viable hydrome-
chanical properties of the system. By deconvolving the avail-
able water level and subsidence records into different pumping
frequencies, a significant number of hydrologic parameters can
be reasonably estimated even when the available record is lim-
ited and the long-term water levels may even be recovering.
The biggest factor for maximizing the information gleaned
from these records is the occurrence of cyclical pumping pat-
terns at multiple frequencies from all compacting units being
measured and the corresponding total subsidence record over
the same time intervals. Figure 2 represents a 12-year snapshot
of available water-level and compaction records at the Lorenzi
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extensometer site in Las Vegas Valley. The complex declining
and recovering water level record and subsequent compaction
record reveals much information about the nature and response
of the aquifers and aquitards of this hydrologic system, but
traditional means for estimating storage and hydraulic conduc-
tivity may not always be appropriate.

Extensometer data can be extremely valuable for helping to
estimate or quantify aquifer and aquitard storage properties
since storage is more sensitive to changes in deformation than
to changes in hydraulic head (Burbey 2001). In spite of the
fact that a single record of deformation spans multiple aquifers
and aquitards, some important analytical and semi-analytical
(and observational) methods have been applied that provide
reasonable and realistic estimates of hydraulic conductivity
and storage properties of the aquifer system at the Lorenzi site
in Las Vegas when compared to the much more sophisticated
but time consuming 1D numerical analysis developed by
Pavelko (2004). The water-level and extensometer records
shown in Figs. 2 and 3 reveal important aquifer characteristics
that become helpful for understanding what generalizations
can be made that help to constrain certain parametric aspects
of the system.

This analysis outlines the importance of having cyclical
water-level records (pumping and recovery) at multiple fre-
quencies (in this case daily and seasonal) in all the aquifers
that cover the extensometer recording depth interval in order
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to adequately estimate hydraulic properties of the aquifers and
aquitards. Without multilevel piezometers, it would not be
feasible to provide more than a cursory overview of the sys-
tem storage properties. Individual unit analysis (aquifers and
aquitards) could not be achieved without water-level records
from individual aquifers. Even with nested piezometer data,
the assumption of constant aquitard parameters is required
without having hydraulic head data at different depth intervals
within each aquitard as the head distributions within these
units can be quite complex when water levels decline and
recover on an annual to decadal basis as is the case for the
Lorenzi site (e.g. Fig. 12).

Results from the Theis pumping and recovery tests (Eqgs. 1
and 2) for the 5-day selected period in July 1998, provide
values of the aquifer horizontal hydraulic conductivity, which
is not quantifiable using 1D subsidence modeling (Pavelko
2004). The large estimated hydraulic conductivity values for
each of the three aquifers suggests that the gravel units in the
aquifers are both areally extensive and dominate over the
finer-grained lenses that may be present in the aquifers. The
shape and amplitude of the head response is found to be highly
sensitive to even small changes in hydraulic conductivity and
assigned pumping. Hence, these parameters have a very nar-
row range of acceptable values. The shallow aquifer heads are
the least diagnostic and this is at least partly attributed to the
small overall amplitude in heads, the relative thinness of the
aquifer, and the subsequent low rate of pumping from the

1999 2001

Year

2003 2005 2007

aquifer. The middle and deeper aquifers have a much more
defined and diagnostic cyclical drawdown and recovery pat-
tern that can be inversely matched through iteratively modi-
fying the storage and hydraulic conductivity of these aquifers.
The result yields similar amplitudes and patterns of drawdown
and recovery. The most notable difference is in the deep aqui-
fer where the simulated heads trend toward a somewhat great-
er drawdown after 5 days of pumping and recovery compared
to the actual head values. This difference may be attributed to
heterogeneous conditions that are not accounted for, slight
differences in overall pumping time, or the effective distance
to the pumping wells. However, it is not expected that any of
these factors would significantly affect the parameter esti-
mates for storage and hydraulic conductivity (Table 2).

The analysis of seasonal cyclical pumping and recovery
appears to be completely elastic as evidenced by the spectral
analyses (Fig. 6) indicating that no lag exists between water
level changes and changes in compaction. The Theis analysis
allows for the differentiation of the amount of total compac-
tion associated with the aquifers and individual aquitards. It is
concluded that an average of 74% of the elastic compaction is
attributed to the aquitards and 26% to the aquifers on an
annual basis. The elastic contribution coming from the
aquitards cannot be from the entire thickness of the aquitards
as long as the heads within the aquitards have not reached
equilibrium with the adjacent aquifers. Although the total
amount of compaction that an aquitard ultimately can achieve
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Fig. 11 Plot of aquitard
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is independent of the amplitude of head change (Eq. 7), the
thickness over which the elastic compaction is occurring for a
period of time is completely dependent on the stress occurring
within the aquitards over the pumping cycle. Furthermore, the
thickness over which seasonal stress change occurs is depen-
dent on the aquitard storage and hydraulic conductivity (Fig.
11). Based on Eq. (7), the thickness over which the seasonal
elastic compression occurs is not a function of the amplitude
of head change, but rather the time over which the stress is
applied (182 days of pumping on an annual basis). The rea-
sonable range of elastic skeletal-specific storage and aquitard-
vertical-hydraulic conductivity (vertical because these units
drain vertically toward the aquifers) from previous hydrolog-
ical investigations of Las Vegas Valley (Harrill 1976; Morgan
and Dettinger 1996) brackets the range of possible aquitard
thicknesses to a fairly narrow range. Affected aquitard

Table 3  Calibrated and estimated hydraulic conductivity and storage
parameters for the aquitards from this investigation and compared to the
1D MODFLOW results of Pavelko (2004) where the upper and lower

1078 107 10°° RN

thicknesses of 3—5-m span the middle of the likely range
of hydraulic diffusivities (K/Ss) for the aquitards. Hence,
the middle value of 4 m is chosen as the optimal elastic
thickness based on Fig. 11, but the likely narrow band of
thicknesses would not appreciably affect the outcome of
the calculated aquitard parameter values (Table 3).
Assuming homogeneous aquitard conditions means a total
thickness of aquitard elastic compression is known along
with the head change responsible for the compaction.
Therefore, the skeletal elastic storage can be readily esti-
mated and the approach outlined here produces the exact
same value as the much more involved numerical model-
ing exercise described by Pavelko (2004).

In general, reasonable estimates of the inelastic skeletal-
specific storage of compacting systems is difficult to accu-
rately quantify. Part of the problem as already described is

reasonable values are provided along with the optimal value from his
calibrated numerical model

Investigation K,?® Seke St S °
(m/day) (1/m) (1/m) (1/m)

This investigation (range) 12 x107° 25x%107° 24 %107 1.7 x 107
14 % 10° 22 %1077 1.6 x 107° 3.8 x 107
54 %107 - 1.1 x107° -

Pavelko (2004) upper/optimal/lower 2x107 7% 10°° 7 % 107 3% 107
9.1 x 1077 1x 107 1.6 x 107° 13 x 10
6 x 107 3% 107 3%x107° 2 %107

“Represents upper, optimal, and lower calculated values associated with elastic aquitard thicknesses of 3, 4, and 5 m, respectively

® Represents the upper and lower calculated values based on 90 (also optimal) and 200-year time constants for the aquitards, respectively
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Fig. 12 Adaptation of Pavelko’s (2004) transient simulated vertical head
distribution through the three aquifers and aquitards for various times
showing the complex nature of heads in the aquitards for both declining
and recovering heads within the aquifers

that the aquitard heads are not in equilibrium nor do they
reflect the heads of the measured concomitant aquifers (see
Fig. 12). This is the result of the long time constants typi-
cally associated with these lower permeability units. Time
constants can easily reach thousands of years for thick low-
permeability aquitards (Ireland et al. 1984; Riley 1998;
Sneed and Galloway 2000). Another potential problem is
that it typically requires knowing the historical pumping
and subsidence from the onset of water-level declines in
the basin, which can cover decades to even a century of

Fig. 13 Time constants (Eq. 7)

time, extending to historical times where there are likely
little to no measured data available. Consequently, infer-
ences or extrapolations of these data often have to be made
as was done by Pavelko (2004) in constructing his historical
subsidence data for his simulation of the Lorenzi site.
Further complicating matters occur when water levels are
not continuing toward greater preconsolidation stress on an
ongoing yearly basis. If water levels fluctuate and periods
of annual recovery are occurring as is the case for the
Lorenzi site (Fig. 2), typical stress—strain analysis methods
developed by Riley (1969) for quantifying the inelastic
skeletal-specific storage are also not reliable or appropriate.

In spite of these limitations, the general knowledge of his-
torical pumping and drawdown within a basin can be used to
make a reasonable estimate of the inelastic skeletal-specific
storage even without a long observed record of the compac-
tion history. Furthermore, this estimate can be made without
foreknowledge of the maximum preconsolidation stress,
which is required for modeling the time-dependent hydrody-
namic lag and compaction history. In this analysis, a simplis-
tic, but not unreasonable, approach is used and an aquitard
time constant of 90 years is chosen, which is the cumulative
time since the commencement of pumping and likely head
declines within the principal aquifer system. This value clearly
represents a minimum time constant, but is likely not far from
the actual value as the total subsidence is asymptotically ap-
proaching equilibrium based on the cumulative subsidence
values shown in Fig. 7a. Furthermore, based on historical
ranges of aquitard hydraulic diffusivity (Epstein 1987;
Hanson 1989; Pavelko 2004; Pope and Burbey 2004; Sneed
and Galloway 2000) from modeling performed at

Time constants

S 107
for values of inelastic skeletal-

specific storage and hydraulic
conductivity of the aquitards. The
orange-shaded region shows the
range of time constants based on
the analyses of this investigation
and from other extensometer sites
throughout the United States. The
red circle represents Pavelko’s
(2004) optimal time constant
from numerical analysis
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extensometer sites, the time constant range is most clearly
attributed to aquitard thickness. Based on the average thick-
ness of the middle and lower aquitards at the Lorenzi site, the
range of time constants is typically in the 100-200-year range.
Hence, the use of 90 years here is a low end value (see Fig.
13), but reasonable based on the outcome (Table 3) compared
to the simulated values of Pavelko (2004), who estimated a
100-year time constant for the aquitards. The semi-analytical
approach here takes advantage of historical pumping, knowl-
edge of the hydrostratigraphy, and understanding of the rela-
tionship between short and long-term head changes and aqui-
fer compaction. These pieces of forensic evidence appear to
provide a reasonable way to quantify the inelastic skeletal-
specific storage in lieu of a more time consuming and rigorous
numerical analysis.

Conclusions

The goal of this investigation was to determine if a simplistic
semi-analytical approach could be used to reasonably quantify
the aquifer and aquitard parameters at a point site
(extensometer) in lieu of having to build a more complex
and time-consuming numerical model to estimate parameter
values. In virtually all cases in the literature some form of
numerical model was developed to analyze the subsidence
record obtained from extensometers to quantify the hydraulic
conductivity and elastic and inelastic storage properties of the
aquitards and the elastic storage of the aquifer units. These
studies often involved reconstructing a complex history of
pumping and interpolated or extrapolated subsidence and
preconsolidation stress history before such data were physi-
cally collected.

With careful examination, extensometer data can provide
more than just a continuous record of the total compaction
history associated with the lowering of hydraulic heads within
the measured zone of the extensometer pipe. This investiga-
tion reveals that important parameter values of the aquifer and
aquitards including the hydraulic conductivities and elastic
and inelastic specific storage can be reasonably quantified
under the following conditions: (1) all hydrostratigraphic units
important to the overall compaction record have been identi-
fied and their thicknesses established, (2) all the intervening
aquifer hydraulic heads are measured over the length of the
extensometer pipe, (3) cyclical pumping patterns are available
for the length of the record and preferably at multiple frequen-
cies, and (4) a reasonable historic understanding of the length
of the pumping history affecting the measured record.

The results of this study suggest that through careful exam-
ination of the water level and compaction records, the different
frequencies of pumping history can be isolated (deconvolved
from the cumulative record) to quantify specific aquifer and
aquitard properties. If pumping quantities and times are

@ Springer

known at frequencies that portend an elastic response, the
Theis equation can be used to develop the theoretical response
to pumping and recovery and compared to the observed record
whose shape and amplitude is a function of the rate of
pumping and the hydraulic parameters of the aquifers. Once
aquifer properties are characterized the aquitards can be eval-
uated provided these units are considered to be of the same
composition (constant parameters) and homogeneous and iso-
tropic in nature. A new technique was developed here using
the expression for the time constant to identify the portion of
the aquitards responsible for elastic deformation. Once iden-
tified, the compaction attributed to each aquitard and the elas-
tic storage and hydraulic conductivity of the aquifer can be
estimated. Finally, even if the period of record is limited and
even if the annual water levels are not continually declining
(increasing preconsolidation stress), the inelastic specific stor-
age can be reasonably estimated through a general knowledge
of the pumping history. The results of this investigation com-
pare favorably with those developed through numerical
modeling, suggesting that the more simplistic and less time-
consuming approach developed here is reasonable for estimat-
ing hydraulic parameters from a single extensometer record.
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