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This study exploits aquifer responses to the reduction of pumping rates at different locations in a synthetic
groundwater basin as basin-scale hydraulic tomography (HT) surveys to estimate transmissivity (T) and storage
coefficient (S) fields. This experiment mimics the situation of groundwater exploitation reduction in a pilot area
of groundwater-overexploitation control in the North China Plain. The results of the study show that taking
advantage of the groundwater exploitation reduction as HT surveys is a viable approach for basin-scale para-
meter estimations. Results also suggest that HT analysis should use accurate mean values of T and S for geo-
logical zones as initial guesses for the inversion of parameters. Further, we show that the T and S fields estimated
from HT yield accurate predictions of the groundwater flow velocities and breakthrough curves (BTCs).
However, the BTCs based on kriged and zonal mean fields are inaccurate. The predicted BTCs using homo-
geneous fields fail to capture the true trend of solute concentration over time. We advocate that utilizing aquifer
responses induced by groundwater exploitation reduction could be a new paradigm for basin-scale aquifer
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characterization.

1. Introduction

Identifying the spatial distribution of hydraulic property in large-
scale groundwater basins is crucial to the sustainable management of
groundwater resources (Fakhreddine et al., 2016; Straface et al., 2007).
Subsurface hydraulic heterogeneity dictates the behaviors of solute
transport in groundwater, and hence accurate identification of hy-
draulic properties in heterogeneous aquifers is of pivotal importance for
reliable prediction of solute transport (Jiménez et al., 2015).

Hydraulic properties of large-scale groundwater basin (over hun-
dreds of kilometers) are generally acquired by model calibrations,
which yield aquifer characterization with considerable uncertainty
given that sources of excitations in aquifers are seldom fully char-
acterized and only sparse temporal and spatial responses of aquifers are
available (Kitanidis and Vomvoris, 1983; Yeh et al., 2009). Due to the
significant uncertainties in the estimated hydraulic properties by tra-
ditional methods, the accuracy of predicting flow and solute transport

in groundwater basins has been seriously questioned (Bredehoeft,
2003).

In the past few decades, numerous studies have focused on identi-
fying the fields of hydraulic conductivity and specific storage using
traditional pumping tests and geophysical methods such as electrical
resistivity tomography and ground-penetrating radar (Fakhreddine
et al., 2016). However, for groundwater basins, these methods are
costly and time-consuming that they are impractical (Yeh and Liu,
2000).

As an efficient geophysical tool, the airborne electromagnetic (EM)
method has been widely used in geologic mapping, groundwater ex-
ploration, and environmental investigations (Paine and Collins, 2003;
Palacky, 1993; Yin et al., 2016). Although airborne EM is cost-effective
(Guillemoteau et al., 2011), its penetration depth is limited and it de-
tects anomalies in electric resistivity rather than hydraulic properties
(Fitterman, 1990).

Hydraulic tomography (HT) is an emerging technique for imaging

* Corresponding author at: Department of Hydrology and Atmospheric Sciences, University of Arizona, Tucson, AZ 85721, USA.

E-mail address: yeh@hwr.arizona.edu (T.-C.J. Yeh).

https://doi.org/10.1016/j.jhydrol.2020.125137

Received 23 January 2020; Received in revised form 24 May 2020; Accepted 30 May 2020

Available online 03 June 2020
0022-1694/ © 2020 Published by Elsevier B.V.


http://www.sciencedirect.com/science/journal/00221694
https://www.elsevier.com/locate/jhydrol
https://doi.org/10.1016/j.jhydrol.2020.125137
https://doi.org/10.1016/j.jhydrol.2020.125137
mailto:yeh@hwr.arizona.edu
https://doi.org/10.1016/j.jhydrol.2020.125137
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhydrol.2020.125137&domain=pdf

F. Liu, et al.

detailed aquifer heterogeneity (Hochstetler et al., 2016; Xiang et al.,
2009; Yeh et al., 2008; Yeh and Liu, 2000; Zha et al., 2019; Zhao and
[lman, 2018; Zhu and Yeh, 2005), which can integrate aquifer re-
sponses from numerous pumping tests. The robustness of HT has been
confirmed in small-scale synthetic aquifers (Illman et al., 2008, 2010;
[llman et al., 2008), laboratory sandboxes (Illman et al., 2007; Liu et al.,
2002, 2007; Zhao et al., 2016), and field studies (Berg and Illman,
2011; Cardiff et al.,, 2012; Doro et al., 2015; Fischer et al., 2017;
Kuhlman et al., 2008; Zha et al., 2016). More importantly, the spatial
patterns of hydraulic properties estimated by HT can produce better
predictions of flow and solute transport than traditional aquifer ima-
ging approaches (Illman et al., 2012; Ni et al., 2009; Tso et al., 2016).

Pumping from a well to create detectable responses throughout
large-scale aquifers is unlikely. As a result, how to adequately stress the
entire large-scale aquifer becomes a challenge. Kuhlman et al. (2008)
proposed and demonstrated the utility of conducting multiple HT sur-
veys in a synthetic groundwater basin. Yeh et al. (2008) promoted ex-
ploiting natural stimuli (atmospheric pressure variation, lightning, solid
earth tides, river stage, etc.) as energy sources for basin-scale hydro-
logic and geophysical tomographic surveys. Yeh et al. (2009) demon-
strated the feasibility of exploiting the river stage variation for basin-
scale aquifer characterization in a synthetic aquifer. Wang et al. (2017)
applied the river stage tomography concept to characterize the aquifer
in the Zhuoshui river fan in Taiwan.

There are rooms for improvement in this emerging technology of
HT, in particular for imaging basin-scale aquifer heterogeneity (Illman,
2014). The cost-effectiveness of HT derives from the collection of
nonredundant information from a limited number of wells (Sun et al.,
2013; Yeh et al., 2014). New strategies that collect additional non-
redundant information at the existing observation wells used by HT
experiments would be the most attractive (Cardiff et al., 2013a,b; Tso
et al.,, 2016). For example, Zha et al. (2019) took advantage of the
change in the flow fields due to variations in pump-and-treat operation
as a large-scale HT survey to capture the low permeable zones for hy-
drofracking to enhance remediation effectiveness at the U.S. Air Force
Plant 44, Tucson, Arizona, USA.

Analogous to natural stimuli, anthropogenic perturbations can also
cause a series of significant groundwater level fluctuations. The North
China Plain (NCP), one of the extremely populated and water-stressed
areas of the world, has been enduring persistent problems associated
with groundwater depletion and deterioration of water quality in the
past decades. As a result, the government has initiated the ground-
water-exploitation reduction program to restore the groundwater re-
sources and to prevent further deterioration in the NCP since 2014 (Xu,
2017; Zhao et al., 2017). In the NCP, a large number of pumping and
monitoring wells have been installed, and groundwater levels have
been monitored. More importantly, long-term and high-frequency re-
cords of groundwater levels have been collected for many years.
Therefore, we proposed to utilize the vast amount of existing wells and
datasets to characterize the heterogeneity of aquifers in the NCP. In-
termittent shutdown and resumption of different pumping wells in the
NCP alters the large-scale flow fields. Such changes in flow fields are
equivalent to a large-scale HT survey in the NCP if long-term datasets of
aquifer responses are available. However, such a long-term dataset in
the NCP is not available for us at this moment. Consequently, in this
study, we use a synthetic two-dimensional, horizontal, confined aquifer
to demonstrate the feasibility of the proposed approach. A shift of
aquifer characterization strategies towards using existing wells and
observation data is highly encouraged (Cardiff et al., 2013a).

The main objectives of the study are to (1) explore the feasibility of
utilizing aquifer responses induced by anthropogenic excitations to
enhance basin-scale aquifer characterization; (2) evaluate the im-
provement of estimated transmissivity (T) and storage coefficient (S)
fields using different prior means (i.e., uniform mean, kriged mean, and
zonal mean); (3) assess the accuracy of solute transport prediction with
different estimated parameter fields. The results of this study may guide
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the future applications of this approach to the aquifer characterization
in the NCP when data become available.

2. Methodology

This study focuses on the transient flow and nonreactive solute
transport problems in a horizontal, two-dimensional, confined aquifer
with spatially varying hydraulic properties. The following sections brief
the basic concepts and parameter estimation principles associated with
the corresponding governing equations and assumptions for predicting
flow and transport in groundwater.

2.1. Groundwater flow and transport model

This study assumes that the following partial differential equation
governs groundwater flow in a two-dimensional, depth-averaged, sa-
turated, heterogeneous confined aquifer:

VATGVH] + Q) = 50 W

subject to the boundary and initial conditions:
Hlp=H, [-T&®VH]n | r=q, and H| t=0 = H, ®)

where, in Eq. (1), H is the total head [L], x is the spatial coordinate
x = (x,y), [L]), Q(xp) is the pumping rate per unit area (L/T) at the
location x;, T(x) is the transmissivity [L2/T], and S(x) is the storativity
[-]. In Eq. (2), H; is the prescribed total head at Dirichlet boundary I';,
q is the specified flux at Neumann boundary I's, n is a unit vector
normal to I',, and Hy represents the initial total head.

Likewise, the conservative solute transport processes along with
groundwater flow in saturated porous media are presumed to be gov-
erned by the classical advection-dispersion equations (CADE) as fol-
lows:

aC(x, t)

VIDEVCE, D] = VEOVCE ) + Qelx, ) = == ©)

subject to boundary and initial conditions:
Cx, )] n = Cp, [DE)VCE, )]n |2 =q, and C,t)| t=0 =Cy
4

where, in Eq. (3), C(x,t) is the volumetric solute concentration mea-
sured in groundwater [M/L3], x is the spatial coordinate (x = (%, y),
[L]), Q.(x, t) is the rates where the volumetric solute concentration is
pumped from groundwater (M/L3T) at the location x, D(x) is the dis-
persion coefficient [L2/T], and V (x) is the flow velocity [L/T], which is
equal to the specific discharge divided by the effective porosity. In Eq.
(4), Cp is the prescribed concentration at Dirichlet boundary I'y, q. is
the dispersive flux at Neumann boundary I';, n is a unit vector normal
to 'y, and Cj is the initial concentration.

In this study, these governing equations are solved by the code of
VSAFT2 (Variably Saturated Flow and Transport 2-D) developed by Yeh
et al. (1993) available at http://tian.hwr.arizona.edu/downloads.

2.2. Hydraulic tomography analysis

In this study, transient HT analysis was conducted using the
Simultaneous Successive Linear Estimator (SimSLE) developed by Xiang
et al. (2009). The SimSLE estimator is inherited from the Successive
Linear Estimator (SLE) developed by Yeh et al. (1996). The robustness
of the SimSLE algorithm is that the estimation of aquifer properties can
be accomplished by simultaneously considering all observed hydraulic
head changes due to various pumping events during an HT survey,
instead of incorporating the aquifer responses from discrete sources
sequentially into the inversion process as is done in the Sequential
Successive Linear Estimator (SSLE) (Ni and Yeh, 2008; Zhu and Yeh,
2005). The SimSLE estimator is briefly described below.
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Fig. 1. The geographical location of the Heilonggang plain and the spatial distribution of phreatic water TDS in the NCP.
In the SimSLE method, the aquifer properties (T and S) are con- ) Ny Np Nu(k) Ni(kd)
ceptualized as highly-parameterized random fields, described by a prior [ ) = Z Aoif (1) + Z Z E Bojah (k. xj. ta) ©)
i=1 k=1 j=1 d=1

geostatistical model (mean, variance and correlation scales). The
SimSLE starts with cokriging to estimate the conditional expectation of
the aquifer parameters (T and S) conditioned on f(x;) and h(k, x;, tq).
The term f(x;) denotes the perturbations of either InT or InS measured at
location x; (i = 1,...N, where N¢ is the total number of measured
parameters). Another term h(k, xj, tq) represents the observed head
perturbation at location x; and time tq during the kth pumping event.
The linear estimator is

where f(l) (xp) is the cokriged f value at location x¢; Nj is the total
number of pumping events; Ny(k) is the total number of monitoring
wells for the kth pumping event. The total number of transient head
measurements at location x; during the kth pumping event is denoted
by Ni(k, j). Meanwhile, 4; is the cokriging weight, which represents the
contribution of parameter measurement at location x; to the estimate at
location Xo. S, denotes the contribution from the head perturbation
h(k, x;, tg) to the estimate at location x,. These weights are calculated
by solving the cokriging system of equations (Xiang et al., 2009).
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d

1

Jj

Np Np(k) Ne(kij)
1

k:

—e—F2 (confined water)

1

N

Ry Xm, X5) — z /1minf (i, Xp) — Z Z Z 50kjd

i
Ry ((k, Xj, tq), xn)

where m and n represent the element number. Ry denotes the

g(ﬁl) (Xms Xn)

—e—F1 (confined water)
The new estimate for all the elements can be generated by using

cokriging, and then the conditional covariance, g, is computed as

Fig. 2. Hydrographs in representative monitoring wells screened at phreatic aquifer (a-d) and confined aquifer (e-h) after the groundwater exploitation reduction
follows:

program.
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Fig. 3. Map of the synthetic groundwater basin showing the steady-state flow field with no pumping, configurations of pumping wells and monitoring wells,

boundary conditions, as well as the zones of hydraulic properties.

unconditional covariance of the parameter, while Ry is the cross-cov-
ariance between h and f. The conditional covariance can reflect the
reduction of uncertainty in the parameter estimates along with the data
assimilation of hydraulic head observations. Subsequently, the esti-
mated fields of parameters are used to generate the conditional effec-
tive head fields.

A stochastic linear estimator is then used to improve the estimate for
iteration r > 1, in which the nonlinear relationship between f and h is
handled by a successive estimation scheme:

Np Np(k) Ni(k,j)

P =F0w - 3 N 3 elulht s -

k=1 j=1 d=1

R (k, Xj, t)]

)

where coék]d is the weights, representing the contribution of the differ-
ence between the observed head h(k, xj, ty) and simulated h® (k, Xj, ta)
at iteration r at location x; and time t4q during the kth pumping test to
the estimation at location x,. The weighting coefficients are determined
by

z Z w(gltj)d E(r)((p Xms te) (k Xjs td)) + G)(r)akjd]

k=1 j=1 d=1
=¢57 ((p, Xm» Le)s Xo) 8)

Npand e = 1,...N,. g

Np, m = 1,... is the conditional
auto-covariance of observed head data at iteratlon r, and the term ¢ is
the conditional cross-covariance between parameter f and head data at
iteration r. The covariances involved in Eq. (8) are calculated by the
first-order numerical approximation (Yeh and Liu, 2000). SimSLE sta-
bilizes the solution by adding a dynamic stabilizer ) (64 is the Dirac
delta, equal to one if k = j = d and zero otherwise) to the diagonal
elements of s(’) The diagonal elements vary with iterations, reflecting
the degree of improvement of the estimates. Thus, this approach is
different from that of Levenberg-Marquardt algorithm (Pujol, 2007).

gy is the conditional covariance of parameter f, which is constructed
by a geostatistical prior model with a description of mean, variance,
and correlation scales at r = 0. After achieving the new parameter
estimates using Eq. (7), ¢y is updated subsequently according to the
following equation:

where p = 1,...
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Table 1
Designation of transient hydraulic tomography in the synthetic experiment.
Scenario Well ID Pumping rate Time period Status
(m®/d) (day)
Pumping event  1/10/32/ —8000 0-1000 Normal rate
1 51/54/62 —4000 1001-2000 Reduction
0 2001-3000 Shut down
Pumping event  2/22/27/ —8000 0-1000 Normal rate
2 36/48/52 0 1001-2000 Shut down
—4000 2001-3000 Reduction
Pumping event 14/16/37/ 0 0-1000 Shut down
3 40/42/64 —8000 1001-2000 Normal rate
—4000 2001-3000 Reduction

D Qs X)) = € Comn X) = D0 D D, O0E

d=1

Np Np(k) Ni(k.j)

k=1 j=1

)

h

((k’ Xjs [d)’ xn)

9

The iterative process among Egs. (7)-(9) continues until one of the
following two criteria is met. One is that change in variances between
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the current estimated hydraulic properties and prior iterations is
smaller than a specified tolerance, while the other is that the change of
simulated heads between successive iterations is smaller than the user-
specified head tolerance (Xiang et al., 2009).

2.3. Performance metrics for HT inversion

Scatterplots of the true T and S values versus their estimated
counterparts are used to assess the HT outcomes with various pieces of
prior information. Moreover, the criteria of the coefficient of determi-
nation (R?), the mean absolute error (L), the mean square error (L,),
the slope and intercept are also used to evaluate the performance of HT
inverse model. L; and L, are described as the following equations:

N

< Z (i — %)

1 N
L,=— Ix; — Xl L, =
1 N; i i 2 Nl.:l

(10
where N is the total number of elements, i is the element number, x; is
the true T or S value at the ith element, and X; is the estimated T or S
value at the ith element. In general, the higher R? indicates a better
result; the smaller values for L; and L, are the better estimates. The
slope is an indicator of bias. The closer the slope of the linear regression
line to 1 and the intercept to 0, the better the estimates are.

3. Numerical experiments
3.1. Site description

The Heilonggang (HLG) plain in the NCP is a pilot area of ground-
water-overexploitation control, which stretches 9-57 km wide from
west to east and 76 km long from south to north, covering a total area of
approximately 2695 km? (Fig. 1). The elevation in the study area ranges
from 96 m above sea level (m.a.s.l.) in the southwest, to 34 m.a.s.l. in
the northeast part. The overall terrain slope ranges from 0.1%o to 0.2%eo.
The main landforms in the study area are alluvial-proluvial plain, and
alluvial-lacustrine plain, respectively. A temperate semi-humid climate
prevails in the study area, characterized by an obvious seasonal pattern.
The mean annual precipitation was in the range of 500-600 mm, and
70-80% of annual precipitation fell during the monsoon from June to
September. The average annual pan evaporation ranged from 1100 to
1800 mm (Wang, 2011).

The HLG is located in the southern section of the North China
subsidence zone, where the unconsolidated Quaternary sediments are
well developed with a maximum thickness of 560 m (Zhou, 2008). The
Quaternary deposits consist of gravel, sand, silt and clay. The aquifer
system in the study area can be divided into two types: phreatic aquifer
and confined aquifer. The unconfined and the confined aquifers are
separated by an discontinuous aquitard composed of silt and clay with
thickness around 10 m.

The phreatic aquifer is mainly composed of medium to fine-grained
sands with depth to the bottom of the aquifer varying from 100 to
150 m, and the transmissivity of the aquifer ranges from 100 to 300 m?/
d. Precipitation infiltration and irrigation return flow via vadose zone
as well as lateral flow are the major sources of phreatic water. The
phreatic water mainly discharges as lateral outflow, artificial ex-
ploitation and leakage. Given that the depth to the water table is gen-
erally large in the study area, direct evaporation from the phreatic
aquifer is small. It is noteworthy that the saline water with total dis-
solved solids (TDS) exceeding 2 g/L is widespread in the phreatic
aquifer (Fig. 1), which is a potential contaminant source for ground-
water quality in the underlying confined aquifer.

This study focuses on the confined aquifer, which is the most pro-
mising water-supply aquifer for agricultural, domestic, and industrial
usages. Along with the groundwater exploitation reduction program,
the pressure head is anticipated to vary significantly. The confined
aquifer is mainly composed of alluvial sands and gravels during the
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Quaternary, with depth to the bottom of the aquifer varying from 350
to 500 m. The hydraulic properties of the aquifer are highly variable in
space. Generally, the transmissivity changes between 10 and 480 m?/d,
and the storage coefficient ranges from 0.001 to 0.008. The transmis-
sivity in the low permeable parts, which is composed of silt, varies from
10 to 50 m?/d, and the storage coefficient is around 0.001 (Wang,
2011). Overall, the confined groundwater flows predominantly from
southwest to northeast (Fig. 1). A huge groundwater cone of depression
due to long-term pumping has existed in the center of the study area.
Over the past years, the difference in hydraulic head between un-
confined and confined aquifers has reached more than 60 m in some
areas. As a result, leakage from the upper aquifer has become the
dominant recharge source of the confined aquifer with an approximate
percentage of 90% (Wei, 2018). Leakage from the overlying unconfined
aquifer with high TDS into the confined aquifer becomes a potential
source of contamination.

The groundwater exploitation reduction program implemented by
the government, via agricultural water-saving projects and water
transfer from the middle route of the South-to-North Water Diversion
Project, has reduced the total amount of groundwater pumping since
2014. This program has profound impacts on the groundwater and
caused a series of changes in the aquifer system (Zhao et al., 2017).
Well hydrographs at monitoring wells, as shown in Fig. 2, provide di-
rect evidence of the recovery of groundwater level in some regions. The
rebound of the water levels has taken place from one location to

another during the years from 2014 to 2017.

For the phreatic aquifer, relative to the mean annual groundwater
level in 2014, the mean annual groundwater level at the monitoring
wells M2 and G2 increased 11.83 and 5.73 m, respectively, in 2017
(Fig. 2a-d). Similarly, the groundwater level has also increased in the
confined aquifer. The average annual hydraulic heads at the observa-
tion wells Q1 and Q2 ascended 15.04 and 10.03 m in 2017, compared
with the corresponding values in 2014 (Fig. 2e and f). Meanwhile, the
mean annual groundwater levels at the wells F1 and F2 increased 10.28
and 6.27 m in 2017, relative to those in 2015 (Fig. 2g and h).

3.2. Synthetic experiment setup

The synthetic confined aquifer was designed to mimic the confined
aquifer in the HLG plain. The synthetic aquifer follows the shape of the
aquifer in the HLG plain and has an area of 2695 km?. This aquifer is
discretized into 2896 nodes that form 2720 rectangular elements. The
dimensions of each element are 1 km (length) X 1 km (width).
Groundwater flows dominantly from southwest to northeast boundary
(Fig. 3). The boundary segments perpendicular to the contours of the
groundwater level, are no flux boundaries. The remaining boundary
segments (A-B, C-D, E-F) are assigned specified head boundary condi-
tion with constant head values of 100 m (A-B and C-D segments) and
60 m (E-F segment), respectively.

Nonstationary random fields of true T and true S (Fig. 4) were
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Fig. 6. Hydrographs at 52 monitoring wells in response to pumping events during the simulation period.

generated with four zones, which is analogous to the geologic char-
acteristics of the HLG basin (Fig. 3). For each of the zones, independent
random fields of T and S are generated individually using a random
field generator. According to actual geological data, different ranges of
transmissivity were assigned to the zone 1 (120-240 m?2/d), zone 2
(< 120 m?/d), zone 3 (240-360 m?/d) and zone 4 (360-480 m?/d).
Therefore, the mean InT (m?/d) values 5.1, 4.38, 5.4, and 5.68 were
assigned to zones 1, 2, 3, and 4, respectively. The variance of InT for
each zone is 0.1. Likewise, the mean InS for each zone is —5.81, —6.91,
—5.12, and —4.89, respectively, and the variance of InS is 0.1.
Transmissivity is assumed to be isotropic at the scale of the model
elements (Ty = Ty), but both the T and the S fields are assumed to be
statistically anisotropic at the scale of the domain. The correlation
scales are 20 km in the east-west direction and 5 km in the north-south
direction. The random T and S fields are mutually exclusive.

After generating the random T field with these spatial statistics,
steady-state responses of the aquifer with no pumping were simulated
(Fig. 3), and then the results of the steady-state simulation were used as
initial conditions for calculating transient head changes in the aquifer
induced by the groundwater exploitation reduction.

The transient simulation stressed the aquifer simultaneously with
multiple pumping wells in a manner analogous to municipal pumping
systems in the HLG plain. The synthetic well-field is composed of 70
wells: 18 pumping and 52 observation wells. The well layout is the
same as those in the real basin. The well numbers, their locations, and

steady-state initial head distribution are shown in Fig. 3.

We simulated three pumping/reduction/shutdown events, which
involved different wells, pumping/reduction/shutdown periods, and
pumping rates, as listed in Table 1. The pumping rates were designed
such that each pumping event stresses most of the aquifer, resulting in
the overlap between the stressed areas of different pumping events. The
pumping well locations for each event are shown in Fig. 3; triangles are
wells pumped in pumping event 1, squares in event 2 and stars in event
3. The simulation lasts 3000 days.

Specifically, for pumping event 1, each of the six wells (Table 1) was
pumped at 8000 m®/d for 1000 days, then reduced to 4000 m>/d for
1000 days, and they were shut down for the rest 1000 days. For
pumping event 2, six different wells (Table 1) were pumped at
8000 m®/d for 1000 days, then temporarily shut down for 1000 days,
and they were pumped at a reduced rate of 4000 m®/d for the re-
maining 1000 days. For pumping event 3, another six different wells
(Table 1) were initially closed for 1000 days, and afterward, they were
pumped at 8000 m>/d for 1000 days, and reduced to 4000 m>/d for the
rest 1000 days. During each pumping test, head data were collected at
52 observation wells (Fig. 3). These events were designed in such a way
to imitate the current situation of groundwater exploitation reduction
in the NCP.
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Table 2
Statistical summary for head inversion using different prior information.
Prior means Uniform mean Kriged mean Zonal mean
Cases Case la Case 1b Case2a Case 2b Case 3a  Case 3b
InT R? 0.877 0.817 0.876 0.816 0.921 0.864
L, 0.124 0.156 0.125 0.158 0.102 0.139
L, 0.028 0.042 0.029 0.043 0.018 0.032
Slope 0.871 0.822 0.884 0.842 0.926 0.901
Intercept  0.664 0.914 0.601 0.810 0.383 0.508
InS R? 0.752 0.745 0.768 0.737 0.932 0.911
Ly 0.267 0.271 0.253 0.275 0.140 0.162
Ly 0.127 0.132 0.120 0.136 0.034 0.046
Slope 0.741 0.739 0.856 0.820 0.931 0.916
Intercept —1.422 —-1.417 —-0.812 —0.995 —-0.379 —0.441

Journal of Hydrology 588 (2020) 125137

4. Results and discussion

4.1. Forward simulation and aquifer response to groundwater-pumping
reduction

The simulated groundwater drawdown fields at 1000, 2000, and
3000 days due to the three events are shown in Fig. 5. The drawdown
fields show that the changes in the operation of pumping wells, due to
the groundwater exploitation reduction program, can stress the most
areas of the entire aquifer. The first time frame (0-1000 days) re-
presents the effect of normal pumping operations prior to the im-
plementation of the groundwater exploitation reduction program at the
year of 2014. Clearly, the spatial distribution of the drawdown field at
1000 days shows that simultaneous operation of multiple pumping
wells can stimulate appreciable drawdown only in the finite regions of
the entire aquifer (Fig. 5a). The program of groundwater exploitation
reduction is a gradual process, which is reflected in the remaining time
intervals (1001-2000 days and 2001-3000 days). The second time
frame (1001-2000 days) and the last time frame (2001-3000 days) are
the initial and late stage of regional groundwater-pumping reduction,
respectively. With the groundwater exploitation reduction, the altera-
tion of pumping wells modifies the basin-scale flow field, and the
drawdown fields at 2000 and 3000 days spread throughout the region
(Fig. 5b and c), indicating that the entire basin-scale aquifer is stressed
due to the operational variations of pumping wells at various locations.

The changes of groundwater levels in fifty-two observation wells are
shown in Fig. 6 over the three time intervals (0-1000 days,
1001-2000 days, and 2001-3000 days). According to these well hy-
drographs, wells respond differently to changes in stimulus caused by
varying pumping events. Overall, three patterns of hydraulic head
fluctuations (namely, sharp drawdown, slow drawdown and stable or
rising limb) are observed during the entire period (Fig. 6). The sharp
decline in water level generally occurs in the first and second time in-
tervals when each pumping well is pumped at a normal rate of
8000 m3/d. When the rate is reduced to 4000 m®/d, the water level
decreases slightly. During the shutdown of pumping wells in different
events, the water level exhibits steady or notable rises. The head
changes in most of the monitoring wells are sensitive to the change of
pumping operations, suggesting a variety of patterns for all the
groundwater-pumping reduction, intermittent shutdown, and resump-
tion events.

Such a dissimilarity in the regional flow field suggests that these
aquifer responses likely carry information about the hydraulic con-
nections among pumping wells and observation wells (Wen et al.,
2020). Therefore, it is fairly obvious that changes in pumping rate can
be detected in well signals, and the changes in heads will be the su-
perposition of a variety of different changes to the stresses throughout
the aquifer, which is tantamount to a large-scale HT survey.

4.2. HT inversion using different prior information

4.2.1. The role of initial guess in parameter estimations

Given that the estimation of T and S in a highly-parameterized
model is sensitive to the initial values of parameters (Illman et al.,
2008; Zha et al., 2019), three cases with different initial guesses (uni-
form, kriged fields and zonation) were used in inverse model. Case 1
represents the situation in which there is little knowledge of spatial
patterns of hydraulic properties at a field site. As such, the initial field
for the inverse model is assumed to be homogeneous. Given the fact
that the zone 1 is dominant feature in the region (Fig. 3), the mean
values of T and S for zone 1 were used as the initial guess properties.
Case 2 aims to demonstrate the effects of considering direct measure-
ments of T and S from pumping tests and borehole logs on character-
izing the region. That is, the hypothetically known T and S values at
locations of 52 observation wells were interpolated and extrapolated by
kriging method to derive the initial T and S fields for the HT analysis.
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Fig. 8. Transmissivity estimates (a—c) for cases 1a, 2a and 3a, as well as the corresponding storage coefficient estimates (d-f).
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Fig. 9. Scatterplots of reference versus estimated values of the transmissivity (a—c) and storage coefficients (d—f) for Cases 1a, 2a and 3a.

Fig. 7 shows the kriged T and S fields, which have a much more
smoothed appearance than the true fields in Fig. 4. The kriged fields
only delineate the approximate distribution of high and low permeable
zones, but fail to capture the details or accurate geometry of aquifer
heterogeneity (Figs. 4 and 7). Case 3 assumes that the geometry and
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locations of the four geological zones in the reference fields are known
exactly (Fig. 3) via available geological maps and cross sections. For
initial guesses of the zonal hydraulic properties, each zone is prescribed
with a mean T or S value identical to that of the corresponding zone in
the true T or S fields.
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As a baseline, the results of HT inversion using noise-free observa-
tion data generated from the forward simulation (Cases 1a, 2a, and 3a)
were examined. The estimated fields of parameters, scatterplots and
performance metrics of the estimates for the three cases are presented
in Table 2, Figs. 8 and 9. For Case la, the main features of the het-
erogeneous aquifer are identified (Fig. 8a), with a correlation coeffi-
cient (R?) of 0.877 (Fig. 9a), indicating that much of the heterogeneous
information on T has been extracted. However, the estimated S pattern
(Fig. 8d) is much smoother than the true values (Fig. 4b). Some loca-
lized high S zones are not identified, and the shape of the low S areas is
not accurately delineated (Fig. 8d). The scatterplot for InS in Case la
also exhibits a more dispersed distribution than that for InT (Fig. 9a and
d). Relative to those values of metrics for InT, the performance of S
estimation is worse with a lower R? (0.752), larger L, (0.127), smaller
slope (0.741).

In Case 2a, the HT inversion started with kriged T and S fields. The
estimated T map is similar to that of Case 1a (Fig. 8a and b), with
similar values of performance metrics (Fig. 9a and b). However, the
results of S estimates are better than those in Case 1a. The outlines of
high S and low S zones are closer to the reference field (Fig. 8e). The
index (R?) increases to 0.768 and the slope value also ascends from
0.741 to 0.856, indicative of slightly better performance for S estima-
tion in Case 2a than that in Case 1a.

In comparison with results of Cases 1a and 2a, the prior model with
given zonal geometry (Case 3a) yields the best results. With respect to
InT, the R? and slope increase to 0.921 and 0.926, while L, and inter-
cept reduce to 0.018 and 0.383, respectively (Table 2). For InS, the R*
and slope reach 0.932 and 0.931, while L, and intercept reduce to
0.034 and —0.379, respectively (Table 2). Case 3a yields a more ac-
curate characterization of hydraulic heterogeneity relative to the re-
ference fields, as depicted in Fig. 8c and f. Additionally, the scattered
points for Case 3a (Fig. 9c and f) are closely around the 1:1 line, pro-
viding direct evidence for the excellent performance of the inverse
model starting with zonal T and S means.
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In summary, the HT inversion using a known stratigraphic zonation
model can produce more detailed information of aquifer heterogeneity.
However, the inversion of the zonation model based on inaccurate
geological information may yield worse inversion results (Luo et al.,
2017; Zhao et al., 2016). Therefore, using a hydraulic zonation model
with accurate geological information as the prior information of HT
analysis may be a preferred choice for the HT inversion, given that it
can improve the delineation of high and low T or S zones.

4.2.2. Effects of noisy observations

The previous HT inversion was based on noise-free observations.
However, observed well hydrographs in the field likely contain noisy
signals unexplained by the synthetic model apart from effects of het-
erogeneity (such as measurement errors and other sources or sinks in-
cluding precipitation, evaporation, lateral flow, leakage, etc.). In this
study, unbiased Gaussian noises with a standard deviation of 0.1 m
were superimposed onto the simulated hydrographs in order to mimic
more realistic scenarios. Apart from the corruption of the observation
data, the other setup of the inverse models remains the same as that in
the noise-free analysis.

The estimated T and S tomograms from the Cases 1b, 2b, and 3b
using noisy signals for inverse modeling are shown in Fig. 10. In terms
of T tomograms, the spatial patterns of the main high and low perme-
able areas are mapped (Fig. 10a—c), suggesting that the estimated T
tomograms using noisy head data are still comparable to the true T
fields (Fig. 4a). Moreover, it is noteworthy that the localized shapes of T
tomograms in the Case 3b are more accurately characterized in com-
parison to the inversion results in the Cases 1b and 2b. With respect to S
tomograms, the estimated S patterns (Fig. 10d and e) from the Cases 1b
and 2b are smoother than the true fields (Fig. 4b). The geometric shapes
of the high and low S areas for the Cases 1b and 2b are not accurately
captured by comparing with the true fields (Fig. 4b), indicating loss of
some heterogeneous information. The S tomogram is noticeably im-
proved in the Case 3b (Fig. 10f). Overall, in noisy data analysis, the HT
inversion using an accurate zonation model can still reproduce T and S
tomograms closer to the true fields.

To better assess the effects of noisy observations on the character-
ization of aquifer heterogeneity, the bar charts of the main performance
metrics (R% L, and slope) for all cases are plotted in Fig. 11. These bar
charts illustrate that the estimates using noisy well hydrographs (Cases
1b, 2b and 3b) are inferior to those using noise-free hydrographs (Cases
1a, 2a and 3a). Although using the noisy signals in HT inversion results
in the loss of some heterogeneous information, the main subareas of
hydraulic properties are still captured (Figs. 10 and 11). Using zonal
means as prior guessed values for inversion (Case 3b) also yields the
best estimates of T and S among the Cases 1b, 2b, and 3b in noisy data
cases (Fig. 11). Thus, for basin-scale aquifer characterization, we re-
commend the use of zonal means with accurate geological information
as initial guesses for the inversion of parameters (Luo et al., 2017; Zhao
et al., 2016).

4.3. Predictions of solute transport with the reconstructed heterogeneity

The spatial variation in transmissivity (T) plays a key role in the
spreading of solute plumes (Ni et al., 2009). Therefore, it is necessary to
assess the performance of the reconstructed hydraulic parameter fields
with different precision for predicting solute transport. Here, four sce-
narios with different parameter fields are considered, namely homo-
geneous, zonal mean, kriged fields and HT inversion results. The
homogeneous fields of T and S are assumed to be the mean values of T
and S for zone 1, given the dominance of zone 1 in the region (Fig. 3).
For the zonal mean fields, the average values of T and S are assigned to
each zone of the domain, which is also widely used in the groundwater
models (Liu et al., 2018; Wen et al., 2007). The resolution of the kriged
fields is higher than that of the zonal mean fields, because direct
measurements of the aquifer parameters are considered. Additionally,
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Fig. 12. Spatial snapshots of solute plume evolution using true fields in solute transport model at selected time 1000 (a), 2000 (b) and 3000 days (c).

the T and S estimates of HT inversion in Case 3a are used to predict the
spreading behavior of plume, which is anticipated to provide the
highest resolution of the parameter fields.

As mentioned previously, downward leakage from upper aquifer
with high TDS, creates threats to the confined aquifer. Therefore, the
intrusion of the overlying saline water into the confined aquifer was
considered to be a meaningful and realistic scenario for solute transport
prediction.

The plume source zone was assumed to be the areas of the phreatic
water with TDS > 2 g/L, namely the yellow, orange and red zones in
Fig. 1. The leakage rate was assumed to be 0.001 m/d, with a TDS
concentration of 2000 mg/L. For solute transport simulation, all nodes
were assigned an initial TDS concentration of 500 mg/L, corresponding
to the mean background concentration. The boundary conditions and
pumping events, as well as the simulated time (3000 days), remained
the same as those in the Case 3a. For comparing the solute transport
simulation results based on different parameter fields, the 52 mon-
itoring wells (Fig. 3) were used for monitoring the concentrations of
TDS.

It should be noted that the transmissivity heterogeneity plays a
much more important role in the transport behaviors of solute than the
dispersivity (Ni et al., 2009), given the insensitivity to longitudinal
dispersion coefficient for large-scale transport simulations (Sudicky
et al.,, 2010). For transport parameters, the longitudinal and the
transverse dispersivities were assumed to be 1000 and 100 m, respec-
tively. An average porosity of 0.4 was selected for the entire domain.
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The porosity value was assumed constant over the entire domain, given
that it may be less likely that depth-averaged porosity varies by a factor
of 2—4 within any individual grid cell at this basin-scale model, based
on a small InT variance of 0.1.

Spatial snapshots at selected time (1000, 2000 and 3000 days) of
solute transport model show that the plume size varies over time
(Fig. 12). Relative to the initial plume size with 1038 km?, the area of
solute plume increases by 266 km? at 1000 days (Fig. 12a) and 422 km?
at 2000 days (Fig. 12b), respectively. Lastly, the contaminant plume
size reaches 1540 km? at 3000 days (Fig. 12c). Given the importance of
groundwater flow velocity in the solute transport prediction, the actual
velocity fields (V and Vy) were compared with simulated velocity fields
using different parameter fields (Fig. 13). Clearly, the parameter fields
from HT inversion produce the best predicted velocity components
analogous to those actual ones (Fig. 13a and b). The predicted velocity
components using kriged fields (Fig. 13c and d) are inferior to those
from HT estimation, while they are slightly better than those using
zonal mean fields (Fig. 13e and f). The simulated velocity components
using homogeneous fields present the lowest accuracy (Fig. 13g and h),
in comparison with other scenarios.

Additionally, the breakthrough curves (BTCs) obtained at four
monitoring sites (wells 19, 23, 67, and 70) with various distances from
source zones, were selected to make a comparison of simulated results
of different parameter resolutions (Fig. 14). With respect to the true
BTC in the well 19 with approximate 1 km and 2 km away from the
periphery of the northeast plume source and the west plume source of
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Fig. 13. Scatterplots of actual velocity components (V, and V) versus simulated velocity components from HT estimation (a-b), kriged fields (c-d), zonal mean (e-f)

and homogeneous fields (g-h).

well 19, nonuniformities can be identified from the curve (Fig. 14a).
The BTC curve initially increases with a lower slope from the mean
concentration, suggesting that the small solute flux is likely a result of
dispersion from the northeast plume source at the initial stage. After
about 1300 days, the TDS values increase at a faster rate, indicating
additional contribution from the plume source west of this well. The
superimposed effects of both two plume sources may be mainly re-
sponsible for the accelerated TDS increment. Besides, the initial arrival
time is about 1200 days for the well 23 at a distance of 4 km away from
the nearest point in the source zone. Thereafter, the TDS values
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immediately start with a steep increase of concentration from the mean
background concentration (500 mg/L), followed by gradually reduced
slopes during the period from 2000 to 3000 days, and finally reach a
relatively steady-state with a maximum concentration of 520 mg/L
(Fig. 14b). The true BTCs from wells 67 and 70 also follow a typical
shape resulting from continuous input of solutes, and vary in the arrival
time and the maximum concentration (Fig. 14c and d).

In this study, the main concern is whether the reconstructed het-
erogeneity is accurate enough for predicting solute transport behaviors.
The simulated results confirm that the parameter fields estimated from
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Fig. 14. Comparison of true BTCs and simulated BTCs at the selected monitoring wells.

HT inversion can yield the best prediction of BTCs at these locations.
For most of the observation wells, the BTC peaks and trends can be
accurately captured by using the estimated T and S values from HT
inversion.

The BTCs based on kriged fields show imprecise predictions of BTCs
and overestimations of peaks. Note that the kriged T and S fields were
generated from 52 direct measurements that were assumed to be
known. However, in most practical issues, information on hydraulic
parameters is generally very limited given the huge cost for conducting
a large number of pumping tests in the field. Therefore, it is an ex-
pensive way to acquire so many in-situ parameters in the real world,
and the prediction of BTCs based on the kriged fields is expected to be
even lower accuracy than that shown in this study.

The simulated BTCs based on zonal mean fields exhibit similar
shapes of BTCs analogous to true ones but show inaccurate peak values.
Relative to the true peak values, the peak value for BTC in the well 19 is
underestimated by 70 mg/L, while the peak for BTC in the well 23 is
underestimated by 10 mg/L, respectively. The underestimations of peak
values decrease with increasing monitoring distances from the plume
source zone. This may be attributed to velocity variation caused by the
difference in aquifer parameters between zonal mean and true fields,
since groundwater velocity controls the advective transport of solutes
(Kuhlman et al., 2008).

Lastly, the homogeneous model yields incorrect shapes of BTCs at
selected locations, and these curves fail to capture the true trend of
solute concentration over time, which demonstrates the contribution of
heterogeneous fields to improving the accuracy of the solute transport
curves.

5. Conclusions

A basin-scale aquifer characterization approach based on the hy-
draulic tomography concept is proposed. It takes advantage of readily
available aquifer signals generated from operational variations of ex-
isting pumping and monitoring wells, without additional cost to esti-
mate the hydraulic heterogeneity over the whole basin. Specifically, the
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basin-scale flow field modified by the alternation, intermittent shut-
down and resumption of different pumping wells is tantamount to a
basin-scale HT survey.

Because of the national policy in China, such as the groundwater
exploitation reduction program, exploiting the groundwater data to
resolve the basin-scale aquifer characterization problem becomes lo-
gical and feasible. In the North China Plain, abundant well hydrograph
and pumping operations data over many years are readily available.
These datasets may not provide a great deal of basin-scale information
individually, but when they are combined as a whole, they can provide
more information about aquifer heterogeneity than the sum of the in-
dividual parts. That is, aquifer responses to the change of pumping
behaviors and locations of pumping, are likely to carry non-redundant
information on the basin-scale heterogeneity.

This study finds that the basin-scale HT parameter estimation is
sensitive to initial guesses for inverse models. In particular, compared
with the HT estimates using uniform and kriged T and S fields, using
accurate mean values of T and S for geological zones as prior in-
formation can yield the best estimates of T and S in noise-free and noisy
data analysis. However, using the noisy signals in HT inversion results
in the loss of some heterogeneous information, but the inversion cap-
tures the main distributed features of hydraulic properties.

The estimated T and S fields from the proposed approach yield the
best prediction of the groundwater flow velocities and BTCs. The BTCs
based on kriged and zonal mean fields show inaccurate peak values. On
the other hand, the BTCs derived from homogeneous fields fail to
capture the true trend of solute concentration over time.

Findings of this study suggest that the long-term head data, at as
many locations as possible, in response to varying locations and beha-
viors of pumping wells should be integrated as a whole for HT analysis.
We also recommend the use of the reasonably distributed mean prop-
erties as prior information if geologic knowledge about the hetero-
geneity is available.

Lastly, the results of this study support the call by Yeh and Lee
(2008) “Time to change the way we collect and analyze data for aquifer
characterization.” Although the application of this concept to field
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problems remains to be tested, the results of this study demonstrate the
feasibility of using aquifer responses from operational variations of
existing pumping wells to improve the characterization of basin-scale
subsurface heterogeneity. The data fusion of head, flux, and chemical
tracers (Tso et al., 2016; Zha et al., 2016) could be a promising per-
spective for further enhancement of the basin-scale aquifer character-
ization.
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