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Abstract

Due to geological features such as fractures, some aquifers demonstrate strongly
anisotropic hydraulic behavior. The goal of this study is to use a poroe-
lastic model to calculate surface displacements given known pumping rates
to predict the potential utility of Interferometric Synthetic Aperture Radar
(InSAR) data for inferring information about anisotropic hydraulic conduc-
tivity (AHC) in aquifer systems. To this end, we develop a three-dimensional
anisotropic poroelastic model mimicking the main features of the 1994 An-
derson Junction aquifer test in southwestern Utah with a 24 to 1 ratio of
hydraulic conductivity along the principal axes, previously estimated in the
literature using traditional well observation techniques. Under suitable model
assumptions, our results show that anisotropy in the hydraulic problem leads
to a distinctive elliptical surface displacement pattern centered around the
pumping well that could be detected with InSAR. We interpret these re-
sults in the context of InSAR acquisition constraints and provide guidelines
for designing future pumping tests so that InSAR data can be used to its
full potential for improving the characterization of aquifers with anisotropic
hydraulic behavior.
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systems, InSAR, finite element method.

1. Introduction1

Groundwater is a vital resource that provides drinking water to billions2

of people and supports critical agriculture and industrial activities (Food3

and Agriculture Organization of the United Nations (FAO), 2022). One of4

the biggest challenges for sustainability of global groundwater resources is5

overexploitation (Basu and Van Meter, 2014; Caretta et al., 2022). The con-6

sequences of overexploitation include reducing the amount of water available7

to surface water bodies (Walker et al., 2020), lowering the water table to the8

extent that it leads to surface subsidence (Heilweil and Hsieh, 2006; Burbey9

et al., 2006; Galloway and Burbey, 2011) and saltwater intrusion (Guo et al.,10

2019b). Over-exploitation of groundwater resources is a global issue with the11

largest impacts in areas with high population densities, rapid urbanization12

and agricultural intensification (Poland, 1984; Famiglietti et al., 2011; Erkens13

et al., 2015).14

Consequently, there is a need for increased research and monitoring to un-15

derstand better the complex hydrological processes that govern groundwater16

systems and contribute data to support effective management strategies. To17

this end, groundwater modeling and simulation tools have become an increas-18

ingly important component in supporting decision-makers to design effective19

strategies (Singh, 2014; Amitrano et al., 2014). One aspect of ensuring that20

groundwater simulation tools can produce reasonable predictions is ensuring21

that all possible data sources are assimilated into the model for e.g. pa-22

rameter inference. Specifically, in this study, we ask “is there potentially23

valuable information in Interferometric Synthetic Aperture Radar (InSAR)24

data for inferring anisotropic hydraulic conductivity (AHC) in a poroelastic25

model of an aquifer?”. This question forms part of broader research efforts26

on developing new approaches for assimilating remote sensing data into hy-27

drogeomechanical models of aquifers – however, we do not tackle the data28

assimilation problem here.29

The use of InSAR in hydrogeological research has become increasingly30

popular due to its high precision in measuring ground surface displacement,31

wide-area coverage and cost-effectiveness (Guzy and Malinowska, 2020; Gal-32

loway and Hoffmann, 2007). InSAR observations of surface uplift and sub-33

sidence allow inference of groundwater levels and flow gradients (Gambolati34
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and Teatini, 2015). InSAR observations can be used to determine the struc-35

tural boundaries of aquifer systems (Chaussard et al., 2014; Haghighi and36

Motagh, 2019; Hu and Bürgmann, 2020), provide the temporal evolution of37

the ground surface (Zhou et al., 2018; Guo et al., 2019a; Boǹı et al., 2017)38

and to contribute to estimate storage coefficients and hydraulic conductivity39

(Hu et al., 2018; Boǹı et al., 2016; Chaussard et al., 2014). Development40

of InSAR technology has contributed to the regional hydrogeological models41

of groundwater flow and land deformation (Galloway and Hoffmann, 2007;42

Gambolati and Teatini, 2015). Since the accuracy of the InSAR measurement43

is the most important parameter for the estimation of the aquifer properties44

(Guzy and Malinowska, 2020) and using InSAR time-series enhances the45

accuracy of surface displacement estimation (Li et al., 2022), consequently46

using InSAR time-series would improve the accuracy of estimating aquifer47

properties.48

The pumping of subsurface fluids during an aquifer test causes a drop in49

pore pressure which leads to a three-dimensional deformation. This response50

has been simulated using a number of modeling approaches, see e.g. (Guzy51

and Malinowska, 2020). While conventional groundwater flow theory in the52

aquitard drainage model has been widely used (Helm, 1986; Harbaugh et al.,53

2000; Hoffmann et al., 2003; Harbaugh, 2005) it has been argued that the54

use of numerical poroelasticity models is necessary for realistic aquifer set-55

tings (Hsieh, 1996). The theory of poroelasticity introduced by Biot (1941)56

describes the interactions between water, the porous matrix of rock and solid57

grains. This theory explains how changes in pressure and fluid content within58

the porous matrix can cause deformation and stress among the solid grains,59

and vice versa. Verruijt (1969) proposed a formulation of Biot’s linear theory60

that is suitable for problems in soil mechanics. In the context of calibrating61

groundwater flow models with InSAR-derived displacement data, it is neces-62

sary to use a model that directly links fluid flow to deformation by including63

poroelasticity theory.64

The underlying cause of AHC in hydrogeology is often a preferential rock65

fracturing direction that allows for higher fluid conductivity along the direc-66

tion of fractures (Berre et al., 2019). The recognition of the importance of67

AHC on the behaviour of aquifer systems dates back to the work of Papadop-68

ulos (1965) who presented a method to determine the hydraulic conductivity69

of a homogeneous anisotropic aquifer from the observation of pressure (head70

drop) at a minimum of three wells situated at different directions around71

a constant-rate aquifer extraction test. Heilweil and Hsieh (2006) demon-72
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strated that AHC could be inferred from two observation wells, if the wells73

are assumed to be aligned with the principal directions of AHC. The possi-74

bility was also mentioned by Burbey (2006).75

In the specific context of AHC and geodesy, both Burbey et al. (2006)76

and Burbey (2006) proposed that the elliptical vertical surface displacement77

pattern observed from Global Positioning System (GPS) receivers positioned78

around a Nevada pumping test could be directly related to the interaction79

between an anisotropy in the fluid flow and rock skeleton. In support of this80

theory, Burbey (2006) presented computer simulations based on a poroelas-81

ticity theory showing elliptical vertical displacement patterns at the Earth’s82

surface under a 3 to 1 AHC ratio. The elliptic pattern in the displacements83

is driven by the underlying anisotropy in the fluid problem caused by the84

fractures tedency to provide directional conduits for flow.85

Galloway and Hoffmann (2007) showed that InSAR can be used to cali-86

brate numerical models of groundwater flow and deformation. Galloway and87

Burbey (2011) conducted a review of various remote sensing techniques and88

models used for studying subsidence due to groundwater extraction. Hesse89

and Stadler (2014) proposed scalable computational methods for assimilat-90

ing InSAR data into a poroelastic finite element model with spatially varying91

isotropic hydraulic conductivity within a Bayesian framework. Continuing92

with the line of work developed by Hesse and Stadler (2014), recently Al-93

ghamdi (2020); Alghamdi et al. (2020, 2021) assimilated InSAR data from94

the test site of Burbey et al. (2006) into a spatially-varying isotropic hy-95

draulic conductivity (IHC) poroelastic model. We remark that in the origi-96

nal study of Burbey et al. (2006) it is mentioned that due to the underlying97

geology (fracturing) the hydraulic behavior of the site is likely to be strongly98

anisotropic and therefore the isotropic model used in Alghamdi (2020) for99

calibration using the data from Burbey et al. (2006) may be insufficient to100

fully capture the anisotropic behaviour of the site. In addition, the elliptical101

shape observed in the surface displacement measured by the InSAR tech-102

nique, as shown in (Alghamdi et al., 2020, Figure 1c), may be evidence of103

anisotropy, as discussed by Burbey (2006).104

In this study, we develop a three-dimensional linear poroelastic model105

that includes AHC to gain insight into the relationship between surface dis-106

placement and pumping at Anderson Junction in southwestern Utah. The107

goal is to use our anisotropic model to calculate surface displacements given108

known pumping rates to predict the potential utility of InSAR data for infer-109

ring information about AHC in aquifer systems. We choose this site because110
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Heilweil and Hsieh (2006) specifically studied the role of anisotropy there,111

giving estimated AHC ratio of around 24 to 1 determined using two obser-112

vation wells. Using our model, we predict the InSAR Line of Sight (LOS)113

displacements for the region, i.e. the quantity of interest for calibration of114

the model against theoretical InSAR observations (Alghamdi, 2020).115

We show that the duration of four days and rate of the pumping used in116

the Anderson Junction test was likely insufficient to induce surface displace-117

ments that can be measured with InSAR. We then run our model under a118

number of alternative scenarios, including different pumping rates, pumping119

lengths and anisotropy ratios to determine when the displacements would be120

observable by InSAR. We conclude that there could be pumping regimes in121

which InSAR data could contain important information about AHC. Finally,122

we discuss some guidelines for designing future pumping tests in the context123

of InSAR acquisition constraints.124

An outline of this manuscript is as follows. Section 2 provides an overview125

of the Anderson Junction study area and the aquifer test. In section 3,126

we outline the theoretical foundations by presenting the Biot equations. In127

section 4, we introduce the InSAR technique and present the transformation128

of the three-dimensional deformations into InSAR LOS observations. In129

section 5, we describe our proposed model in detail. The outcomes of our130

simulations are presented in section 6. Finally, in section 7 we present the131

conclusions of our study.132

2. Case study133

Our case study is located at Anderson Junction, Utah, USA, see fig. 1,134

and was the subject of the pumping test conducted by the US Geological Sur-135

vey (USGS) in March and April 1996 to determine the local Navajo Sand-136

stone’s anisotropic hydraulic conductivity and storage properties (Heilweil137

and Hsieh, 2006; Heilweil et al., 2000). The test involved a pumping well138

(C-40-13)28dcb-2 and two observation wells, well A, (C-40-13)28dca-1139

and well B, (C-40-13)28dcc-1 (U.S. Geological Survey, 2016). Groundwa-140

ter was pumped for approximately 4 days at an average rate of 6000m3 d−1.141

Pumping then stopped and well observations continued for 20 days.142

The site shown in figs. 2a and 2b features a confined aquifer characterized143

by a 180m thick deposit of Navajo sandstone (Heilweil and Hsieh, 2006).144

The overlying layer consists of unconsolidated mixed alluvial and colluvial145
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Figure 1: Location of the Anderson Junction site in Utah, USA. Lower map data Copyright
Google 2023.
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deposits and the underlying layer by the Kayenta formation (Hintze, 1980).146

The overlying and underlying layers act as confining layers for the aquifer.147

The rose diagram Figure 3a shows that the site is strongly characterized148

by fracturing of the Navajo sandstone, with a primary cluster at 180◦ to 210◦,149

and a secondary cluster at orientation of 90◦ to 130◦.150

The Hurricane Fault and an unnamed series of faults offset the Kayenta151

Formation and Navajo Sandstone along its length. These faults are assumed152

to impede groundwater flow perpendicular to their fault planes due to the153

presence of poorly-sorted breccia and clay-rich materials (Hurlow, 1998).154

3. Biot’s poroelasticity theory155

We describe the three-field formulation of Biot’s poroelasticity theory156

following Ferronato et al. (2010) and Alghamdi (2020). This is used to con-157

struct the conceptual model of Anderson Junction in section 5. Full details158

are given in Appendix A and the code for the solver is included as supple-159

mentary material (Salehian Ghamsari and Hale, 2024).160

Given a domain Ω ⊂ R3 with boundary Γ and outward-pointing normal161

n, find the fluid-pore pressure p : Ω×(0, T ] → R, deformation u : Ω×(0, T ] →162

R3 and fluid flux q : Ω× (0, T ] → R3 such that163

(Sϵp+ α∇ · u)t +∇ · q = fp on Ω× (0, T ],

−∇ · σ̄(u, p) = fu on Ω× (0, T ],

q + k∇p = 0 on Ω× (0, T ],

with notations and units summarised in table 1, plus boundary conditions164

u = ud on Γd
u × (0, T ],

σ̄ · n = gu on Γn
u × (0, T ],

p = pd on Γd
p × (0, T ],

q · n = gp on Γn
p × (0, T ],

where the boundary Γ has been partitioned into disjoint parts for both the165

solid problem Γ = Γd
u ∪ Γn

p and the fluid problem Γ = Γd
p ∪ Γn

p , plus initial166

conditions167

p(x, 0) = p0 on Ω,

u(x, 0) = u0 on Ω,

q(x, 0) = q0 on Ω.
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(a) Location of the II’ cross-section transect line on structure-contour map.

(b) Geologic cross-section of Anderson Junction site.

Figure 2: Geologic cross-section of Anderson Junction site and its location (Image courtesy
of U.S. Geological Survey (Hurlow, 1998) in the U.S. Public Domain.). The study area
is highlighted by a red rectangle. The y-axis in the cross-section is elevation in feet with
respect to mean sea level. The cross-section reveals the geological layers, including the
unconsolidated alluvial and colluvial deposits (Qs) on the surface as the upper confining
layer, the Navajo sandstone (Jn) as the aquifer layer, and the Kayenta formation (Jk)
as the lower confining layer. In the cross-section, faults are depicted as nearly vertical
lines. Note that the orientation of the cross-section aligns with the axis of major hydraulic
conductivity shown in fig. 3b.
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~120 m specifically for the aquifer test at approximately
the same radial distance from the production well but at
perpendicular orientations. The total depth of the pro-
duction well is ~180 m, with casing set to 150 m. The
drillers logs for all three wells indicate uniform fine-
grained sandstone beneath 1 to 12 m of unconsolidated
soil. Observation well A is located 117 m east-southeast
of the production well along a 110� orientation (parallel
to the 90� to 130� azimuthal cluster of fractures). The
static water level in well A before pumping was 6.4 m.

Observation well B is located 115 m south-southwest of
the production well along a 200� orientation (parallel to
the 180� to 210� azimuthal cluster of fractures). The static
water level in well B before pumping was 9.4 m. A sim-
plifying assumption was made that the orientation of
the fracturing within the aquifer is the same as that of the
surface fractures. This assumption is justified by both
regional areal photos showing the uniform direction of
these fracture lineaments and cross-sectional observations
of the planar nature of the fractures throughout the entire
exposed 2000-feet thickness of the Navajo Sandstone at
nearby Zion National Park and Snow Canyon State Park.

The multiple-well aquifer test involved pumping the
production well for ~4 d at an average rate of 4.2 m3/
min. Discharge was measured with a pito tube, v-notch
weir, and pygmy meter. The discharge from the pro-
duction well was diverted into a 0.38-m-diameter ABS
drain pipe, which transported the water 150 m away from
the well to a natural dry wash. In addition to the two
observation wells, a preexisting well (the ‘‘original’’ well)
located 3 m due east of the production well also was used
for evaluating drawdown. Water levels were measured in
the three observation wells and the production well for 4
d prior to the test, during the 4 d of pumping and for as
many as 20 d after the pump was shut off.

Measured water levels at the observation wells were
not corrected for barometric changes because the magni-
tude of drawdown and recovery at all the wells was much
larger (5.8 to 24.4 m) than the effects of barometric
changes (generally <0.3 m). Prepumping trend correc-
tions were applied to all the observation well drawdown
data because of a rise in water levels resulting from
recovery after the development of the production well
shortly before the aquifer test. Prerecovery trend correc-
tions were applied to the observation well recovery data

Figure 2. Location of the Anderson Junction aquifer test, Washington County, Utah.

Figure 3. Rose diagram showing fracture orientations (from
Hurlow 1998) and locations of production and monitoring
wells used for the Anderson Junction aquifer test, Wash-
ington County, Utah.

V.M. Heilweil, P.A. Hsieh GROUND WATER 44, no. 5: 749–753 751

(a) Rose diagram of fracture density

Minor principal direction

Major principal direction

(b) Principal directions of hydraulic conductiv-
ity

Figure 3: (a). Rose diagram showing fracture orientations (from Heilweil and Hsieh (2006))
and locations of pumping and observation wells used for the Anderson Junction aquifer
test. (b). Principal directions of hydraulic conductivity of the Anderson Junction aquifer
system were derived from modified Papadopulos method in Heilweil and Hsieh (2006).
Arrows represent major and minor principal directions, indicating that hydraulic conduc-
tivity in the major direction is approximately 24 times greater than in the minor direction.
Note: Arrow lengths do not signify the scale of hydraulic conductivity.
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The AHC is modelled as a second-rank symmetric positive definite tensor.168

When the principal axis of hydraulic conductivity is aligned with the global169

coordinate system (x, y, z), this tensor can be represented as a diagonal ma-170

trix with positive entries kxx, kyy and kzz171

k =

kxx 0 0

0 kyy 0

0 0 kzz

 .

The elastic stress tensor σ is given for isotropic linear elasticity by Hooke’s172

law173

σ = 2µsε+ λ(Tr ε)I, (1a)

ε =
1

2

(
∇u+ (∇u)T

)
, (1b)

(1c)

and the Biot stress tensor as174

σ̄ = σ − αpI, (2)

with notations also described in table 1.175

4. Calculation and precision of InSAR-derived displacements176

The SAR satellite emits radar pulses in the LOS direction, oriented177

perpendicular to the satellite’s direction of motion, see fig. 4. Following178

(Fuhrmann and Garthwaite, 2019) the displacement in the LOS direction179

uLOS can be calculated from the incidence angle θ and satellite heading angle180

α as181

uLOS =
[
− sin θ cosα sin θ sinα cos θ

]uE

uN

uU

 . (3)

where uE, uN , and uU are deformation in directions of east, north and up, re-182

spectively, that can be calculated by transforming the predicted deformation183

(section 3) in the model coordinate system (u = (ux, uy, uz)) to east-north-up184

(ENU) coordinate system as depicted in Figure 6a. In our calculations, we185
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Symbol Description Units

()t time derivative s−1

∇ gradient operator m−1

∇· divergence operator m−1

Tr trace operator dimensionless

(·)T transpose operator dimensionless

p fluid pore pressure Pa

u elastic deformation m

q volumetric fluid flux m s−1

fp fluid source density s−1

gp boundary fluid flux m s−1

fu body force density Nm−3

gu traction Pa

σ stress tensor Pa

σ̄ Biot stress tensor Pa

I identity tensor dimensionless

α Biot coefficient dimensionless

Sϵ drained storage coefficient Pa−1

k hydraulic conductivity tensor m3 s kg−1

µs drained shear modulus Pa

λ second Lamé parameter Pa

Table 1: Table of main notations and units used in the three-field formulation of Biot’s
poroelasticity theory.
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Figure 4: Geometry of Synthetic Aperture Radar (SAR) Imaging showing the incidence
angle (θ) and heading angle (α). The study area is highlighted by a red rectangle.
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Upper confining layer
Aquifer layer
Lower confining layer
Pumping well
Observation wells
Line 𝑦𝑦ᇱ

Line 𝑥𝑥ᇱ

Figure 5: Simulated domain of the aquifer system illustrating the three layers and their
element sizes. The figure also highlights the positions of the pumping and observation
wells, as well as lines xx′ and yy′. The xx′ line extends from x = 0m to x = 2000m,
passing through the pumping well and aligned with the X-axis, while the yy′ line extends
from y = 0m to y = 3500m, also passing through the pumping well and aligned with the
Y -axis.

use Sentinel-1 ascending geometry values for a NNW ascending satellite pass186

taking α = 15◦ and θ = 43.86◦ (European Space Agency (ESA), 2023).187

Several studies have shown that achieving sub-centimeter precision using188

Sentintel-1 is possible (Cigna et al., 2021). For example, comparisons be-189

tween Sentinel-1 InSAR data and Global Navigation Satellite System (GNSS)190

measurements reveal a precision of less than 5mm (Manunta et al., 2019) or191

8mm (Duan et al., 2020). Consequently, when we analyse the results of the192

simulations in section 6, if the computed LOS is greater than 8mm we will193

consider the deformation signal detectable.194

5. Conceptual model construction195

5.1. Aquifer model layers and parameters196

The simulated model domain is shown in fig. 5 with the positions of the197

pumping and observation wells, along with the xx′ and yy′ lines that will be198

used later for extracting results for visualisation.199

The three horizontal layers of the aquifer model are shown in fig. 6a –200

this assumption is made due to a lack of information about the height of201

layers throughout the aquifer system. The aquifer’s width and length were202

estimated based on the map of effective land subsidence due to groundwater203

depletion (Herrera-Garćıa et al., 2021).204
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(a) Simplified conceptual model of the Anderson Junction aquifer system.

Γ𝑝𝑝𝑝𝑝
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Γ𝑡𝑡

Γ𝑠𝑠𝑠𝑠

Γ𝑏𝑏

Γ𝑤𝑤

Γ𝑠𝑠𝑠𝑠

X

Y

Z

(b) Aquifer model illustrating the domain and defined boundaries.

Figure 6: (a). Simplified conceptual model of the Anderson Junction aquifer system
showcasing the dimensions, names, formations, and thicknesses of the layers within the
cross-section. The pumping well is accurately positioned and labeled in the 3D model.
The figure also illustrates the model coordinate system in relation to the ENU global
coordinate system. (b). Aquifer model illustrating the domain and defined boundaries
referenced in the table 4, domain not to scale. Γb is the bottom boundary, Γt is the top
boundary, Γsx is the two sides with normal facing in the X-direction, Γsy is two sides with
normal facing in the Y -direction, Γw is the well boundary from the surface until the end of
the casing set and Γpw is the screened area of the well boundary where water is pumped.
Both domains are not to scale.
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Description Symbol Unit Value

Fluid source fp s−1 0.0

Body force fu Nm−3 0.0

Specific weight of water ρg Nm−3 9807

Pumping rate Pr m3 s−1 0.07

Pumping area A m2 1473.4

Pumping time Tp d 4.0

Table 2: Model parameters

Description Symbol Unit Upper conf. Aquifer Lower conf.

Porosity ϕ - 10% 32% 8%

Biot coefficient α - 0.868 0.998 0.858

Specific storage Sϵ Pa−1 0.8× 10−10 1.5× 10−10 0.8× 10−10

Shear modulus µs Pa 7.7× 109 5.06× 109 7.9× 109

Lame’s first param. λ Pa 6.088× 109 3.768× 109 6.156× 109

Hydraulic conductivity xx kxx m3 s kg−1 5× 10−12 1.1× 10−8 5× 10−12

Hydraulic conductivity yy kyy m3 s kg−1 5× 10−12 4.7× 10−10 5× 10−12

Hydraulic conductivity zz kzz m3 s kg−1 5× 10−12 5× 10−7 5× 10−12

Table 3: Material parameters of the layers. The Anderson Junction site is an exten-
sional tectonic regime, which usually leads to more vertical than horizontal faults, thereby
increasing the value of kzz over kxx and kyy.
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The boundary conditions were established using USGS sources (Marston205

and Heilweil, 2012; Heilweil et al., 2000) and the parameters of the Biot206

equations for the aquifer layer were extracted from various regional studies207

(Torabi et al., 2015; Cheng and Toksöz, 1979; Loope et al., 2020) and sand-208

stone properties studies (Batzle et al., 2007; George et al., 2010; Molina et al.,209

2017).210

The estimate for aquifer hydraulic conductivity was derived from the211

permeability in Heilweil and Hsieh (2006) following212

k =
κ′

ρg
, (4)

where k is the hydraulic conductivity, κ′ is the specific permeability of the213

porous medium and ρg is the fluid’s specific weight.214

For the confining layer properties we employ porosity-based estimation (De-215

hghani et al., 2018). We used (Dehghani et al., 2018, Figure 5) for approxi-216

mating the Biot coefficient, (Dehghani et al., 2018, Figure 7) for Biot’s mod-217

ulus, (Dehghani et al., 2018, Figure 8b) for Young’s modulus and (Dehghani218

et al., 2018, Figure 9) for the shear modulus. We suppose the porosity of the219

upper confining layer to be 10% following the suggestion of 7% to 10% in Qi220

et al. (2022) and Earle (2019). Considering the general trend of decreasing221

porosity and permeability with depth below the land surface (Herod, 2013),222

we assume the porosity of the lower confining layer to be 8%. The average223

total porosity of the aquifer layer was derived from Heilweil et al. (2000).224

5.2. Boundary conditions225

Table 4 shows the boundary conditions for the state variables u (displace-226

ment), p (pressure) and q (flux). The boundaries referenced in the table are227

defined in fig. 6b.228

During the aquifer test period, precipitation and evapotranspiration is229

assumed to be negligible compared with pumping, allowing us to assume230

no recharge through the top boundary Γt. We also assume no fluid flux on231

all other boundaries due to the presence of faults, except the pumping well232

boundary Γpw, where the extraction rate gp is specified.233

As the study area is not urban, the top boundary Γt is considered traction-234

free. We also assume there is no displacement on the bottom boundary Γb.235

We also assume zero normal displacement at the side boundaries Γsx and236

Γsy and well boundary Γw, and traction-free boundary conditions at the top237

surface Γt and at the pumping well boundary Γpw.238
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Boundary condition Boundary

Fluid problem
(q, p)

q · n = 0 Γb ∪ Γsx ∪ Γsy ∪ Γt ∪ Γw

q · n = gp = −Pr/A Γpw

Solid problem (u)

u = 0 Γb

ux = 0 Γsx

uy = 0 Γsy

σ · n = 0 Γt ∪ Γpw

u · n = 0 Γw

Table 4: Boundary conditions of fluid and solid problem. The boundary sets are defined
in fig. 6b.

5.3. Main modelling assumptions239

We briefly discuss the main modelling assumptions and their justification.240

Our modelling approach is a parsimonious one, prioritising model simplicity241

over capturing all possible features of the real Anderson Junction site.242

As in Burbey (2006), we assume a purely elastic deformation of the skele-243

ton, i.e. no inelastic deformation. This is an acceptable assumption in the244

context of a single constant pumping cycle (as opposed to cyclic and/or245

pulsed pumping), however, this elasticity assumption may be invalid if we246

wanted to simulate subsidence across multiple seasons and using more com-247

plex pumping regimes.248

We assume that seasonal recharge and evapotranspiration is zero; for249

this site this is a valid assumption if the pumping test occurs during the250

summer months due to the cold semi-arid (steppe) climate (BSk - Köppen251

type system).252

The solid boundary condition on the capped well boundary Γpw is zero253

normal component of the deformation. The physicality of this boundary254

condition is discussed in Burbey (2006); in summary, it is likely that defor-255

mation near the well boundary are inaccurate due to localised effects such as256

sand grains near the well screen not being radially constrained during strong257

pumping. Consequently, the deformation and flux patterns given by the sim-258

ulation in the region immediately around the well should be considered as259

indicative or approximate, rather than precise.260

We do not model the fluid flow through fractures in our model explicitly,261
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Figure 7: Simulated LOS surface displacement at the end of pumping for Anderson Junc-
tion test (4 d, Pr).

e.g. Berre et al. (2019), but instead incorporate their dominating effect on262

the fluid flow through the anisotropic hydraulic conductivity tensor. In the263

broader context of data assimilation, it is unlikely that SAR or GPS displace-264

ment data could be sufficiently informative to constrain information about265

microstructural features such as individual fracture paths. Further on this266

point of information content, we remark that Alghamdi (2020) demonstrated267

that SAR data is not informative about the variability of hydraulic conduc-268

tivity in the vertical (z) direction. With this limited information content in269

mind, we also assume that the global anisotropic behaviour of the model is270

in the fluid problem, i.e. we treat the solid problem as isotropic. This is the271

same assumption used in Burbey (2006).272

6. Results and discussion273

6.1. Simulation of the Anderson Junction pumping test274

Figure 7 shows the simulated LOS displacement after four days of pump-275

ing. The areas close to the pumping well exhibit LOS displacements on the276

order of 2.3mm. The larger vertical displacements along the x direction (ver-277

sus the y direction) are driven by the higher hydraulic conductivity in the x278
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Figure 8: Surface displacements for three simulated scenarios: IHC, AHC with a 3:1
anisotropy ratio, and AHC with an anisotropy ratio of approximately 24:1. The images
display the surface displacements at three times during the pumping phase.

direction.279

6.2. The effect of anisotropy ratio on the surface displacement280

We now conduct simulations with varying anisotropy ratios. Figure 8281

presents the surface displacement for three simulated scenarios at three times282

through the pumping phase. The scenarios are IHC with kxx = kyy = 0.6×283

kAJ
yy ; AHC with a 3:1 anisotropy ratio, similar to the anisotropy observed in284

Burbey et al. (2006); Burbey (2006), where kxx = 3 × 1.7 × kAJ
yy and kyy =285

1.7×kAJ
yy ; and AHC with an anisotropy ratio of about 24:1, representative of286

the Anderson Junction aquifer, where kAJ
xx and kAJ

yy are hydraulic conductivity287

in table 3. We selected the scaling values for kxx and kyy to achieve a similar288
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range of displacements between the scenarios, making comparison easier.289

The hydraulic conductivity in the z direction remains constant across all290

scenarios.291

These simulations show distinct patterns in surface displacement. The292

IHC scenario exhibits circular surface displacements. In contrast, the AHC293

simulations demonstrate elliptical surface displacement and the higher the294

anisotropy ratio the more pronounced the elliptical shape becomes.295

6.3. Possibility of using InSAR to determine AHC in aquifers296

We now aim to ascertain whether the surface displacement resulting from297

our model of the Anderson Junction aquifer pumping test can be detected298

using InSAR. We also explore the scenarios of higher pumping rates and/or299

a longer duration of pumping to understand if such a pumping test could300

lead to observable surface displacements with InSAR.301

As explained in section 4, successful detection of surface displacement us-302

ing Sentinel-1 InSAR requires displacements exceeding 8mm along the LOS303

within a specific region around the well, e.g. an elliptical displacement pat-304

tern that demonstrates AHC. Figure 9 illustrates the surface displacement305

along line xx′ and yy′ at various time points. It is evident that the maxi-306

mum surface displacement is only 3mm. Consequently, under our concep-307

tual model assumptions, the magnitude of the surface displacements created308

during the original Anderson Junction test described in Heilweil and Hsieh309

(2006) was likely insufficient to be detected by Sentinel-1 InSAR.310

Despite this negative result, the model gives us a tool to explore under311

which scenarios a future test at Anderson Junction could produce a sufficient312

response detectable by InSAR and contain valuable information for inferring313

AHC. To this end, we explored three alternative scenarios. For reference314

in the following discussion, the LOS surface displacement under the original315

Anderson Junction test conditions is shown in fig. 7.316

In the first scenario, high pumping rate, shown in fig. 10a we increase317

the pumping rate to eight times the value used in the original Anderson318

Junction test, while keeping the pumping duration fixed. The maximum line319

of sight displacement increased to 18mm (detectable by InSAR), and the320

displacement pattern has a strong elliptical character.321

In the second scenario, long pumping duration, shown in fig. 10b, we322

increase the pumping time to 32 d and keep the pumping rate the same as323

that used in the original Anderson Junction test. The maximum line of324

sight displacement is significantly lower than the first scenario at 8.6mm,325
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Figure 9: Negative vertical surface displacement along line xx′ and line yy′ at different
time points. The maximum predicted surface displacement during the pump test reaches
3mm.
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although still potentially at the threshold for detection by Sentinel-1 InSAR.326

Additionally, the longer pumping has led to a significantly more diffuse and327

isotropic displacement response than in the high pumping rate scenario. This328

can be attributed to the longer pumping having sufficient time to activate329

the slower diffusion timescale of the fluid problem along the minor axis Y .330

Finally, we show an intermediate rate and duration scenario, shown in331

fig. 10c with eight days of pumping and four times the pumping rate of the332

original Anderson Junction test. This scenario is a compromise between333

the high pumping rate scenario fig. 10a and the long pumping rate scenario334

fig. 10b. We can see that a strong elliptical LOS displacement pattern is335

visible and that the maximum displacement at 13.3mm exceeds the thresh-336

old for detection by Sentinel-1 InSAR. Note that by design the total water337

extracted338

Q =

∫ Tp

0

∫
Γpw

gp dx dt, (5)

is the same in the three scenarios.339

Figure 11 presents a comparison of LOS surface displacement for the340

different scenarios along line xx′ and yy′. Notably, the graph shows that341

along line yy′, the high pumping rate causes substantial surface displacement342

gradients around the pumping well, which could result in sinking and fissure343

formation (Galloway et al., 1999, p. 132–133) (although, our model cannot344

predict this type of localized process directly).345

We conclude that in terms of maximising the potential information con-346

tent with respect to inferring possible anisotropy, it is important to strongly347

perturb the system via the pumping rate to ensure that the anisotropic char-348

acter is visible and to pump a sufficient volume of water such that the LOS349

surface displacement can be detected by the chosen InSAR technology. How-350

ever, it is important to note that there are practical limitations to how much351

we can increase the pumping rate or pumping duration, as they must align352

with the aquifer’s properties, sustainability considerations and engineering353

considerations, see e.g. (Osborne, 1993) for a discussion.354

6.4. The required aquifer test features for using SAR Data355

In assessing the potential utility of SAR data for studying an aquifer sys-356

tem undergoing an aquifer test, several key considerations need to be taken357

into account, including the availability of data, the temporal resolution of358

SAR mission and accuracy of surface displacement measurements. The tem-359

poral resolution of the SAR data is important in case of acquiring more SAR360
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Figure 10: Simulated LOS surface displacement at the end of pumping for: (a) an 8 times
pumping rate compared to the Anderson Junction test. (b) an extended pumping duration
of 32 d, replicating the aquifer test characteristics of Anderson Junction (c) an extended
intermediate pumping with 4 times rate and 8 d duration. In all cases, the total volume
of extracted groundwater is the same. Note the different colorbar scale to fig. 7.
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Figure 11: Comparison of LOS surface displacement along line xx′ and line yy′ at the end
of pumping (Tp) for different pumping scenarios. Along yy′, excessive pumping leads to
significant surface displacement, which could lead to sinking and the formation of fissures
near the pumping well (Galloway et al., 1999, p. 132–133).
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data around the aquifer test time. We need at least one suitable pair of361

InSAR data within the aquifer test interval like in Alghamdi (2020) study,362

although having multiple data points within a longer test interval can en-363

hance the understanding of the aquifer system. Moreover, it is crucial to364

assess whether the surface displacement caused by the aquifer test is observ-365

able through InSAR techniques. Therefore this is one of our motivations to366

build the proposed model to predict the surface displacement in the Anderson367

Junction aquifer.368

In summary, to ensure the feasibility of using SAR data to estimate369

anisotropic aquifer properties, four key considerations should be taken into370

account when designing the aquifer test:371

1. Availability of SAR data: It is essential to confirm the availability of372

SAR datasets specifically for the time and location of the aquifer test.373

2. Adequate test interval: The aquifer test should have a sufficiently long374

time interval. This allows for the collection of multiple SAR data sets,375

enabling a more comprehensive study of the aquifer over time.376

3. Sufficient total water extraction to ensure high LOS displacement: The377

observed LOS displacement should exceed a minimum threshold, e.g.378

8mm or more for the Sentinel-1 mission (Cigna et al., 2021).379

4. A sufficiently high pumping rate to activate anisotropic behaviour: to380

ensure a elliptical displacement response driven by the activation of the381

flow on the major principal axis vs the minor principal axis.382

7. Conclusions383

We have developed an anisotropic poroelastic finite element model of the384

Anderson Junction site that is capable of predicting coupled fluid flow and385

displacements. Our results show that the effective elastic response of the386

aquifer at the Earth’s surface has an anisotropic nature driven by the un-387

derlying anisotropy in the fluid problem, even when the elasticity problem is388

assumed to be isotropic. In the LOS displacement, this anisotropy manifests389

as distinctive elliptical patterns.390

Under our model assumptions, the original Anderson Junction aquifer391

test described in (Heilweil and Hsieh, 2006) probably did not exhibit suffi-392

cient surface displacement for detection using InSAR. In three alternative393
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scenarios, we explored longer pumping and/or higher pumping rates to ex-394

plore the potential of using InSAR data to calibrate aquifer models with395

AHC – in two of these scenarios, see fig. 10a and fig. 10c, we predict LOS396

displacement levels necessary for detection by the contemporary Sentinel-1397

InSAR mission. We add that the proposed model can be adapted to another398

aquifer test with a longer pumping and/or higher pumping rate or another399

confined aquifer system by changing the properties of the aquifer. It is also400

recommended to conduct extended pumping duration to gather InSAR data401

from multiple satellite passes.402

Our upcoming research will explore two directions. First, due to uncer-403

tainty in the hydraulic conductivity tensor, we want to develop a stochastic404

model of AHC that respects the underlying material symmetries, e.g. (Cowin405

and Doty, 2007, Chapter 5). Second, with this stochastic model developed,406

we plan to assimilate InSAR-derived data into our aquifer model. This en-407

tails collecting field and remote sensing data to assess aquifer discharge and408

recharge dynamics. InSAR will offer valuable insights into surface displace-409

ment and underlying aquifer structures. By solving the inverse problem using410

spatiotemporal data, we aim to estimate aquifer properties following e.g. Al-411

ghamdi et al. (2020, 2021). These investigations promise to significantly412

advance our understanding of aquifers with AHC behavior leading to mod-413

els with improved predictive power for use in a groundwater management414

context.415

Acronyms416

AHC anisotropic hydraulic conductivity. 1–5, 10, 19, 20, 26417

FEM Finite Element Method. 37418

GNSS Global Navigation Satellite System. 13419

GPS Global Positioning System. 4420

IHC isotropic hydraulic conductivity. 4, 19, 20421

InSAR Interferometric Synthetic Aperture Radar. 1–5, 13, 20, 22, 25, 26422

LOS Line of Sight. 5, 10, 13, 18, 20, 22–26423
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Boǹı, R., Cigna, F., Bricker, S., Meisina, C., McCormack, H., 2016. Charac-496

terisation of hydraulic head changes and aquifer properties in the London497

Basin using Persistent Scatterer Interferometry ground motion data. Jour-498

nal of Hydrology 540, 835–849. doi:10.1016/j.jhydrol.2016.06.068.499

Boǹı, R., Meisina, C., Cigna, F., Herrera, G., Notti, D., Bricker, S.,500
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Appendix A. Finite element discretisation of Biot’s poroelasticity718

model719

In this appendix, we recall the three-field Finite Element Method (FEM)720

discretisation of Biot’s theory which broadly follows the original development721

in Ferronato et al. (2010).722

Appendix A.1. Notation723

We recall the aquifer problem domain Ω ⊂ R3 and its boundary Γ with724

outwards pointing normal n. For any subset ω of Ω̄ := Ω ∪ Γ we denote725

L2(ω) as the usual Sobolev space of square integrable functions on ω, and726

(·, ·)ω the associated inner product, which for two arguments f, g ∈ L2(ω)727

can be written728

(f, g)L2(ω) =

∫
ω

fg dx. (A.1)

For brevity, we introduce the compact notation (·, ·)ω := (·, ·)L2(ω) and (·, ·) :=729

(·, ·)L2(Ω). We can similarly denote H1(ω) as the usual Sobolev space of730

square integrable functions with weak derivatives in L2(ω) with associated731

inner product (·, ·)H1(ω) defined as732

(f, g)H1(ω) =

∫
ω

fg +∇f∇g dx, (A.2)

where ∇ is the usual gradient of a scalar function.733

Finally, we introduce the slightly less standard Sobolev space H(div;ω)734

as the space of Sobolev space of vector-valued square integrable functions735

with square integrable divergence on ω736

H(div; Ω) = {f : f ∈ (L2(Ω))3 , div f ∈ L2(Ω)}, (A.3)

where the div operator is acting on a vector-valued function f with compo-737

nents (f1, f2, f3) can be written as738

div f := ∇ · f :=
∂f1
∂x1

+
∂f2
∂x2

+
∂f3
∂x3

. (A.4)

Appendix A.2. Weak formulation739

We briefly recall the strong form of the three-field formulation of Biot’s740

equations that was outlined in section 3.1. Given a domain Ω ⊂ R3 with741

37



boundary Γ find the fluid-pore pressure p : Ω × (0, T ] → R, deformation742

u : Ω× (0, T ] → R3 and fluid flux q : Ω× (0, T ] → R3 such that743

(Sϵp+ α∇ · u)t +∇ · q = fp in Ω× (0, T ], (A.5a)

−∇ · σ̄ = fu in Ω× (0, T ], (A.5b)

q + k∇p = 0 in Ω× (0, T ], (A.5c)

with boundary conditions744

u = ud on Γd
u × (0, T ], (A.5d)

σ̄ · n = gu on Γn
u × (0, T ], (A.5e)

p = pd on Γd
p × (0, T ], (A.5f)

q · n = gp on Γn
p × (0, T ], (A.5g)

where the boundary Γ has been partitioned into disjoint parts for both the745

solid problem Γ = Γd
u ∪ Γn

p and the fluid problem Γ = Γd
p ∪ Γn

p and initial746

conditions747

p(x, 0) = p0 on Ω, (A.5h)

u(x, 0) = u0 on Ω, (A.5i)

q(x, 0) = q0 on Ω, (A.5j)

748

To simplify what follows, but without loss of generality, we make the749

following regularity assumptions in space for the pressure750

P = {p : Ω× [0, T ] → R | p ∈ L2(Ω)}, (A.6a)

U = {u : Ω× [0, T ] → R3 | u ∈ (H1(Ω))3, u = ud on Γd
u}, (A.6b)

Q = {q : Ω× [0, T ] → R3 | q ∈ H(div; Ω), q · n = gp on Γn
p}. (A.6c)

Additional sufficient regularity assumptions in time are also required, which751

we ignore for simplicity.752

To derive the weak form of the system eq. (A.5), we multiply eqs. (A.5a)753

to (A.5c) by test functions p̃ ∈ P , ũ ∈ U0, and q̃ ∈ Q0, respectively, where754

U0 = {u ∈ U | ud = 0}, (A.7a)

Q0 = {q ∈ Q | g = 0}, (A.7b)
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and then integrate over the domain Ω before applying any necessary integra-755

tion by parts results.756

Starting this process with eq. (A.5a) we straightforwardly obtain757

((Sϵp+ α∇ · u)t, p̃)Ω + (∇ · q, p̃)Ω = (fp, p̃)Ω, ∀p̃ ∈ P . (A.8)

Continuing with eq. (A.5b), we obtain758

(−∇ · σ̄, ũ)Ω = (f, ũ)Ω ∀ũ ∈ U0, (A.9)

and then using integration by parts gives for all ũ ∈ U0759

(∇ · σ̄, ũ)Ω = −(σ̄,∇ũ)Ω + (σ̄n, ũ)Γ ∀ũ ∈ U0. (A.10)

Splitting the integral on the boundary into its two constituent parts760

(σ̄n, ũ)Γ = (σ̄n, ũ)Γd
u
+ (σ̄n, ũ)Γn

u
, (A.11)

and, using the definition of the space U0 and the knowledge that σ̄n = gu on761

Γn
u, allows us to write762

(σ̄,∇ũ)Ω = (f, ũ)Ω + (gu, ũ)Γn
u
, ∀ũ ∈ U0. (A.12)

Finally, for equation eq. (A.5c) we obtain763

(∇p, q̃)Ω = −(k−1q, q̃)Ω, ∀q̃ ∈ Q0, (A.13)

where k−1 denotes the inverse of k, and applying integration by parts on the764

term on the left hand side of eq. (A.13) gives765

−(∇ · q̃, p)Ω + (p, q̃ · n)Γ = −(k−1q, q̃), ∀q̃ ∈ Q0. (A.14)

Splitting the integral on the boundary into its two constituent parts766

(p, q̃ · n)Γ = (p, q̃ · n)Γd
p
+ (p, q̃ · n)Γn

p
, (A.15)

and using the definition of the space Q0 and the knowledge that q · n = g on767

Γn
p768

−(k−1q, q̃)Ω + (p,∇ · q̃)Ω = (pd, q̃ · n)Γd
p
, ∀q̃ ∈ Q0. (A.16)
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In summary, the final variational problem is to find p ∈ P , u ∈ U , and769

q ∈ Q that satisfy the equations770

((Sϵp+ α∇ · u)t, p̃)Ω + (∇ · q, p̃)Ω = (fp, p̃)Ω, (A.17a)

(σ̄(u, p),∇ũ)Ω = (f, ũ)Ω + (gu, ũ)Γn
u
, (A.17b)

−(k−1q, q̃)Ω + (p,∇ · q̃)Ω = (pd, q̃ · n)Γd
p
. (A.17c)

for all test functions p̃ ∈ P , ũ ∈ U0, and q̃ ∈ Q0. We emphasise that in771

this three-field formulation the flux boundary condition eq. (A.5g) is built772

strongly into the space Q and the pressure boundary condition eq. (A.5f)773

occurs weakly in eq. (A.17c). By contrast, in the classical two-field formula-774

tion the flux boundary condition occurs weakly and the pressure boundary775

condition is built strongly into a space P with stronger H1-regularity require-776

ments.777

Appendix A.3. Discretization in time778

For discretizing eq. (A.17) in time, we use a first-order backwards Euler779

method, see e.g. Langtangen and Logg (2016) for full details.780

Consider M + 1 time steps 0 = t0 < t1 < t2 < . . . < tM = T uniformly781

spaced on the interval [0, T ] giving a constant timestep ∆t = ∆tn = tn+1− tn782

for n ∈ 0, . . . ,M − 1. The first-order backwards Euler scheme approximates783

the time derivative on the displacement u and pressure p as784

(pn+1)t ≈
pn+1 − pn

∆t
, ∀n ∈ 0, . . . ,M − 1, (A.18a)

(un+1)t ≈
un+1 − un

∆t
, ∀n ∈ 0, . . . ,M − 1. (A.18b)

Following standard arguments, and after some minor rearrangements, the785

discrete time version of eq. (A.17) can be written: For n = 0, . . . ,M − 1 find786

pn+1 ∈ P , un+1 ∈ U , and qn+1 ∈ Q such that787

(Sϵp
n+1 + α∇ · un+1 +∆t∇ · qn+1, p̃) = (∆tfn+1

p + Sϵp
n + α∇ · un, p̃),

(A.19a)

−(σ̄(un+1, pn+1),∇ũ) = −(fn+1
u , ũ)− (gn+1

u , ũ)Γn
u
, (A.19b)

−(∆t k−1qn+1, q̃) + (∆t pn+1,∇ · q̃) = (∆tpn+1
d , q̃ · n)Γd

p
, (A.19c)

for all test functions p̃ ∈ P , ũ ∈ U0, and q̃ ∈ Q0. Note that eq. (A.19c) has788

been multiplied by ∆t to maintain symmetry with the term (∆t∇ · qn+1, p̃)789

in eq. (A.19a).790
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Appendix A.4. Discretisation in space791

For spatial discretization, we employ the mass-conservative three-field792

finite element formulation (Ferronato et al., 2010) ensuring conservation of793

mass within the numerical model. The implementation of the finite element794

formulation (Brenner and Scott, 2008) was carried out using DOLFINx, a795

finite element computing library (Baratta et al., 2023).796

We are guided by Ferronato et al. (2010); Haagenson et al. (2020) in797

choosing finite element spaces in which the field variables p, u and q are798

approximated. Specifically, we approximate the pressure ph ∈ Ph ⊂ P by799

zero-order discontinuous Lagrange finite elements, the displacements uh ∈800

Uh ⊂ U vector-valued first-order continuous Lagrange finite elements, and801

the flux qh ∈ Qh ⊂ Q the vector-valued Brezzi–Douglas–Marini (BDM) ele-802

ments (Brezzi et al., 1985) of lowest order which naturally discretiseH(div; Ω).803

This formulation is known to be inf-sup stable according to the stability the-804

ory of finite element methods (Brenner and Scott, 2008), to guarantee dis-805

crete mass conversation (Ferronato et al., 2010), and to be free from spurious806

pressure oscillations that can cause numerical issues in two-field pressure-807

displacement formulations of Biot’s theory (Ferronato et al., 2010). We note808

that Ferronato et al. (2010); Alghamdi (2020) use a lowest-order Raviart-809

Thomas (RT) type space for the flux which has slightly weaker interpolation810

results than the BDM space used here.811

Appendix A.5. Enforcing no normal displacement at well boundary812

We briefly describe the method by which we enforce the boundary con-813

dition on the normal component of the displacement u · n = 0 on the well814

surface Γw as specified in table 4. This boundary condition is recommended815

as being the most physically justifiable choice in Burbey (2006). By contrast,816

Alghamdi (2020) did not explicitly include the well surface in their model,817

instead choosing to model the extraction as a volume forcing using fp.818

Instead of building the boundary condition u·n = 0 strongly into the space819

U , we choose to enforce it weakly using a penalty-free non-symmetric Nitsche-820

type method proposed in Chouly et al. (2015). Our decision to enforce this821

condition weakly was made largely to ease the implementation in DOLFINx,822

where imposing boundary conditions of type u · n = 0 strongly in the space823

is not straightforward.824

For simplicity we did not include this more complex boundary condition825

when developing eq. (A.19), instead choosing to enforce this by a modification826
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to eq. (A.19b) here. Following Chouly et al. (2015) we add two terms on the827

left-hand side of eq. (A.19b)828

−(σ̄(un+1, pn+1),∇ũ)

−(σ̄(un+1, pn+1) · n, ũ · n)Γw + (σ̄(ũn+1, p̃n+1) · n, u · n)Γw

=− (fn+1
u , ũ)− (gn+1

u , ũ)Γn
u
, ∀p̃ ∈ P0,∀q ∈ Q0.

(A.20)

that weakly enforce the condition u · n = 0 on Γw.829

Appendix A.6. Mesh generation830

The geometry of the model was meshed using gmsh (Geuzaine and Remacle,831

2009) for finite element analysis. The resulting 3D mesh conforms to the the832

aquifer system’s three layers. The element size varies from 6 to 40 m, and833

the total number of the elements is 368 329. The mesh incorporates different834

element sizes at different locations and in different layers, this will ensure835

an appropriate resolution that will improve the accuracy of the model. As836

we approach the well, the mesh elements become finer, enabling us to the837

capture of localized effects with lower error.838
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