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Mapping the Spatial Sensitivity of Aquitard
Hydraulic Parameters on Pumping
Test Drawdowns

by Martijn D. van Leer'?®, Willem J. Zaadnoordijk®>#, Alraune Zech®, Jasper Griffioen®®, and Marc F. P. Bierkens'”’

Abstract

This study investigates the spatial and temporal sensitivity of aquitard hydraulic conductivity and specific storage on drawdowns
in pumping tests. The objective is to understand which area of the aquitard is represented by drawdowns in different observation
wells. A three-layered MODFLOW 6 model was used to simulate pumping tests on a circular Voronoi grid for three transmissivity
scenarios and both confined and semiconfined top boundary conditions. A local sensitivity analysis was performed using PEST++
to determine how perturbations in hydraulic conductivity and specific storage of the aquitard affect head changes at observation
wells in the pumped and overlying aquifer. Results indicate that for observation wells in the pumped aquifer, sensitivity forms an
elliptical shape that is symmetrical around the observation well and the pumping well for all scenarios. The sensitivity map for the
observation well in the overlying aquifer depends on the transmissivity ratio between both aquifers. It favors the area surrounding
the pumping well if the transmissivity of the pumped aquifer is lower than that of the overlying aquifer. Conversely, with higher
transmissivity in the pumped aquifer, sensitivity primarily lies around the observation well. Sensitivity patterns evolve over time,
expanding the area of influence and shifting the sensitivity toward the observation well for a semiconfined top boundary. These
findings are relevant for understanding the information regarding aquitard heterogeneity that is present in pumping test drawdowns

and optimizing pumping test design.

Introduction

Pumping tests are commonly used to determine
hydraulic parameters of aquifers and aquitards. Typically,
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the parameters are identified using analytical solutions
from drawdown measurements. The simplest solutions
that consider aquitards only use observation wells in the
pumped aquifer and include a hydraulic conductivity
and specific storage value for confining layers (Hantush
and Jacob 1955). However, these solutions account for
leakage of the aquifer through both the overlying and
underlying aquitards, resulting in a single value for both
vertical flow directions, which leaves ambiguous results
regarding the aquitards.

To achieve unambiguous interpretation of the
aquitard hydraulic parameters, observation wells in sur-
rounding aquifers must also be considered (Neuman and
Witherspoon 1969, 1972; Hemker and Maas 1987). This
requires pumping tests to be sufficiently long to let the
drawdown propagate through the aquitard. Additionally,
observation wells have to be installed in the overlying
and/or underlying aquifer. This makes a pumping test
more costly and requires more complex solutions for
interpretation. Partly due to these challenges, aquitards
are often neglected in favor of aquifers in pumping test
design and interpretation (Fogg and Zhang 2016).

Analytical solutions for pumping test interpretation
typically assume homogeneous hydrogeological units.
However, this is not the case in reality. Multiple studies
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have investigated pumping tests assuming heterogeneity
(Leven and Dietrich 2006; Zech et al. 2015; Demir
et al. 2017; Miiller et al. 2022; Manewell et al. 2023).
These studies have focused on the heterogeneity of
the pumped aquifers, without considering aquitards. The
heterogeneity of aquitards during pumping tests has been
considered from a leaky aquifer perspective with wells
only in the pumped aquifer (Copty et al. 2008) and
in an applied case through model calibration (van Leer
et al. 2023). Little is known about the information
to be gained from pumping tests regarding effective
aquitard parameters. Furthermore, it remains unclear
which area of the aquitard influences the effective aquitard
parameters obtained and how they relate to the aquitard
heterogeneity.

This study is the first to identify the spatial sensitivity
of aquitard hydraulic conductivity and specific storage for
pumping test drawdowns in the pumped aquifer and the
aquifer above. This information is not only valuable to
assess the heterogeneity of the aquitard, but is particularly
relevant to optimize pumping test design for aquitard
characterization. The latter is key information for solute
transport studies and the parameterization of regional
groundwater models.

Methods

Conceptual Model

We performed a sensitivity analysis using a numer-
ical model that simulates a pumping test in a three-layer
setting. Figure 1 shows the conceptual model, which
consists of two aquifers separated by an aquitard. All
layers are of equal thickness D (L). The horizontal
hydraulic conductivity in the aquifers is referred to as
K1 (upper aquifer 1) and K, (lower aquifer 2) (L/T).
Vertical hydraulic conductivity in the aquifers is the same
as the horizontal hydraulic conductivity. The aquitard is
characterized by the hydraulic resistance c.

Two wells are placed: one pumping well which is
pumping from the second aquifer and an observation well
which has observation screens in both aquifers.

We test two situations for the upper boundary of
the system: (1) a confined top representing a system not
impacted by other layers and (2) a semiconfined top which
represents settings with surface water or leaky aquitards.

Dimensionless Variables

To make our findings generalizable and scal-
able, we wuse dimensionless variables. Neuman and
Witherspoon (1969) described flow through an aquitard
by five parameters: leakage factors A; and X, for both
aquifers, leakage parameters f; and p, for both aquifers,
and dimensionless time fp. In this study, we will only
consider A, Ao, and 7p.

We use the leakage factor relating the lower aquifer
to the aquitard A» = /K>Dc (L), (with K, [L/T] is the
hydraulic conductivity, D [L] the thickness of the lower,
pumped aquifer, and ¢ [T] the resistance of aquitard) to
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Figure 1. Conceptual representation of the three-layer
model used in the pumping test with (top) confined upper
boundary and (bottom) semiconfined upper boundary layer.

define a dimensionless distance L:
L=1Ix/A (h

where [4 is the actual distance (L). Dimensionless time

is defined as:
Kot

TSP

Ip 2
with K, (L/T) being the hydraulic conductivity and S,
(L") the specific storage of the pumped aquifer, ¢ (T)
is the actual time and [ (L) is the distance from the
pumping well.

Since the drawdown in the whole system is triggered
by the drawdown in the pumped aquifer, we define the
dimensionless drawdown as:

B Krdns

0

where s (L) is the drawdown (L) and Q (L3/T) is the
discharge of the pumping well (assumed to be constant in
time).

Both the dimensionless time and drawdown are only
based on properties of the pumped aquifer and the
aquitard. We cover the properties of the other aquifer by
testing the impact of hydraulic conductivity K in different
scenarios.

3)

Sd

Groundwater Flow Model
The pumping test was simulated using the MOD-
FLOW 6 model, created with FloPy (Bakker et al. 2016;
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Figure 2. Model grid (top view) with pumping well, obser-
vation well, and pilot point locations. The inset shows the
full grid.

Hughes et al. 2024). The 3D model contains three layers
in the vertical direction and a circular Voronoi grid in the
horizontal direction. This type of grid construction starts
with cell centers, which are then transformed into grid
cells using the Voronoi tessellation in FloPy, allowing for
arbitrary cell shapes and sizes instead of creating the grid
based on cell sizes beforehand, as is usual in structured
grids. The grid is visualized in Figure 2 and is the same
in all layers. There are approximately 22,000 grid cells
in total. The smallest cell sizes are chosen so there are
approximately 40 cells between the pumping and extrac-
tion well. The irregular grid allows for decreasing cell
sizes toward the center. The circular shape of the grid is
suitable for radial flow toward a well. Also, the central
cell with the pumping well is a polygon that is approxi-
mately circular, which gives more accurate results locally
than square grid cells.

The domain is large enough (L = 10, see Equation 1)
to ensure boundary effects are minimized, similar to the
infinite domain assumption from analytical solutions. The
observation well is placed at L=1 (one dimensionless
distance) from the pumping well (Figure 2). It has screens
in both aquifers (Figure 1). The MODFLOW model
is validated with TTim (Bakker 2013) which provides
analytical or semi-analytical solutions for the same flow
settings.

The initial head is set to 0 everywhere. The two top
boundary settings are implemented separately. A no-flow
upper boundary is used for the confined top layer. The
semiconfining top layer is simulated with a General Head
Boundary with a head of 0 and a conductance that is
equivalent to the hydraulic resistance of the aquitard.

Beside the two upper boundary settings, we test
three scenarios for the relation of hydraulic conductiv-
ity/leakage factors in both aquifers: we test equal param-
eters A = A, a more conductive upper aquifer A} = 21,
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and a more conductive lower (pumped) aquifer A; =
0.5X2. Due to the square root relationship of leakage factor
to hydraulic conductivity, K| is varied by a factor 4. These
values are selected as they are expected to change the flow
pattern enough to investigate the effects of these parame-
ters, while still remaining within realistic bounds. We only
changed the transmissivity of the upper aquifer, as the
solution will be independent on the transmissivity in the
pumped aquifer, due to the conversion to dimensionless
time and dimensionless drawdown (Equations 2 and 3).
The influence of the specific storage has not been inves-
tigated and the value is kept constant in both aquifers.
The three transmissivity scenarios (K| > K, K1 =K>,
K1 <K»3) in combination with the two boundary con-
ditions (confined, semi-confined) result in six scenarios
in total.

Sensitivity Analysis

We determine sensitivity maps of the aquitard for
the head changes at the observation wells through pertur-
bations at individual pilot points (Figure 2). The values
of aquitard hydraulic conductivity K and specific storage
S are systematically perturbed for each pilot point, and
the changes in head are determined at the observation
well. This way, the sensitivity is determined of the part
of the aquitard influenced by each pilot point for the
head in the observation well. The analysis is performed
with PEST++4- (White et al. 2020), specifically using the
PESTPP-GLM (Gauss—Levenberg—Marquardt) software
and pyemu (version 1.3.8), the Python implementation of
PESTH++.

We chose to use pilot points instead of the grid cells
for the perturbations because the fine grid resolution
needed for accurate flow calculation is not necessary
for the sensitivity maps. We placed the pilot points on a
structured grid in the area surrounding the pumping and
observation well (Figure 2). Points are L =0.0625 apart,
so there are 16 pilot points between the observation well
and the pumping well.

We wused default settings in PEST++/pyemu,
meaning the perturbations of K and S were 1% of the log-
transformed initial values. We used a logarithmic trans-
formation as K and S cannot be negative, but can cover
multiple orders of magnitude. Sensitivity in this paper
is defined as the absolute values of the Jacobian matrix,
converted to dimensionless drawdown using Equation 3.
This means it is a finite-difference approximation of the

derivative of the change in observation for hydraulic con-
Asp

ductivity the sensitivity is defined by Alog(K) (=), and for
specific storage with and ﬁ;&) (—). The sensitivities are

converted to absolute values, meaning that high sensitivity
zones represent areas that affect drawdown substantially,
while low sensitivity zones represent areas that do not
affect the drawdown. When the aquitard is considered
heterogeneous, indirectly, any parameters that will be
inversely computed from these drawdowns will also have
this sensitivity pattern, and represent a spatial averaging
of the layer parameters, weighted based on the sensitivity
values.
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Results

Model Validation

Figure 3 shows the drawdowns for all six scenarios
for both the MODFLOW model and TTim simulations.
The R? between the drawdowns at the observation wells of
the two models is greater than 0.99 for each scenario. This
confirms that the choices of grid and boundary conditions
in the MODFLOW model are well suited for the analysis.

Observation Well in Pumped Aquifer

Sensitivity maps of the aquitard resistance ¢ for
drawdown at the observation well in the pumped aquifer
are shown in Figure 4 for the confined case. At early
times, the sensitivity forms a narrow zone between both
wells, with maxima at both wells and rapidly diminishing
sensitivity away from the wells. Over time, the area of
the sensitivity zone expands, while the maximum sensi-
tivity values increases, except in the K| < K, scenario,
where the maximum value is slightly lower in the latest
timestep than in the one before. In this scenario the signal
propagates through the pumped aquifer first, meaning the
drawdown here stabilizes quickly, reducing sensitivity.
Generally, this affirms the notion that longer pump-
ing provides more accurate results regarding aquitard
hydraulic conductivity. While absolute sensitivity values
are shown, the sign is the same throughout the whole

K>4mns

Sd

Kyt

Szrz

Bl < >Ks == MF6 (Confined)
K =K3 = = = MF6 (Semi-confined)
K]_ < K2 === TTim

Figure 3. Pumping test drawdown at an observation well
for three transmissivity scenarios (colors): Solid lines show
the confined top boundary condition, while the dotted
line represents the semi-confined boundary condition. The
dashed lines represent the TTim model results. The top
curves represent the drawdown observed in the pumped
aquifer; the bottom curves represent the drawdown observed
in the overlying aquifer.

domain before this conversion, which differs from the
sensitivity pattern for hydraulic conductivity in aquifers,
where the sign is different between the wells compared
to outside of the wells (Leven and Dietrich 2006).

The spatial distribution is similar across all scenar-
ios; only the exact values differ due to the difference in
measured drawdown between the scenarios (Figure 3).
Since the sensitivity pattern is the same, the top boundary
condition does not affect the sensitivity of the observation
well in the pumped aquifer. The sensitivity analysis for
specific storage shows this pattern in all scenarios as
well. The sensitivity maps of both the specific storage
and hydraulic conductivity of the semiconfined case can
be found in the Supporting Information S1-S3.

Observation Well in Overlying Aquifer

The sensitivity maps of the aquitard hydraulic con-
ductivity for the drawdown in the observation well in the
overlying aquifer are shown in Figure 5 for the confined
top layer scenarios. Moreover, Figure 5 shows flow
directions over time and diagrams of signal propagation
at early and late times. In contrast to the situation for the
pumped aquifer, the sensitivity pattern of the observed
drawdown in the overlying aquifer depends on the K
values of both aquifers. When the K values are equal,
the sensitivity pattern is like the one in Figure 4 for the
observation in the pumped aquifer.

When K values differ between the aquifers, the sen-
sitivity is concentrated at one of the two wells, especially
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& 1.0 .
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Figure 4. Sensitivity maps of aquitard hydraulic conductiv-
ity for drawdowns observed in the pumped aquifer with a
confined top boundary. Sensitivity values are dimensionless.
Dimensionless time increases from left to right. Top to bot-
tom represents the three transmissivity scenarios.

4 M.D. van Leer et al. Groundwater

NGWA.org

B5UB017 SLOWILLIOD BAIERID 3|qed!jdde ) Ag pausenob afe sapie YO ‘38N JO S3|NJ Joj ARiq13U1jUO A3]IA UO (SUOTIPUOD-PLE-SWLBIALCY"AB ] 1M Afeuq 1 pU1IUO//SA1L) SUONIPUOD PLIE SLUIS L 81 39S *[SZ02/60/20] U0 ARiqiauliuo A81m ‘Wead AiseAN [eo1yde L AQ ¥T00L MB/TTTT OT/I0pA0d &3] M Afeid Ut juoemBuy/Saiy WO papeojumoq ‘0 ‘v8S9SY.T



ty = 2.0e-02 ty = 4.7e-01 ty = 4.2e+00 Flow direction Signal (early) Signal (late)
72607 2.1 03 7.2¢-03
10 © © .
A4 ~
VX
v
00 . . °
0 0 0
10 < — | m—D |
O I [ I i
<
[N
v y
0.0 = S =
0 0 0
/
.10 & ﬁ E d '='
X<
: : X T T
v ; ) y
0 0 0 _
T T T T T T T 1 T
-0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5 y y y
X/A X/A X/A
«  Pumping well &= t;=2.0e-02 ty = 4.2e+00
Observation well €= t; = 4.7e-01

Figure 5. Left: Sensitivity maps of aquitard hydraulic conductivity for drawdowns observed in the overlying aquifer with a
confined top boundary. Dimensionless time increases from left to right. Center: Flow direction in the observation well cell
in the upper aquifer, showing the flow direction has a strong vertical component in the K; < K, case for early time steps,
shifting to horizontal toward late time steps. Right: Conceptual signal propagation for early and late times. Arrows represent
the magnitude of the signal propagation from the pumping well to the observation well. Top to bottom are the three scenarios
of hydraulic conductivity relation between the two aquifers.

at early times. The drawdown signal takes the route of
least resistance, favoring the aquifer with the highest
transmissivity (Figure 5). This pattern is confirmed by the
change in time of the flow direction in the observation
well; in the scenario where the hydraulic conductivity is
higher in the pumped aquifer (K; < K>), the flow at the
observation well initially has a large vertical component,
shifting over time to a more horizontal direction. At later
times, the sensitivity of the aquitard at the pumping well
increases, indicating the signal eventually reaches the
well through that route, but remains less strong. When
K| > K», the sensitivity starts at the pumping well and
the flow direction is initially horizontal and shifts slightly
downward later. Figure 6 shows the sensitivity maps for
the specific storage for observation wells in the overlying
aquifer. The main difference is that the magnitude of the
sensitivity for specific storage is generally lower, meaning
it affects drawdown less than hydraulic conductivity.
Also, in the case of K; > K, the maximum sensitivity
is lowest in late timesteps, as opposed to the hydraulic
conductivity pattern, were the maximum sensitivity is

general pattern is similar to the confined boundary case
(Figure 5). With the semiconfined top boundary, the
sensitivity shifts toward the observation well over time
for all three scenarios. The flow vectors in the observation
well have a larger vertical component compared to
the confined case, especially at later times. This can
be explained by the reduction of the drawdown signal
through the overlying aquifer.

The sensitivity of specific storage shows the same
pattern as the sensitivity of aquitard conductivity for
both top boundary conditions. Sensitivity maps for the
specific storage for the semi-confined case are found in
the Supporting Information S4.

Discussion

Limitations

This study shows the spatial sensitivity of drawdown
to aquitard hydraulic conductivity and storage. This spatial
sensitivity is only relevant when the aquitard cannot be
assumed homogeneous, because otherwise it does not

lowest in the K| < K> scenario.
The hydraulic conductivity sensitivity maps for the
semiconfined top boundary are shown in Figure 7. The
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make a difference what part of the aquitard is represented
in the drawdowns. The model layers are, however,
homogeneous. The fact that the transmissivities of the
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Figure 6. Sensitivity maps of aquitard specific storage for
drawdowns observed in the pumped aquifer with a confined
top boundary. Sensitivity values are dimensionless. Dimen-
sionless time increases from left to right. Top to bottom
represents the three transmissivity scenarios.

aquifers affect the spatial sensitivity pattern by allowing
the signal propagation to occur through the aquifer with
the highest transmissivity suggests that within the aquitard
the signal will also propagate through parts with the
highest conductivity, at least in early timesteps. The
magnitude of this effect, however, depends on how much
these areas deviate from the mean hydraulic conductivity
and whether these have the potential to affect the heads
in both aquifers. That being said, it is likely that high
conductivity regions in highly sensitive areas in this study
will have a larger effect than in low sensitive areas. This
makes the sensitivity maps still relevant for heterogeneous
aquitards. There will probably be a level of variance in
the aquitard where this is not the case anymore, when
the effect of the heterogeneity will substantially affect the
head distribution in all layers. In that case, the concept of
aquifer and aquitard layers may not properly characterize
the hydrogeological setting anymore.

Similarly, heterogeneous aquifers might also affect
the sensitivity, as the sensitivity of the aquitard depends
on the path with the lowest resistance. It can, however,
be assumed that the relative transmissivities between
aquifers remain a dominant factor as long as the aquifers
have a hydraulic conductivity that is much larger than
that of the aquitard.

In the scenarios, only K has been varied. It can
be expected that the specific storage ratio between the
aquifers also affects the drawdown propagation.

6 M.D. van Leer et al. Groundwater

Heterogeneity

Understanding the spatial sensitivity of aquitard
properties for drawdowns in a pumping test is the first
step to determine the heterogeneity of the aquitard, as the
sensitivity pattern of the drawdowns also directly impacts
the sensitive area of parameters inferred from these draw-
downs. While identifying the structure of heterogeneity
from observations at a single well is not straightforward
based on the sensitivity patterns and their changes in time,
it does provide an understanding of what potential infor-
mation could be obtained from drawdowns. With multiple
observation wells, interpreting each well separately at dif-
ferent time steps is an option to provide first insights into
the heterogeneity in the aquitard. Differences between
inferred parameters from various wells at different times
provide insight into whether the aquitard needs to be con-
sidered heterogeneous at all. Model calibration is the next
step to (re)construct a heterogeneous conductivity field
or determine geostatistical parameters of heterogeneity,
such as correlation length and variance. Designing model
calibration to prevent non-uniqueness is beyond the scope
of this study, although placing pilot points in the aquitard
at the locations of the wells is a good starting point, which
is typically ill-advised for aquifers (Doherty et al. 2011).

Pumping Test Design

The results provide useful information for designing
pumping tests focusing on aquitard characterization.
Depending on the hydraulic conductivity of the aquifers,
the spatial domain of the aquitard contributing to the draw-
down varies. If pumping occurs in the more conductive
aquifer, additional observation wells provide information
about a unique part of the aquifer, especially with head
observations in non-pumped aquifers. In this case, there is
value in installing a large number of observation wells. If
the pumped aquifer is less conductive, the area around the
pumping well is mainly characterized. Thus, observation
wells in the overlying aquifer provide little additional
information in this scenario, as all wells will be sensitive
to the same region of the aquitard. In these cases, it might
not be worth the expense of installing a large number of
observation wells. While it can be challenging to esti-
mate the conductivities of the aquifers before pumping,
borehole descriptions might be sufficient to determine
the approximate conductivity ratio between the aquifers.

Sensitivity patterns also evolve over time; in settings
with a semiconfined upper boundary, the zone of peak
sensitivity can shift from the pumping well toward obser-
vation wells. Extended pumping durations are therefore
beneficial, not only to allow drawdown to propagate into
non-pumped aquifers, but also to capture the temporal
shift in sensitivity. This means that a single observation
well may inform resistance characteristics across multiple
regions of the aquitard.

In practice, these temporal dynamics can take a sig-
nificant amount of time. In this study, the shift occurred
between dimensionless times of fp = 0.47 and rp = 4.2
(Figure 7). Assuming the pumped aquifer has a hydraulic
conductivity of 10 m/day, a specific storage of 0.0001 m~!
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Figure 7. Left: Sensitivity maps of aquitard hydraulic conductivity for drawdowns observed in the overlying aquifer with a
semiconfined top boundary. Dimensionless time increases from left to right. Center: Flow direction in the observation well
cell in the upper aquifer, showing the flow direction has a strong vertical component in the K; < K, case for early time steps,
shifting to horizontal toward late time steps. Right: Conceptual signal propagation for early and late times. Arrows represent
the magnitude of the signal propagation from the pumping well to the observation well. Top to bottom are the three scenarios

of hydraulic conductivity relation between the two aquifers.

and the distance to the observation well is 1000 m, these
dimensionless times correspond to 4.7 and 42days
(Equation 2).

Conclusion

This study provides an analysis of the spatial
sensitivity of aquitard hydraulic conductivity and specific
storage observed in pumping tests as presented in sen-
sitivity maps. By utilizing a three-layered MODFLOW
6 model and performing a local sensitivity analysis with
PEST++4-, we have demonstrated how spatial pertur-
bations in aquitard hydraulic conductivity and specific
storage affect head changes at observation wells in both
pumped and overlying aquifers.

Our findings highlight the influence of aquifer con-
ductivity on sensitivity patterns of aquitard parameters.
For observation wells in the pumped aquifer, sensitivity
is evenly divided between the observation well and the
pumping well throughout time. In contrast, the sensitivity
of parameters varies depending on the hydraulic conduc-
tivity contrast between the aquifers when observing in
the overlying aquifer. The sensitivity is high in the area
surrounding the pumping well when the pumped aquifer
has lower conductivity than the overlying aquifer. When
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the pumped aquifer has a higher conductivity, the area
surrounding the observation well has a large sensitivity.

The study also reveals how sensitivity patterns change
over time, expanding the area of influence. In the case of
a semiconfined top boundary, the sensitivity shifts toward
the observation well. These results underscore the added
value of running pumping tests for extended durations to
capture this shift and obtain more information about the
spatial heterogeneity of aquitard hydraulic parameters.

The sensitivity patterns obtained in this study can
potentially be used to obtain heterogeneous conductivity
fields and provide a basis for pumping test design with
the objective of investigating aquitard heterogeneity.
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