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Abstract
In large-scale pumping projects, such as mine dewatering, predictions are often made about
the rate of groundwater level recovery after pumping has ceased. However, these predictions
may be impacted by geological uncertainty—including the presence of undetected
impermeable barriers. During pumping, an impermeable barrier may be undetected if it is
located beyond the maximum extent of the cone of depression; yet it may still control
drawdown during the recovery phase. This has implications for regional-scale modelling and
monitoring of groundwater level recovery. In this paper, non-dimensional solutions are
developed to show the conditions under which a barrier may be undetected during pumping
but still significantly impact groundwater level recovery. The magnitude of the impact from
an undetected barrier will increase as the ratio of pumping rate to aquifer transmissivity
increases. The results are exemplified for a hypothetical aquifer with an unknown
barrier 3 km from a pumping well. The difference in drawdown between a model with and
without a barrier may be <1 m in the ten years while pumping is occurring, but up to 50 m
after pumping has ceased.

Introduction
Using numerical or analytical models to predict future groundwater levels, the core objective
of many hydrogeological studies, is contingent upon geological understanding of a site. This
paper discusses one aspect of geological complexity, that of impermeable barriers, due to
their significance for studies of hydraulic head in regions with groundwater extraction. In this
context, ‘impermeable barriers’ are a linear features that cut off or prevent groundwater flow
(Ferris et al. 1962). Geological structures—such as faults and dykes—can be conduits,
barriers, or complex conduit-barrier combinations to groundwater flow (Caine et al. 1996;
Allen and Michel 1999; Babiker and Gudmundsson 2004; Bense and Person 2006). In fault
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zones the permeability structure depends on the proportion of the core of the fault, which is
generally of lower permeability, to the more permeable, outer damage zone (Caine et al.
1996). Other factors such as the host rock type, the regional stress regime, and mineral
precipitation also play a role (Bense et al. 2013).
Under steady state flow conditions, impermeable barriers can influence the distribution of
hydraulic heads (Rawling et al. 2001; Bense and Van Balen 2004; Seaton and Burbey 2005;
Mayer et al. 2007; Bense et al. 2013; Gumm et al. 2016). Yet during groundwater extraction,
if an impermeable barrier exists beyond the extent of the cone of depression, it will not have
any effect on drawdown. At some distance away from pumping, the maximum decline in
groundwater level may not occur until after pumping has ceased (e.g. Bredehoeft 2011).
Then, if the cone of depression intersects an impermeable barrier, drawdown on the pumping
side of the barrier will be greater than it otherwise would be if that barrier were not present.
In this case, hydraulic head measurements taken during pumping would not detect the
presence of the barrier. Other methods available for locating impermeable barriers rely on
datasets that can be clustered around the site of extraction rather than in the broader region
(Cook et al. 2016), and so a barrier may remain undetected.
The role that groundwater barriers play in pumping test analysis has been thoroughly
characterised (Ferris et al. 1962; Kruseman and de Ridder 2000; Pujades et al. 2012; Wu et.
al 2017). In addition, methods have been developed for groundwater modelling in regions
with hydraulic barriers, including: using analytical models (Fitts 1997); understanding
horizontal (Anderson 2006) and vertical (Anderson and Bakker 2008) anisotropy across
impermeable barriers, including in multi-aquifer settings; incorporating impermeable barriers
into numerical modelling codes (Hsieh and Freckleton 1993); and using numerical models to
test different permeabilities of fault zones (Bense and Person 2006). However, many of the
studies have been limited to steady-state flow and few discussed the recovery period
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following pumping. Yet predictions of groundwater levels in transient systems, including
during groundwater recovery, are often required for the purpose of watershed and ecosystem
management (Toran and Bradbury 1988; Currell et al. 2017).
If a barrier is undetected, and therefore not included in a conceptual model of a site, it can
introduce structural uncertainty in model predictions. In general, the implications of structural
model uncertainty have been well documented (Beven 2005; Bredehoeft 2005; Gupta et al.
2012; Refsgaard et al. 2012). However, to date no research has quantified the degree to which
model predictions could be inaccurate if impermeable barriers are not included in models of
groundwater drawdown. The aim of this study was therefore to determine both spatially and
temporally when impermeable barriers should be considered in predictive groundwater
models, and what their impact on groundwater level predictions could be.

Mathematical development
Analytical models (Theis 1935; Ferris et al. 1962) were used to compare groundwater
drawdown with and without an impermeable barrier. The difference in drawdown between
these two end members will be referred to as ‘the effect of the barrier(s)’. The effect of a
barrier, or multiple barriers, was evaluated during extraction (pumping phase) and also once
pumping had ceased (recovery phase) at various distances from pumping and in aquifers with
different geological properties. Drawdown from a pumping well was represented by the Theis
equation (Theis 1935). For an aquifer of infinite extent and with a constant transmissivity,
p

drawdown during pumping in a homogeneous aquifer (s1 ) is represented as:
𝑝𝑝

𝑄𝑄

−𝑟𝑟 2

𝑠𝑠1 = − 4𝜋𝜋𝜋𝜋 �Ei � 4𝜅𝜅𝜅𝜅 ��

(1)

Symbols are defined in Table 1, and Ei() represents the exponential integral function:
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∞ 𝑒𝑒 −𝑢𝑢

Ei(𝑥𝑥) = − ∫−𝑥𝑥

𝑢𝑢

𝑑𝑑𝑑𝑑

Table 1 Description of symbols and dimensions
Symbol
𝑠𝑠1𝑝𝑝

Description
Drawdown [L] without a hydraulic
barrier during pumping, where s >
0 indicates a lower hydraulic head.
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𝑠𝑠2𝑝𝑝

Drawdown [L] with a hydraulic

𝑠𝑠1𝑟𝑟

Drawdown [L] without a hydraulic

𝑠𝑠2𝑟𝑟

Drawdown [L] with a hydraulic

𝑄𝑄

Extraction/pumping rate, where Q

barrier during pumping.

barrier during recovery.

barrier during recovery.

> 0 indicates extraction [L3/T].

𝐾𝐾

Hydraulic conductivity of aquifer

𝑏𝑏

Thickness of aquifer [L].

𝑆𝑆

Specific storage [dimensionless].

𝑟𝑟

Radial distance of the pumping well

[L/T].

𝑇𝑇

Transmissivity of aquifer [L2/T].

κ

Aquifer diffusivity = 𝑇𝑇⁄𝑆𝑆 [L2/T].
to the observation well/point [L].

(2)

𝑅𝑅

Radial distance of the image well to

𝐿𝐿

Radial distance of the pumping well

𝑡𝑡

Time at which drawdown is

the observation well/point [L].

to the barrier [L].

evaluated [T].

𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜

Time at which pumping ceases, i.e.

𝛥𝛥𝛥𝛥 𝑝𝑝

Difference in drawdown with and

Q = 0 [T].

without the barrier: i.e. the effect of
the barrier, during pumping [L].

𝛥𝛥𝛥𝛥 𝑟𝑟

Difference in drawdown with and
without the barrier: i.e. the effect of
the barrier, during recovery [L].

𝜖𝜖

The ratio of the maximum effect of
the barrier during recovery
compared to pumping.

𝑟𝑟
𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚

Time of the maximum effect of the

𝛥𝛥𝛥𝛥 𝑝𝑝∗

Non-dimensional difference in

barrier during recovery [T].

drawdown during pumping, where
𝑄𝑄

Δsp [L] is scaled by 4πT [L].
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Non-dimensional difference in

𝛥𝛥𝛥𝛥 𝑟𝑟∗

drawdown during recovery, where
𝑄𝑄

Δsr [L] is scaled by 4πT [L].
Non-dimensional distance from a

𝑟𝑟 2∗

pumping well to an observation
well/point, where r2 [L2], is scaled
by 4κτoff [L2].

Drawdown with an impermeable barrier, which is a no-flow boundary, for an observation
well some distance, r, from the pumping well, can be derived by applying the superposition
principle using the image well technique (Ferris et al. 1962), which assumes that the barrier
has no permeability, spans the whole thickness of the aquifer and is of infinite length. A plan
view schematic diagram of the problem is presented in Figure 1.
Drawdown at the observation well, in the presence of the impermeable barrier, can therefore
be represented by:
𝑝𝑝

𝑄𝑄

−𝑟𝑟 2

−𝑅𝑅 2

(3)

𝑠𝑠2 = − 4𝜋𝜋𝜋𝜋 �Ei � 4𝜅𝜅𝜅𝜅 � + Ei � 4𝜅𝜅𝜅𝜅 ��

In this approach, R can be calculated if the angle, θ, between the line perpendicular to the
barrier that passes through the pumping well and the line from the pumping well to the
observation well is known, where R = r sin 𝜽𝜽�1+ �

2L-rcosθ 𝟐𝟐
rsinθ

� . Suppose that pumping ceases

at a time t = τoff. Drawdown at the observation well for t > τoff with no impermeable barrier

present (sr1 ) is shown in Equation 4, and with a barrier present (sr2 ) is shown by Equation 5.

These equations are obtained from Equations 1 and 3 by adding an additional expression for
drawdown which uses an inflow term with the same, yet negative, rate of extraction Q where
inflow begins at the cessation of pumping (where t = τoff). By the principle of superposition,
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this is then added to the original drawdown for each time step, which results in water level
simulations for the recovery period t > τoff.
−𝑟𝑟 2

𝑄𝑄

−𝑟𝑟 2

𝑄𝑄

𝑠𝑠1𝑟𝑟 = − 4𝜋𝜋𝜋𝜋 �Ei � 4𝜅𝜅𝜅𝜅 �� + 4𝜋𝜋𝜋𝜋 �Ei �4𝜅𝜅�𝑡𝑡−𝜏𝜏
−𝑟𝑟 2

𝑄𝑄

−𝑅𝑅 2

𝑜𝑜𝑜𝑜𝑜𝑜 �

(4)

��
−𝑟𝑟 2

𝑄𝑄

𝑠𝑠2𝑟𝑟 = − 4𝜋𝜋𝜋𝜋 �Ei � 4𝜅𝜅𝜅𝜅 � + Ei � 4𝜅𝜅𝜅𝜅 �� + 4𝜋𝜋𝜋𝜋 �Ei �4𝜅𝜅�𝑡𝑡−𝜏𝜏

𝑜𝑜𝑜𝑜𝑜𝑜

−𝑅𝑅 2

� + Ei �
�

4𝜅𝜅�𝑡𝑡−𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜 �

(5)

��

To observe the effect of two barriers on groundwater drawdown, where the two barriers are
orthogonal, drawdown at an observation point can be calculated by including more image
wells. With two orthogonal barriers, the imaginary system includes three image wells and
thus Equation 3 expands to become Equation 6. Ri1, Ri2 and Ri3 represent the radial distances
from the observation well to each of the image wells, i1, i2 and i3, respectively (Figure 2).
The drawdown in the observation well during pumping with two barriers is:
𝑝𝑝

−𝑅𝑅 2

−𝑟𝑟 2

𝑄𝑄

−𝑅𝑅 2

−𝑅𝑅 2

(6)

𝑠𝑠2 = − 4𝜋𝜋𝜋𝜋 �Ei � 4𝜅𝜅𝜅𝜅 � + Ei � 4𝜅𝜅𝜅𝜅𝑖𝑖1� + Ei � 4𝜅𝜅𝜅𝜅𝑖𝑖2� + Ei � 4𝜅𝜅𝜅𝜅𝑖𝑖3��

And drawdown in the observation well during recovery (t > τoff) with two barriers is:
−𝑅𝑅 2

−𝑟𝑟 2

𝑄𝑄

−𝑅𝑅 2

−𝑅𝑅 2

𝑄𝑄

−𝑟𝑟 2

𝑠𝑠2𝑟𝑟 = − 4𝜋𝜋𝜋𝜋 �Ei � 4𝜅𝜅𝜅𝜅 � + Ei � 4𝜅𝜅𝜅𝜅𝑖𝑖1� + Ei � 4𝜅𝜅𝜅𝜅𝑖𝑖2� + Ei � 4𝜅𝜅𝜅𝜅𝑖𝑖3�� + 4𝜋𝜋𝜋𝜋 �Ei �4𝜅𝜅(𝑡𝑡−𝜏𝜏
−𝑅𝑅 2

Ei �4𝜅𝜅(𝑡𝑡−𝜏𝜏𝑖𝑖1

𝑜𝑜𝑜𝑜𝑜𝑜

−𝑅𝑅 2

𝑖𝑖2
� + Ei �
)
4𝜅𝜅(𝑡𝑡−𝜏𝜏

𝑜𝑜𝑜𝑜𝑜𝑜

−𝑅𝑅 2

𝑖𝑖3
� + Ei �
)
4𝜅𝜅(𝑡𝑡−𝜏𝜏

��

𝑜𝑜𝑜𝑜𝑜𝑜 )

�+

𝑜𝑜𝑜𝑜𝑜𝑜 )

(7)

The difference in drawdown between the barrier and non-barrier scenarios (Δs) during
pumping and recovery are:
𝑝𝑝

𝑝𝑝

(8)

𝛥𝛥𝛥𝛥 𝑟𝑟 = 𝑠𝑠2𝑟𝑟 − 𝑠𝑠1𝑟𝑟

(9)

𝛥𝛥𝛥𝛥 𝑝𝑝 = 𝑠𝑠2 − 𝑠𝑠1
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Δs represents the effect of the barrier, and the error in a prediction of drawdown, where it
may be uncertain whether or not a barrier is present. The time of the maximum effect of the
barrier during pumping is the time at which pumping ceases because the effect of the barrier
increases as drawdown increases. On the other hand, the time of the maximum effect of the
barrier during recovery, trmax , will vary depending on pumping duration, τoff, and aquifer
diffusivity, κ. The value of trmax , for any value of τoff where t > τoff, can be found by setting
dΔsr
dt

= 0, and solving for t. For the one barrier case, this produces:

2
exp�−𝑅𝑅 � 𝑟𝑟 �
4𝜅𝜅𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚
− 𝑡𝑡 𝑟𝑟
𝑚𝑚𝑚𝑚𝑚𝑚�
𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜

+

2

exp�−𝑅𝑅 �
�
𝑟𝑟
4𝜅𝜅(𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚
−𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜 )
𝑡𝑡 𝑟𝑟
� 𝑚𝑚𝑚𝑚𝑚𝑚�𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜 �−1

(10)

=0

or for the two orthogonal barrier case:
−𝑅𝑅 2
exp� 𝑖𝑖1 � 𝑟𝑟 �
4𝜅𝜅𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚
−
𝑟𝑟
𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚
�𝜏𝜏
𝑜𝑜𝑜𝑜𝑜𝑜
exp�

−

−𝑅𝑅 2
exp� 𝑖𝑖2 � 𝑟𝑟 �
4𝜅𝜅𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚
𝑟𝑟
𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚
�𝜏𝜏
𝑜𝑜𝑜𝑜𝑜𝑜

−𝑅𝑅𝑖𝑖2 2
�
�
𝑟𝑟
4𝜅𝜅(𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚
−𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜 )
𝑡𝑡 𝑟𝑟
� 𝑚𝑚𝑚𝑚𝑚𝑚�𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜 �−1

+

exp�

−

−𝑅𝑅 2
exp� 𝑖𝑖3 � 𝑟𝑟 �
4𝜅𝜅𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚
𝑟𝑟
𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚
�𝜏𝜏
𝑜𝑜𝑜𝑜𝑜𝑜

−𝑅𝑅𝑖𝑖3 2
�
�
𝑟𝑟
4𝜅𝜅(𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚
−𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜 )
𝑡𝑡 𝑟𝑟
� 𝑚𝑚𝑚𝑚𝑚𝑚�𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜 �−1

+

exp�

−𝑅𝑅𝑖𝑖1 2
�
�
𝑟𝑟
4𝜅𝜅(𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚
−𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜 )
𝑡𝑡 𝑟𝑟
� 𝑚𝑚𝑚𝑚𝑚𝑚�𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜 �−1

=0

+

(11)

These can easily be solved numerically for trmax . It is also convenient to define the ratio of the
maximum Δsr to the maximum Δsp:
𝑚𝑚𝑚𝑚𝑚𝑚Δ𝑠𝑠𝑟𝑟

𝜖𝜖 = 𝑚𝑚𝑚𝑚𝑚𝑚Δ𝑠𝑠𝑝𝑝

(12)

to understand the relative effect of the barrier during recovery compared to pumping. The
max Δsp and max Δsr occur where t = τoff and t = trmax , respectively. Where the effect of the

barrier is high during recovery and low during pumping the value ϵ will be high. As the effect
of the barrier during pumping approaches 0, the ratio approaches infinity.

Groundwater drawdown and recovery with a single barrier
10

Drawdown with and without an impermeable barrier during pumping and recovery was
analysed over a wide parameter space initially for systems with one barrier (Equations 8 and
9). To study the circumstances where the effect of the barrier is not observed during
pumping, yet is significant during recovery, max Δsp was compared to max Δsr for various
values of r, κ and τoff (Figure 3). To simplify, situations where r = R = L were explored as this
represents a worst-case scenario. This means that the observation well is at the point
immediately adjacent to the barrier nearest the pumping well on the straight line between the
𝑄𝑄

pumping well and image well. Differences in drawdown Δs [L] are scaled by 4πT [L] to give
non-dimensional quantities Δs*. The squared radial distance, r2 [L2], is scaled by 4κτoff [L2] to
give the non-dimensional quantity r2*. As the value of r2* increases, the values of both
max Δsp* and max Δsr* decrease, with max Δsp* always lower than max Δsr*.
To understand the results, we can study the distance, r2*, at which the effect of the barrier
becomes insignificant (and therefore unobservable) in the pumping phase. Suppose that we
define a significant amount of additional drawdown due to the presence of a barrier as
Δs > 1 m. We consider three scenarios: Q/T = 102, 103 and 104 m, which respectively give
max Δsp* = 0.13, 0.013 and 0.0013. For each of these values, the largest value of max Δsr*
(and hence also max Δsr) can be determined each corresponding value of r2*. From Figure 3,
we therefore get r2* values of 1.4, 3.0, and 4.9 for Q/T = 102 m, 103 and 104 m, respectively.
For each distance, r2*, the value of max Δsr* can therefore also be read from the graph. These
non-dimensional values are, respectively, 0.27, 0.12 and 0.08, giving dimensional values for
max Δsr of 2 m, 10 m and 59 m (for Q/T = 102 m, 103 m and 104 m).
Following a similar approach, we can explore the range of distances between which the effect
of the barrier during pumping is not significant, but the barrier is not too far away—so that its
effect during recovery is significant (max Δsp ≤ 1 m yet max Δsr ≥ 1 m). We refer to these
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barriers as ‘undetected’ as hydraulic head measurements taken during pumping are not useful
to predict recovery drawdown. From Figure 3, these are: 1.4 ≤ r2* ≤ 2.9, 3.0 ≤ r2* ≤ 29,
4.9 ≤ r2* ≤ 91 for Q/T = 102 m, 103 and 104 m, respectively. For a system with κ = 500 m2/day
and τoff = 10 years, these non-dimensional values of r2* equate, respectively, to r values of
3140–4620 m, 4700–14,630 m, and 5990–25,800 m. Within these ranges of distance, ϵ
respectively spans 2.0–8.7; 10.0–2.0 x 1012 and 59.0–4.5 x 1038 (Figure 4). This illustrates
that the effect of the barrier during recovery is considerably greater than the effect of the
barrier during pumping. However, as demonstrated, to determine the significance of the
effect of the barrier during recovery one cannot simply refer to ϵ. This is because at high
values of ϵ, the actual difference in drawdown induced by the barrier may be minor even if
the ratio is large (as max Δsp approaches zero).
To exemplify the method and results, we analyse a hypothetical but realistic mining project
that exists within a regional aquifer in which there is an observation well (say, at the site of a
valued ecosystem) located on the pumping well side of a barrier 3 km away from the
pumping well (see Figure 1 where r = R = L = 3000 m). The barrier has not been identified
prior to the commencement of the project. Let us assume that dewatering proceeds for 10
years (τoff = 3650 days) where Q = 105 m3/day (this rate of dewatering is known to occur at
large open pit mines, Cook et al. 2016). The other aquifer properties are K = 0.04 m/day, S =
0.1, b = 300 m (κ = 120 m2/day); giving r2* = 5. Although the drawdown at the observation
well during pumping is small, residual drawdown during the recovery phase is significant
(Figure 5). The maximum effect of the barrier during the pumping period, max Δsp, equals
0.7 m, and so the presence of the barrier is unlikely to be detected during pumping. After
pumping ceases, as the extent of drawdown reaches the barrier, the residual drawdown curves
for the barrier and the non-barrier model results diverge. The barrier-case residual drawdown
curve is steeper than the non-barrier curve, as the barrier compartmentalises the aquifer and
12

less water is available on the pumping side of the barrier for water level recovery. During the
recovery phase, the maximum difference between the barrier and non-barrier model results
(max Δsr) is 47 m observed at a trmax of 20,693 days (56 years), which is 46 years after the
cessation of pumping. The value of ϵ for this example is 67, as the maximum effect of the
barrier is considerably greater during recovery than during pumping, which highlights the
importance of identifying barriers through other methods, such as hydrogeological mapping
and geophysics, as their impact on water levels is delayed beyond the cessation of pumping.

Timing of the maximum effect of a barrier
The solution to Equation 10 for r = R = L enables the comparison of the ratio of trmax to τoff
with r2* (Figure 6). This shows when the maximum effect of the barrier in recovery will
occur, compared to the total duration of pumping. As r2* increases, trmax increases with
respect to τoff.. As r2* decreases, trmax /τoff decreases and approaches 1. For max Δsp = 1 m, and
Q/T = 102 m, 103 and 104 m, trmax /τoff = 2.0, 3.6 and 5.5, respectively. This means that, say

for a groundwater extraction project that extends for 10 years (τoff = 10 years), the greatest

effects of the barrier will not be until 10, 26 or 45 years after pumping ceases for these values
of Q/T.

Groundwater drawdown and recovery with two orthogonal barriers
If there is more than one impermeable barrier, the effect of the barriers on drawdown will be
greater than in the single barrier case, as the aquifer becomes more compartmentalised. We
study the effect of two orthogonal barriers, with an observation well located on the pumping
side of the junction of these barriers, as a case study to exemplify highly compartmentalised
systems. In this case, the radial distance from each of the real or imaginary discharging wells
will be equal (r = Ri1 = Ri2 = Ri3). Under this assumption, Equation 6 simplifies to Equation
13, and Equation 7 simplifies to Equation 14.
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Note that in this case, as the observation well is immediately adjacent to the junction of the
two barriers, r ≠ L, and thus the barriers are each closer to the pumping well than in the one
barrier scenario. Therefore, in this case r represents the distance to both barriers, where they
intersect, so in the two barrier scenario: L1 =L2 = √r2 /2. During both pumping and recovery,

max Δs* decreases with increasing r2*. In comparison to the one barrier solution, overall the

values are higher (Figure 7). The values of r2*, for which max Δsp ≤ 1 m, and max Δsr ≥ 1 m,
are 2.1 ≤ r2* ≤ 8.8, 3.9 ≤ r2* ≤ 59 and 5.9 ≤ r2* ≤ 127 for Q/T = 102, 103 and 104 m,
respectively. Respective values of 𝜖𝜖 are 4–2.6 x 103, 22–7.6 x 1024 and 149–1.9 x 1051, which
can be found using the results for the one barrier case (Figure 4), as the ratio maxΔsr/maxΔsp
compared to r2* is the same for both case studies. In the two orthogonal barrier case, the
values of max Δsr (for max Δsp = 1 m) are 4 m, 22 m and 149 m.
To determine the timing of the maximum effect of the impermeable barrier, where r = Ri1 =
Ri2 = Ri3, and for t > τoff, Equation 11 simplifies to become the same as Equation 10 and the
value of trmax can be determined using Figure 5. For the three values of Q/T described earlier,
at max Δsr, where max Δsp = 1 m: trmax /τoff = 2.7; trmax /τoff = 4.5; and trmax /τoff = 6.4,

respectively. This shows that for a groundwater extraction project that extends for 10 years
(τoff = 10 years), the effect of the barriers will be greatest at 17, 35 or 54 years after pumping

ceases if Q/T = 102 m; Q/T = 103 m or Q/T = 104 m, respectively.

Maximum error in predictions of hydraulic head during recovery
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It is also useful to understand: (a) how large the effect of an undetected barrier could be in
recovery for any given Q/T and (b) the distances, r, for which this phenomenon may be
observed with respect to aquifer and pumping properties. To do this, for each value of Q/T,
we can find the value of max Δsp* where max Δsp = 1 m. From this we can derive the
corresponding value of r2* (Figure 3 or Figure 7), and thus also max Δsr* and hence Δsr. This
is shown in Figure 8. As Q/T increases, so do max Δsr and r2*. For values of Q/T between 1–
104 m, the non-dimensional values of r2* that results in max Δsp = 1 m range between 0.01–
10. The dimensional values of r can be derived by dividing r2* by a specific value of 4κτoff.
For example, if Q/T = 102 m, for values of κτoff between 106–108 m2, r ranges between 103
and 105 m.

Discussion and conclusions
This paper shows that in areas with impermeable barriers, hydraulic head measurements
made during pumping cannot reliably be used to predict recovery. This can occur if
impermeable barrier(s) exists outside the extent of drawdown induced during pumping. The
results indicate that, for an observation well located 3 km from a pumping project, the effect
of a barrier on groundwater levels can be less than 1 m during pumping, yet almost 50 m after
pumping has ceased. The timing of the maximum effect of a barrier on groundwater levels is
proportional to the duration of pumping and will increase as the distance of the barrier from a
pumping project increases.
The results were based on analytical models that used the linearised Boussinesq equations
(Dupuit assumption). Other assumptions include: that the hydraulic barrier is completely
impermeable, of infinite length, fully penetrating and that the aquifer is homogeneous. Our
model of hydraulic barriers is thus highly simplified, and does not consider the permeability
structure associated with fault zones (Caine et al., 1996; Bense et al., 2013). We also do not
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consider multi-aquifer systems in which faults create offsets on aquifer layers, or faults that
act as barriers to perpendicular flow across the fault but as a conduits to flow in the vertical
direction or along, parallel to, the fault. Steady state analytical models of these systems have
been considered (Anderson 2006; Anderson et al. 2008). Further research into methods for
modelling barriers with complex permeability and isotropy under transient conditions would
be useful, where numerical modelling and field studies could complement the use of
analytical or analytical-element models. The assumptions of zero permeability and isotropy
across barriers in this paper allow for a worst-case assessment of omitting impermeable
barriers from predictive models of groundwater levels based on hydraulic head measurements
taken during pumping.
Where the effect of a barrier during pumping is insignificant, other methods are required to
detect its presence. These might include surface or aerial geophysics (Ball et al. 2010;
Vittecoq et al. 2015), geochemistry and environmental tracers (Pereira et al. 2010; Rajabpour
and Vaezihir 2016; Sun et al. 2018; Toutain and Baubron 1999; Umeda and Ninomiya 2009),
and lineament analysis (Sander et al. 1997; Tam et al. 2004). Analysis of the pre-pumping
potentiometric surface might also provide information on the existence of barriers to flow
(Bense et al. 2003; Seaton and Burbey 2005), although often bore networks are sparse in
areas that are not affected by groundwater pumping. This is certainly the case in northwest
Australia, where dewatering of large open pit mines occurs in areas of highly complex
geology (Cook et al., 2016). Nevertheless, the use of multiple data sets, such as geochemistry,
temperature and hydraulic heads, can shed light on past and current groundwater dynamics in
regions impacted by pumping (Gumm et al. 2016). However, interpreting variations in
hydraulic conductivity and geological structures from some methods can be challenging (e.g.
Viezzoli et al. 2013). Therefore, simple approaches to understand the impact of impermeable
barriers on predictions of future groundwater levels can be very useful.
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Figure 1. Schematic, plan-view diagram of notation used in the analytical method to
calculate drawdown in the presence of an impermeable barrier (dot-dash line). The shaded
region represents the physical region, the white region represents the imaginary region. The
solution from an image well, depicted by the open black circle, was used along with real
discharge at the pumping well, depicted by the filled black circle, to derive the solution for
drawdown at the observation well shown as the black circle filled with a cross. PW =
Pumping well; OW = Observation well; IW = Image well.
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Figure 2. Schematic, plan-view diagram of notation used in the analytical method to
calculate drawdown in the presence of a two hydraulic barriers (dot-dash lines). The shaded
region represents the physical region, the white region represents the imaginary region. The
solution from three image wells, IW1, IW2 and IW3, depicted by black open circles were used
along with real discharge at the pumping well, depicted by the black filled circle, to derive
the solution for drawdown at the observation well shown as the black circle filled with a
cross. PW = Pumping well; OW = Observation well; IW = Image well.
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Figure 3. Generalised graph of maximum difference in drawdown between the one barrier
case and the no barrier case during pumping (in red) and recovery (in blue), where r = R = L,
as a function of non-dimensional distance (r2*).
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Figure 4. Generalised graph of the ratio of the maximum difference in drawdown between
the barrier and no barrier case during pumping compared to recovery (ϵ), where r = R = L, as
a function of r2*.
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Figure 5. Results of analytical simulation of extraction and recovery for an aquifer 300 m
thick, where Q = 105 m3/days, r = 3000 m with K = 0.04 m/days (T = 12 m2/days), and
S = 0.1. The blue shaded area denotes the period of pumping, where τoff = 10 years. (a)
Groundwater drawdown for the no barrier case (s1) and the one barrier case (s2); (b) the
difference between drawdown with and without the barrier (Δs = s2 – s1). trmax is the time
where Δs is the greatest, which occurs at 56 yrs.
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Figure 6. The time that the maximum effect of the barrier occurs (trmax ) as a ratio to pumping
duration (trmax /τoff ) compared to r2*.
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Figure 7. Generalised graph of maximum difference in drawdown between the two
orthogonal barriers case and the no barrier case during pumping (in red) and recovery (in
blue), where r = R = L, as a function of non-dimensional distance (r2*).
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Figure 8. The value of max Δsr for an undetected barrier, where Δsp = 1 m, depending on the
value of Q/T is shown by the solid lines for both the one barrier case (1 B) and two
orthogonal barrier case (2 B). The r2* corresponding to each max Δsr value for a specific Q/T
value is depicted with the hashed lines. These r2* values can be used to calculate dimensional
values of r, in metres, by dividing them by a specific value of 4κτoff.
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