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 A B S T R A C T

Lin and Lin (Faulty assumptions: Groundwater modeling through anisotropic fault zones, Journal of Hydrology 
653(2025)) make unfounded claims about earlier studies of fault aquifer interaction: they state that the 
standard boundary conditions for a conductive fault used in earlier studies are flawed or based on faulty 
assumptions and that the earlier studies did not consider the discontinuities in both the normal component of 
flow and hydraulic head across a general fault. Further, they are unclear about the approximations in their 
own analysis which attempts to replace the two-dimensional flow field within a thin, anisotropic fault zone 
with two, one-dimensional, internal boundary conditions. Their claims about earlier studies are refuted and 
the approximations in their analysis are examined. Despite the limitations of their analysis, the work of Lin 
and Lin has value.
1. Introduction

In their recent paper, Lin and Lin (2025) (L&L, briefly) apply the 
theory of imperfect interfaces to the problem of groundwater flow 
to a well through a fault. They present, without derivation, inter-
face boundary conditions to replace a thin, anisotropic fault zone 
embedded in an aquifer of infinite extent. The authors state that 
their result ‘‘suggests that the mathematical formulas used for fault-aquifer 
interfaces in the existing analytical studies...may be fundamentally flawed 
or based on oversimplified assumptions’’. They refer directly to the work 
of Anderson (2006) and Anderson and Bakker (2008), and explicitly 
mention the boundary condition for a conductive fault as being in 
error. They present a condition that reflects the effects of fault conduc-
tance (equation 4.b in L&L), which includes a surface Laplacian of the 
drawdown. Conditions used in previously published analytical studies 
do not include this term. They attribute the difference to an incorrect 
assumption, made in the earlier studies, of one-dimensional flow along 
the fault. The condition that they question is standard, presented in 
textbooks (i.e., Strack (1989), p. 422), and has been used by many 
researchers to describe the effects of conductive faults or fractures on 
groundwater flow. If the authors are correct, a large body of published 
work is flawed. Fortunately, this is not the case. We show here that 
the boundary condition used by Anderson (2006) and others is, after 
differentiation, the same condition as presented by L&L.

Further, when applying the theory of imperfect interfaces to a 
general fault, L&L fail to state that the presented boundary conditions 
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are approximate, developed by truncating asymptotic expansions. In 
fact, the main approximation made by L&L related to the conductance 
of a general fault is an incorrect assumption of one-dimensional flow 
within the fault. We discuss both the exact boundary conditions for a 
conductive fault and the approximate boundary conditions proposed by 
L&L to represent a general fault.

2. The conductive fault

We begin with the internal boundary conditions that represent a 
conductive fault, as presented by Anderson (2006) and Anderson and 
Bakker (2008), for steady flow in an isotropic aquifer. The conditions 
are expressed in the coordinate system of L&L where the fault is 
aligned with the 𝑦-axis. The first condition ensures that the heads are 
continuous across the fault: 

𝛷− = 𝛷+ (1)

where 𝛷 [L3/T] is the discharge potential equal to 𝑇ℎ, where 𝑇
[L2/T] is the aquifer transmissivity and ℎ [L] is the hydraulic head. 
The superscripts ‘‘+’’ and ‘‘−’’ indicate evaluation along the 𝑦-axis in 
the right and left aquifer domains, respectively. The second condition 
reflects a jump in the normal component of flow across the fault:

𝛹+ − 𝛹− = 𝐶𝑓

𝑄−
𝑦

𝑇
(2)
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where 𝛹 [L3/T] is the stream function, 𝐶𝑓  [L3/T] is the fault conduc-
tance, and 𝑄𝑦 [L2/T] is the 𝑦-component of the discharge vector. Note 
that L&L use the symbol 𝐶𝑓  to represent the storage in the fault rather 
than the fault conductance.

The right-hand side of Eq.  (2) is the total discharge [L3/T] within 
the fault at any value of 𝑦. The first condition (1) ensures that the 
component of flow along the fault is the same on both sides of the fault, 
and therefore, 

𝐶𝑓

𝑄−
𝑦

𝑇
= 𝐶𝑓

𝑄+
𝑦

𝑇
(3)

We note that the internal boundary conditions (1) and (2) exactly rep-
resent the effects of an anisotropic fault zone with an infinite hydraulic 
conductivity normal to the fault, and a finite hydraulic conductivity 
tangential to the fault axis (Anderson, 2006).

Condition (2) is disputed by L&L. They use aquifer drawdown, 𝑠 [L], 
as the dependent variable where 𝑠 = ℎ𝑜−ℎ and ℎ𝑜 is the initial constant 
head in the aquifer. The components of the discharge vector are, in the 
notation of L&L 
𝑄𝑥 = 𝑇 𝜕𝑠

𝜕𝑥
𝑄𝑦 = 𝑇 𝜕𝑠

𝜕𝑦
(4)

On substitution of (4) into (2) and (3), we obtain 

𝛹+ − 𝛹− = 𝐶𝑓

(

𝜕𝑠
𝜕𝑦

)−
= 𝐶𝑓

(

𝜕𝑠
𝜕𝑦

)+
(5)

Fig.  1 shows a sketch of the relationship between the component of 
the drawdown gradient vector tangential to the fault on either side of 
the fault (gray arrows) and the drawdown gradient within the fault. 
The profile of the 𝑦-components of the gradient within the fault (black 
arrows) is uniform; the discharge within the fault varies with 𝑦 as 
groundwater enters and leaves the fault, but the discharge profile, like 
the gradient profile, remains uniform for all 𝑦.

The discharge within the fault, 𝑄𝑦(𝑦), is one-dimensional. This is not 
an assumption, as suggested by L&L, but rather a consequence of the 
infinite hydraulic conductivity of the fault in the 𝑥-direction, which is 
reflected in condition (1).

The fault conductance, 𝐶𝑓 , defined by Anderson, translated into the 
notation of L&L, is 
𝐶𝑓 = 𝑏𝑏𝑓𝐾𝑓,𝑦 (6)

where 𝑏 [L] is the aquifer thickness, 𝑏𝑓  [L] is the width of the fault, and 
𝐾𝑓,𝑦 [L/T] is the hydraulic conductivity of the fault in the 𝑦-direction.

Finally, from the definition of the stream function, 
𝜕𝛹
𝜕𝑦

= −𝑄𝑥 = −𝑇 𝜕𝑠
𝜕𝑥

(7)

As the problem considered by L&L is transient, the stream function 
does not exist. We differentiate both sides of (5) with respect to 𝑦 and 
substitute (6) and (7) into the results to obtain 
𝑇
𝑏

[

( 𝜕𝑠
𝜕𝑥

)+
−
( 𝜕𝑠
𝜕𝑥

)−]

= −𝐾𝑓,𝑦𝑏𝑓

(

𝜕2𝑠
𝜕𝑦2

)−
= −𝐾𝑓,𝑦𝑏𝑓

(

𝜕2𝑠
𝜕𝑦2

)+
(8)

The expression prior to the second equal sign is identical to the condi-
tion proposed by L&L for an isotropic aquifer when no water is stored 
in the fault (equation 4.b in L&L).

In the case of the conductive fault, the surface Laplacians on either 
side of the fault ((𝜕2𝑠∕𝜕𝑦2)+ and (𝜕2𝑠∕𝜕𝑦2)−) that appear in (8) are 
equal, a consequence of (1). This is important for the discussion of 
the general fault that follows: the drawdown, the 𝑦-component of the 
drawdown gradient, and the surface Laplacian on either side of a 
general fault are not equal, as (1) is no longer valid.

3. The general fault

A general fault, as described by Anderson (2006), is a thin
anisotropic domain embedded within an aquifer. The principal direc-
tions of the hydraulic conductivity tensor within the fault domain are 
2 
Fig. 1. The exact uniform profile of the 𝑦-component of the gradient vector (black 
arrows) within a conductive fault. The aquifer drawdown is the same on both sides 
of the fault, as are the gradient vectors (gray arrows) and the second derivatives of 
drawdown with respect to 𝑦 (surface Laplacians).

aligned with the 𝑥- and 𝑦-axes in the coordinate system of L&L. The 
principal components of the hydraulic conductivity tensor in the fault 
domain are both finite and non-zero.

The work of L&L focuses on solving an initial value problem with 
internal boundary conditions representing a general fault. They mo-
tivate their work by claiming that earlier work by Anderson (2006), 
and Anderson and Bakker (2008) did not account for discontinuities in 
both the head and flux across a general fault. In fact, Anderson (2006) 
developed an analytical solution for steady flow to a well through a 
general fault. From the results, the jumps in both the head and normal 
component of flow were identified (see Figures 4 and 6 in Anderson 
(2006)).

Further, Anderson (2006) demonstrated that for the two limiting 
cases of anisotropy – the conductive fault and the leaky fault – the 
fault domain may be replaced exactly by internal boundary conditions 
(see Anderson, 2006, Figure 7). This is possible as in the limiting cases, 
the flow within the fault becomes one-dimensional. For the case of 
the conductive fault the discharge within the fault in the 𝑦-direction 
depends only on 𝑦 (𝑄𝑦(𝑦)). For the case of the leaky fault the discharge 
within the fault in the 𝑥-direction depends only on 𝑦 (𝑄𝑥(𝑦)). For 
the general fault, however, the two-dimensional flow field within the 
anisotropic fault domain cannot be replaced in an exact fashion by 
internal boundary conditions, even when the physical width of the 
fault becomes infinitesimal. Any attempt to do so is, necessarily, an 
approximation.

The internal boundary conditions proposed by L&L attempt to define 
the flow field within a general fault by two one-dimensional conditions. 
This is expressed symbolically as: 
within the fault: 𝑄𝑥 = 𝑄𝑥(𝑦) (eq. 4.a of L&L) (9)

within the fault: 𝑄𝑦 = 𝑄𝑦(𝑦) (eq. 4.b of L&L) (10)

where 𝑄𝑥 and 𝑄𝑦 represent the components of the discharge vector in 
the fault domain. The true two-dimensional flow field within a general 
fault must be expressed as 
within the fault: 𝑄𝑥 = 𝑄𝑥(𝑥, 𝑦) (11)

within the fault: 𝑄𝑦 = 𝑄𝑦(𝑥, 𝑦) (12)

We consider the conductive condition (equation 4.b of L&L), as 
expressed in Eq.  (5) above. Fig.  2.a shows a non-uniform gradient 
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Fig. 2. The profile of the 𝑦-component of the gradient vector within a general fault: (a) the actual non-uniform profile; (b) the approximation applied by Lin and Lin; (c) a higher 
order approximation.
profile within a general fault, which results in a non-uniform discharge 
profile within the fault. Both the total discharge and the discharge 
profile along the fault axis vary with 𝑦 as groundwater enters and 
leaves the fault. For all 𝑦, the profile is bounded by, but cannot be fully 
described by, the 𝑦-components of the drawdown gradients (or in the 
condition presented by L&L, the surface Laplacians) on either side of 
the fault.

Fig.  2.b shows the one-dimensional approximation made by L&L, 
with the total discharge within the fault based on the gradient on the 
left side of the fault; the jump in the 𝑦-component of the drawdown 
gradient across the fault is ignored when estimating the flow along the 
fault. The jump is created by the discontinuous heads and flux across 
the general fault. This feature, which is the motivating factor for the 
work of L&L, is not incorporated into their boundary conditions.

4. Conclusions and discussion

Lin and Lin (2025) make false claims about earlier studies of aquifer 
fault interaction and are unclear about their own analysis:

• Boundary conditions used in earlier studies to represent the con-
ductive fault are not based on ‘‘faulty assumptions’’, but are 
identical to the condition proposed by L&L. The confusion appears 
to be related to the use of the stream function in the earlier 
studies, and a misunderstanding of the relationship between the 
conductive fault and the general fault.

• The jumps in both the head and normal component of flow across 
a general fault have been identified and investigated in earlier 
studies. An exact solution for steady flow to a well through a 
general fault is available (Anderson, 2006).

• The boundary conditions proposed by L&L for a general fault are 
approximate. The conductive condition (equation 4.b in L&L) is 
based on an approximation of one-dimensional flow along the 
fault axis within the fault, with no consideration of the jump 
in the tangential component of the gradient across the fault. No 
discussion or analysis of the approximation or error is provided. 
The error could be directly evaluated by comparison of the ap-
proximate model of L&L to the exact model of Anderson (2006), 
for steady state discharges.

Despite these issues, the efforts of L&L have value. Accurately rep-
resenting a thin, highly anisotropic fault domain embedded in a re-
gional model is difficult. If the fault domain can be replaced, even 
approximately, by internal boundary conditions, the difficulties can be 
reduced.

The conditions proposed by L&L may reasonably approximate the 
effects of a fault on flow in the aquifer, and this should be tested. It is 
3 
encouraging that the approximate conditions used by L&L include the 
exact boundary conditions for a conductive fault and a leaky fault as 
special cases (for 𝐾𝑓,𝑥 → ∞ and 𝐾𝑓,𝑦 → 0, respectively).

Higher order approximations can improve the representation of the 
general fault. For example, Fig.  2.c illustrates an alternate approxima-
tion of the flow in the fault which makes use of the drawdown gradients 
on both sides of the fault: 

𝛹+ − 𝛹− =
𝐶𝑓

2

[(

𝜕𝑠
𝜕𝑦

)−
+
(

𝜕𝑠
𝜕𝑦

)+]

(13)

In a similar fashion, higher order approximations of the leaky condition 
(equation 4.a in L&L) should be investigated.

The form of the general boundary conditions presented by Lin 
and Lin (equations 4.a and 4.b), as well as higher order approxi-
mations, are well suited for use in analytic element models, such as 
presented by Toller (2022) to simulate fracture flow. Toller simu-
lates flow through intersecting conductive or leaky fractures using line 
dipoles with real or imaginary strengths, respectively. The general fault 
can be represented efficiently in the model as line dipoles with complex 
strengths.
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