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Abstract

The distribution of saline water in the upper aquifer and freshwater in the lower aquifer is a characteristic of groundwater
resources in the North China Plain (NCP). The phenomenon of groundwater depression cones in confined aquifers, primar-
ily caused by excessive groundwater extraction, has been extensively documented. In line with Darcy’s law, it is noteworthy
that the migration of shallow groundwater into confined aquifers can occur due to a substantial difference in hydraulic head
between the unconfined and confined aquifer systems. However, based on the monitoring data, the quality of deep ground-
water generally remains good. This paper attempts to explain this phenomenon from the perspective of non-Darcian flow in
aquitards. A finite difference method is used to solve low-velocity non-Darcian flow to a well in the NCP. The mathematical
model considers the threshold pressure gradient to describe non-Darcian flow in the aquitard and assumes Darcian and hori-
zontal flows for both shallow and confined aquifers. The comparison with traditional Darcian flow indicates that the leaky
area decreases rapidly when considering the threshold pressure gradient. The leaky area is negatively correlated with the
aquitard thickness and the transmissivity of the confined aquifer, and positively correlated with the pumping rate. The non-
Darcian vertical flow velocity is significantly lower than that obtained from Darcian theory. The vertical velocity difference
between Darcian and non-Darcian flows is significant under the situation of a small aquitard thickness, large pumping rate,
low transmissivity and large leakage coefficient when the threshold pressure gradient is large.
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Introduction

Water is a crucial resource for the sustainable development
of modern society and its economy, with groundwater play-
ing an important part. Groundwater not only compensates
for the shortage of regional water supply due to uneven dis-
tribution of surface-water resources, but it also maintains
ecological balance (Yu et al. 2018). The North China Plain
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faces severe water scarcity (Shi et al. 2011). Surface-water
resources in this region are limited, accounting for only
1.9% of China’s total water resources (Chen 2010), while
about two-fifths of China’s population resides there. Conse-
quently, groundwater has become the main source of water
(Wang et al. 2018), representing 70% of the total water sup-
ply (Zheng et al. 2010). The geological and hydrogeologi-
cal conditions in the region are characterized by multi-layer
aquifer systems comprising shallow and confined aquifers
and clay layers. Due to various geological factors and pro-
cesses—such as paleogeography, paleoclimate, Quaternary
glacial and interglacial periods, transgression-regression
cycles, and evaporation dissolution—the shallow ground-
water has been mineralized to become saline water (Cao
etal. 2016; Yi et al. 2016; Han et al. 2020). The North China
Plain is known for the phenomenon of saline water in the
upper aquifer and freshwater in the lower aquifer (Su et al.
2018; Shi et al. 2019). Owing to the poor quality of shallow
groundwater and low yield from individual shallow wells,
deep groundwater is the primary source of water supply.
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The North China region is experiencing a continu-
ous increase in water demand due to the rapid growth of
industry and agriculture, resulting in constant overex-
ploitation of groundwater resources (Chen et al. 2003;
Shi et al. 2011; Jiang et al. 2018). The long-term decline
in groundwater levels has led to the formation of a large
regional groundwater depression cone, causing a series
of environmental geological problems such as land sub-
sidence, down-movement of the fresh—saline groundwa-
ter interface, seawater intrusion, and ground fissures (Liu
et al. 2001; Chen et al. 2020; Liu et al. 2020). This situa-
tion poses significant challenges to domestic water supply,
food security, and the stability of engineering structures
(Foster et al. 2004). Furthermore, the hydraulic connec-
tion between the upper saline water and deep freshwater
is being strengthened by the continuous expansion of the
deep groundwater depression cone (Li et al. 2016). The
leaky recharge of shallow saline groundwater into the
deep fresh aquifer under a large vertical hydraulic gradi-
ent increases the risk of salinization, further threatening
the security of safe water supply.

Movement of an upper saline water boundary into a con-
fined aquifer under a large head difference is a significant con-
cern in terms of hydrogeology; thus, according to Darcy’s law,
a large amount of shallow groundwater in the North China
Plain is expected to enter the confined aquifer due to the large
head difference. While the shallow groundwater is saline, the
recharge to the confined aquifer may have great impact on the
deep aquifer; however, the quality of deep groundwater in the
North China Plain has not deteriorated significantly, and the
total dissolved solids content has not increased significantly.
Some researchers have studied this phenomenon and offered
explanations—for example, Wang (2002) investigated the
characteristics of the multilayer aquifer system in the city of
Tianjin and concluded that the interaction between micro clay
particles of the calcified clay in the aquitard and the aqueous
solution prevented the downward migration of saline water.
Zuo and Wan (2006) analyzed the hydrodynamic and hydro-
chemical field characteristics under the exploitation conditions
in the plain region of Tianjin and found that delayed leakage in
the clay layer significantly reduced the downward-movement
velocity of the saline groundwater. Shi et al. (2014) verified
the existence of interaction between micro clay particles of
calcified clay in the aquitard and the aqueous solution through
leakage tests using a closed undisturbed soil infiltration device.
Li et al. (2016) selected a typical profile of the domain in
Hengshui to analyze the groundwater quality characteristics
and evolution of the multilayer aquifer system, and found that
the leakage from the shallow aquifer to the confined aquifer
was limited even if the head difference was over 40 m.

Aquitards are continuously distributed throughout the
North China Plain and act as protective layers for the con-
fined aquifer to prevent contamination and salinization (Li
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et al. 2013; Han et al. 2021). The downward migration of
saline water is influenced not only by the head difference
and the solute concentration of the shallow saline ground-
water, but also by the thickness and lithology of the aquitard.
Clay, the main component of the aquitard, is a typical low-
permeability medium that controls the seepage flow and the
characteristics of solute transport in a leaky aquifer system.
However, water flow in low-permeability media differs sig-
nificantly from traditional Darcian flow (Liu et al. 2013),
which has been reported by many scholars (Nilson 1981;
Liu and Birkholzer 2012; Liu et al. 2012; Cai 2014; Chen
2019). Subsequently, researchers have studied the impact
of low-velocity non-Darcian flow on groundwater flow
and solute transport—for example, Zhu et al. (2006, 2007)
studied the impact of the threshold pressure gradient and
moving boundary on solute transport in low-permeability
media using a one-dimensional (1D) soil column experi-
ment. Cui et al. (2014) investigated the consolidation process
produced by low-velocity non-Darcian flow during saline
water downward migration in the North China Plain. Meng
et al. (2015) studied the impact of low-velocity non-Darcian
flow in the first kind of leaky aquifer system (ignoring the
storage capacity of the aquitard) on the determination of
hydrogeological parameters. Zhu et al. (2020) derived a new
solution to the transient single-well push-pull test with low-
permeability non-Darcian leakage effects.

To the authors’ knowledge, most existing research on low-
velocity non-Darcian flow has mainly focused on simulating
one-dimensional seepage in soil columns (Li et al. 2012; Liu
et al. 2012, 2013; Hu et al. 2022; Teng et al. 2023). Only
rarely has research explored the influence of non-Darcian
flow on the whole leaky aquifer system. Even when the low-
velocity non-Darcian flow equation is coupled with equa-
tions of groundwater flow in aquifers, the assumption is that
the shallow groundwater level remains constant during the
pumping period, which differs significantly from the actual
situation and can impact the reliability of the results.

The objective of this study is to investigate the reasons
for the absence of large-scale salinization in confined aqui-
fers from the perspective of the laws governing water move-
ment. To achieve this, the low-velocity non-Darcian flow
equation is coupled with the equations of groundwater flow
in aquifers with a radial coordinate system, and changes
in the shallow groundwater level during pumping periods
are considered. According to previous research (Han et al.
2021), most of the groundwater samples taken in the North
China Plain have total dissolved solids concentrations of
less than 5 g/L, which is about one-seventh of the seawa-
ter or saline lakes. The difference between the real flow
system and numerical simulation caused by the neglect of
density-dependent flow will be less than 0.5%, a difference
that is expected to have little impact on the conclusions in
this study (Simmons 2005). According to the relationship
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between groundwater solute concentration and viscosity
proposed in Ophori (1998), the variation caused by solute
concentration is quite limited when the concentration is less
than 1 mol/L. For the total dissolved solids of groundwater
in the North China Plain, 5 g/L corresponds to a concen-
tration of 0.0856 mol/L for NaCl; therefore, the variation
of viscosity of the groundwater in the North China Plain
can be neglected. Additionally, the average depth to the
top of the aquitard in the North China Plain is reported
to be 60 m (Cao 2013), at which depth the temperature
of groundwater remains stable or varies very slowly. For
the aforementioned reasons, nondense and nonviscous flow
was considered in this study. The differences between the
results obtained using Darcian and non-Darcian flows are
analyzed, and their influencing factors are identified under
the condition of a well fully penetrating a confined aquifer.
The numerical model proposed in this study allows one to
investigate the impact of low-velocity non-Darcian flow on
the overall groundwater system at a larger scale in a more
realistic way.

Statement of the problem
Mathematical model

Based on the distribution of aquifers and the characteristics of
saline and freshwater in the North China Plain, a leaky aquifer
system consisting of three layers—shallow aquifer, aquitard,
and confined aquifer—is simplified and schematically shown
in Fig. 1. To make the problem more mathematically trac-
table, this study makes assumptions similar to those used in
Hantush and Jacob (1955): each layer is homogenous and lat-
erally infinite; the storage capacity of the aquitard is ignored,

Fig. 1 Schematic of a single
pumping well fully penetrating

the heads of both the shallow aquifer and confined aquifer are
the same before pumping starts; the pumping rate of the well
fully penetrating the confined aquifer is constant; flows in the
aquifers are horizontal and follow Darcy’s law; and flow in the
aquitard is vertical. To describe the low-velocity non-Darcian
behavior in the aquitard, a threshold pressure gradient is used,
and the flux-gradient relationship is given as (Liu and Birk-
holzer 2012):

_ 0 i<i
PEK (i—d) P>y %

where v is the vertical flow velocity [LT™']; K, is the vertical
hydraulic conductivity of the aquitard [LT~!]; i and i are
the vertical hydraulic gradient and the threshold pressure
gradient, respectively. The low-velocity non-Darcian law
described by Eq. (1) was widely used in previous studies,
due to its simplicity and ease of use (Luo et al. 2019). When
ip=0, Eq. (1) is reduced to the traditional Darcy’s law. In
this study, groundwater flow described by Darcy’s law was
referred to as Darcian flow, while other flows that could not
be described by Darcy’s law were termed as non-Darcian
flow.

Based on the flux-gradient relationship described in the
preceding, the entire region can be divided into two parts:
the leaky area and the nonleaky area. A cylindrical coor-
dinate system is established with the origin located at the
intersection of the well center axis and the bottom of the
confined aquifer. The governing equations for groundwater
flow in the confined aquifer under cylindrical coordinates
can be expressed as:
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where H and H,y are the groundwater head and initial head in
the confined aquifer, respectively [L]; r is the radial distance
from the pumping well [L]; r,, is the well radius [L]; 7 is the
transmissivity of the confined aquifer [L*T~'], which can be
expressed as 7= K,M, for which K, is the hydraulic conduc-
tivity of the confined aquifer [LT~'] and M is the thickness
of the confined aquifer [L]; S is the elastic drainable porosity
of the confined aquifer, which can be expressed as S =SM,
for which S is the specific storage [L~1; 7is time [T]; Q is
the constant pumping rate [L>T~'].

A cylindrical coordinate system is established with the
origin located at the intersection of the well center axis and
the bottom of the shallow aquifer. The governing equations
for groundwater flow in the shallow aquifer under cylindrical
coordinates can be expressed as:

0*h  hoh K, . .\ Maoh . _ .
ﬁ-‘_rar Kl(_lo)_Klat(l>lO) )

2
pPh o hOh _Hadh

o Tror Ko VSh ®
h(r,0) = h, )
%(r - rw,t) =0 (10)
h(r — +oc0,1) = hy (11)

where £ is the head of phreatic groundwater [L]; K rep-
resents the hydraulic conductivity of the shallow aquifer
[LT™']; py is the specific yield of the shallow aquifer; i is
the vertical hydraulic gradient, which can be expressed as
i=(h+m+M — H)/m; m is the thickness of the aquitard [L];
hy is the initial head of the phreatic groundwater [L], which
can be expressed as hy=H,— (m+M).

Numerical solutions

Due to the non-Darcian flow in the aquitard, it is diffi-
cult to obtain analytical solutions; therefore, the finite
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difference method is employed to solve this model. To
improve computational efficiency, finer grid spaces are
needed near the pumping well where the groundwater head
changes greatly and coarser grid spaces are needed far
away from the well where the changes are gentler. In this
study, the nonuniform mesh generation method is adopted
to discretize the radial axis into N nodes (Mathias et al.
2008; Wang et al. 2017). The distance of each node from
the pumping well is expressed as:

ri=(rp+rmp)/2j=1-N (12)
in which
[togy (r) = logo(ry) ] .
log]()(r,-ﬂ/z)=logm<rw)+1[ ) = log )]Fomw
(13)

where N is the total number of nodes; r, is a large radial
distance from the well indicating the infinite boundary.
With the aforementioned nonuniform mesh generation
method, the governing Eq. (2) for groundwater flow in the
confined aquifer can be discretized in space as follows:
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Equation (3) for the nonleaky zone in the confined aqui-
fer can be expressed as:

Awll-l;’:rl1 + BW,H;“rl + Cle;fll =Dy, H} (15)
in which

1
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Equation (7) can be expressed as

Aph™ !+ B! + Cplfl + DpHI = By + Foh!
(16)
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Table 1 . The default values for Parameter K, (m/day) K, (m/day) 0 (m*/day) S Ha T (m%day)
hydraulic parameters

Value 5 0.0001 1,000 0.0001 0.15 250
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By solving Egs. (14)—(17) using MATLAB (Radha and
Singh 2023), the distribution of groundwater heads in shallow
and confined aquifers can be obtained. As the computational
accuracy is significantly influenced by the time step, the itera-
tive method is used to control the numerical error below some
specified tolerance.

Results and discussion

In the following section, the impact of low-velocity non-Dar-
cian flow on the movement of groundwater in a leaky aquifer
system will be investigated under the condition of a well fully
penetrating a confined aquifer. Both shallow and confined
groundwater heads before pumping are assumed to be 100 m.
The case being considered is that the thicknesses of the aqui-
tard and confined aquifer are 5 and 50 m, respectively (Han
et al. 2021; Yang et al. 2022). The default values for hydrau-
lic parameters used in the study are shown in Table 1 (Shao
et al. 2013; Zhang et al. 2015; Sun et al. 2016; Ma et al. 2017,
Cheng et al. 2021). Then the results obtained from Darcian

and non-Darcian flows are compared under different influenc-
ing factors. The absolute error is used to reflect the difference
between them and can be written as:

AY=Y,-Y, (18)

where Y, and Y, are physical quantities obtained from Dar-
cian and non-Darcian flow theories, respectively.

Impact of low-velocity non-Darcian flow
on flow movement under different thicknesses
of the aquitard

Based on extensive data collected through sample surveys,
it is found that the thicknesses of aquitards in the North
China Plain range mainly from 5 to 20 m (Zhan et al. 2014;
Kwong et al. 2015; Han et al. 2021; Yang et al. 2022). To
further investigate the relationship between the threshold
pressure gradient of the aquitard and the distance of the
dividing point from the pumping well, data for aquitard
thicknesses of 5, 8, 11, 14, and 17 m under pseudo-steady-
state conditions are plotted in Fig. 2. Due to the adop-
tion of transient groundwater flow modeling, as pumping
begins, the water head decreases, and the groundwater
depression cone continuously expands. With the ongo-
ing pumping, the rate of expansion of the groundwater
depression cone gradually decreases. In the later stages
of pumping, the temporal changes in groundwater head
induced by the pumping become increasingly insignifi-
cant and can be considered negligible. This condition is
referred to as a pseudo-steady-state condition. In this study,
a criterion for determining the pseudo-steady-state condi-
tion is set, considering a water head difference less than
10~* m between adjacent time steps. The other hydraulic
parameters used are the same as those shown in Table 1.
The results show that as the threshold pressure gradient
of the aquitard increases, the distance between the divid-
ing point of leaky and nonleaky areas and the pumping
well decreases rapidly. This suggests that the hydraulic
connection between shallow and confined aquifers is sig-
nificantly weakened by the threshold pressure gradient of
the aquitard, thereby reducing the vulnerability of the con-
fined aquifer to salinization. In other words, the Darcian
flow may lead to a significant overestimation of the leaky
flow rate compared to the actual situation (non-Darcian
flow). When the threshold pressure gradient of the aqui-
tard is large enough, there will be no leakage between the
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Fig.2 The relationship between the threshold pressure gradient of the
aquitard and the distance of the dividing point from the pumping well
with different thicknesses of the aquitard (m in meters) under pseudo-
steady-state conditions

shallow and confined aquifers; furthermore, the distance
of the dividing point from the pumping well decreases as
the aquitard thickness increases. Leaky areas in the aquifer
system with a thicker aquitard are found to be less sensi-
tive to the threshold pressure gradient of the aquitard when
compared to systems with a thinner aquitard, which can be
explained by the fact that the increase in aquitard thick-
ness reduces the vertical hydraulic gradient in the aquitard,
resulting in a smaller leaky area.

To further examine the relationship between the inten-
sity of leakage and the threshold pressure gradient of the
aquitard, the characteristics of the vertical flow veloci-
ties in the aquitard near the pumping well under different
thicknesses of the aquitard are analyzed, as they represent
the maximum vertical flow velocities in the leaky aquifer
system. Figure 3 illustrates the variation of the verti-
cal flow velocity in the aquitard near the pumping well
for different thicknesses of the aquitard under pseudo-
steady-state conditions with the threshold pressure gradi-
ent of the aquitard. It can be observed that, as the thresh-
old pressure gradient increases, the vertical flow velocity
decreases to zero and then remains stable. The slopes of
all these curves at the decreasing stage are nearly the
same and approximately linear, due to the fact that the
flux-gradient relationship used in Eq. (1) is linear and the
vertical hydraulic conductivity of the aquitard remains
identical. The slight nonlinearity might arise from the
fact that variations in the threshold pressure gradient can
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Fig.3 The variation of the vertical flow velocity in the aquitard near
the pumping well for different thicknesses of the aquitard (m) under
pseudo—steady-state conditions with the threshold pressure gradient
of the aquitard

influence the drawdown curve during a pseudo steady
state. This, in turn, affects the vertical hydraulic gradient
and ultimately impacts the final vertical velocity within
the aquitard. In the case of a thick aquitard, the vertical
flow velocity is significantly reduced, and the rate of
decrease becomes gradually smaller. Figure 4 shows the
absolute error of the vertical flow velocity in the aquitard
calculated using Eq. (18). The results indicate that the
differences between the results calculated from Darcian
and non-Darcian flows increase with an increase in the
threshold pressure gradient in the aquitard. This differ-
ence is positively correlated with the thickness of the
aquitard under a small threshold pressure gradient, and
negatively correlated with the thickness of the aquitard
under a large threshold pressure gradient, which is to
be expected. When i is extremely small, the water flow
within the aquitard approximates Darcian flow. During
this scenario, the impact of non-Darian flow becomes
more pronounced only when the aquitard is consider-
ably thick. Conversely, when i is significantly large, the
entire region has transitioned into a nonleaky area. In this
scenario, the disparity in vertical flow velocity between
Darcian and non-Darcian flows equals the vertical flow
velocity observed under Darcian flow conditions. As
the thickness of the aquitard increases, the vertical flow
velocity in the aquitard decreases. Based on the above
analysis, for a leaky aquifer system with a thinner aqui-
tard under a substantial threshold pressure gradient, the
assessment method based on Darcy’s law may lead to a
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Fig.4 The difference between the vertical flow velocities in the aqui-
tard calculated from Darcian and non-Darcian flows under different
thicknesses of the aquitard (m)

significant overestimation of both the leaky flow rate and
the potential risk of salination.

Impact of low-velocity non-Darcian flow on flow
movement under different pumping rates

Figure 5 illustrates the impact of low-velocity non-Darcian
flow on flow movement under different pumping rates. The
pumping rates considered are 400, 800, 1,200, 1,600, and
2,000 m*/day, respectively. The other hydraulic parameters

x10°
6

—8— 0 =400m%d —e— QO =1600 m’d
5L —%— Q=800m>d —A— Q=2000m’d
—%— 0 =1200 m*/d

Distance from pumping well (m)
W
T

0.0 0.5 1.0 1.5 2.0 2.5
iO

Fig.5 The relationship between the threshold pressure gradient of
the aquitard and the distance of the dividing point from the pump-
ing well with different pumping rates (Q) under pseudo-steady-state
conditions

are the same as shown in Table 1. It can be observed that the
leaky area reduces rapidly with an increase in the threshold
pressure gradient of the aquitard, and this trend becomes more
pronounced with an increase in the pumping rate. The leaky
area is positively correlated with the pumping rate, and the dif-
ference in leaky areas under different pumping rates decreases
with an increase in the threshold pressure gradient of the aqui-
tard. Therefore, in a leaky aquifer system experiencing sig-
nificant exploitation from the confined aquifer, there is a con-
siderable risk of overestimating both the leaky flow rate and
the potential for salination if non-Darcian flow is disregarded.

Figure 6 illustrates the variation of the vertical flow
velocity in the aquitard near the pumping well for differ-
ent pumping rates under pseudo-steady-state conditions
with the threshold pressure gradient of the aquitard. It
indicates that, after a sort of warm-up period, the vertical
flow velocity linearly decreases with the increase of the
threshold pressure gradient, and all of these curves have
the same slope at the decreasing stage. This explanation
is the same as that in section ‘Impact of low-velocity
non-Darcian flow on flow movement under different
thicknesses of the aquitard’. In particular, the slight non-
linearity may be due to the fact that the pumping rate can
impact the drawdown curve under pseudo-steady-state
and further affect the final vertical velocity in the aqui-
tard. Additionally, because, under pseudo-steady-state
conditions, the pumping rate near the well is primarily
supplied by leaky recharge from the shallow aquifer, the
adjacent curves are distributed at almost equally spaced
intervals. Figure 7 displays the absolute error of the ver-
tical flow velocity in the aquitard calculated from Eq.
(18). The differences between the results obtained from

x10*
20

—8— 0=400m%d —e— QO =1600m*d
—%— 0 =800m%d —A— Q=2000m*d
—k— Q= 1200 m¥%d

(%
T

Vertical flow velocity (m/d)
wn =)
T T

Fig.6 The variation of the vertical flow velocity in the aquitard near
the pumping well for different pumping rates (Q) under pseudo-
steady-state conditions with the threshold pressure gradient of the
aquitard
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Fig. 7 The difference between the vertical flow velocities in the aqui-
tard calculated from Darcian and non-Darcian flows under different
pumping rates (Q)

Darcian and non-Darcian flows increase with the increase
of the threshold pressure gradient in the aquitard. This
difference is negatively correlated with the pumping rate
under small threshold pressure gradients and positively
correlated with the pumping rate under large threshold
pressure gradients.

Impact of low-velocity non-Darcian flow on flow
movement under different transmissivity values
for the confined aquifer

Figure 8 shows the impact of low-velocity non-Dar-
cian flow on flow movement with different values of

x10?
5
—8—T7=50m*d —e—T=350m%d
—%—T=150m¥d —A— T=450 m*d
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Distance from pumping well (m)

0 1 2 3 4

)

Fig. 8 The relationship between the threshold pressure gradient of the
aquitard and the distance of the dividing point from the pumping well
with different transmissivity (7) values for the confined aquifer under
pseudo-steady-state conditions
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transmissivity for the confined aquifer: 7= 50, 150, 250,
350, and 450 m?/day. The other hydraulic parameters are
the same as shown in Table 1. The results indicate that
the leaky area reduces rapidly with the increase of the
threshold pressure gradient of the aquitard and this trend
becomes more pronounced with the increase in transmis-
sivity. The leaky area is negatively correlated with the
transmissivity value, and the difference in leaky areas
under different transmissivity values first increases and
then decreases with the increase of the threshold pressure
gradient of the aquitard, which is to be expected. Com-
pared with no threshold pressure gradient of the aqui-
tard, the drawdown of the confined groundwater head is
extended under a small threshold pressure gradient of the
aquitard leading to an increase in the leaky area. With
the threshold pressure gradient of the aquitard further
increasing, leakage becomes more and more difficult.
This result implies that the threshold pressure gradient
can have a significant impact on the extent of leakage,
subsequently reducing the risk of salination in the con-
fined aquifer.

Figure 9 shows the variation of the vertical flow
velocity in the aquitard near the pumping well for dif-
ferent transmissivity values under pseudo-steady-state
conditions with the threshold pressure gradient of the
aquitard. This figure illustrates that the vertical flow
velocity decreases with the increase of the threshold
pressure gradient, and the spaced intervals between
adjacent curves vary greatly. The vertical flow velocity
in the aquitard increases rapidly with the decrease in
transmissivity. The absolute error of the vertical flow
velocity in the aquitard calculated from Eq. (18) is dis-
played in Fig. 10. As the threshold pressure gradient
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Fig.9 The variation of the vertical flow velocity in the aquitard
near the pumping well for different transmissivity (7) values under

pseudo-steady-state conditions with the threshold pressure gradient of
the aquitard
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Fig. 10 The difference between vertical flow velocities in the aquitard
calculated from Darcian and non-Darcian flows under different trans-
missivity (7) values for the confined aquifer

in the aquitard increases, the differences between the
results calculated from Darcian and non-Darcian flows
increase, and the error curves change from concave to
approximately linear with the increase in transmissivity.
The explanation is as follows: When the transmissivity
for the confined aquifer is extremely small, the lateral
recharge capacity of the confined aquifer is notably low.
The drawdown of the confined groundwater head near
the pumping well is extremely significant, while a signif-
icant hydraulic head disparity exists between the uncon-
fined and confined aquifers. Consequently, a substantial
vertical hydraulic gradient develops within the aquitard.
In this context, minor fluctuations in iy, when it is at
a very small value, minimally impact the vertical flow
velocity within the aquitard; however, as i, progressively
increases, its influence becomes progressively more con-
spicuous, leading to the emergence of a concave curve
in situations where the transmissivity for the confined
aquifer is very small. Especially for small transmissivity
values (like an aquifer of fine sand), the absolute error
of the vertical flow velocity in the aquitard is significant
under a large threshold pressure gradient in the aquitard
(like clay layer or shale layer), which should be given
more attention and one should consider the impact of
non-Darcian flow.

Impact of low-velocity non-Darcian flow on flow
movement under different leaky coefficients

The leaky coefficient is expressed as

The following paragraphs discuss five sets of
leaky coefficients: 8.0x 107%, 1.6 x 107>, 2.4 x 1077,
3.2x 1073, and 4.0 x 107%/day. The other hydraulic
parameters remain the same as shown in Table 1. Fig-
ure 11 illustrates the relationship between the threshold
pressure gradient of the aquitard and the distance of the
dividing point from the pumping well with different
leaky coefficients under pseudo-steady-state conditions.
This figure suggests that the leaky area decreases rap-
idly with the increase of the threshold pressure gradient
of the aquitard, and the leaky area is negatively corre-
lated with the leaky coefficient. For a small threshold
pressure gradient of the aquitard, the difference of the
leaky area between different leaky coefficients is sig-
nificant; however, with the increase of the threshold
pressure gradient of the aquitard, this difference quickly
disappears.

Figure 12 shows the variation of the vertical flow
velocity in the aquitard near the pumping well for differ-
ent leaky coefficients under pseudo-steady-state condi-
tions with the threshold pressure gradient of the aqui-
tard. Meanwhile, Fig. 13 displays the absolute error of
the vertical flow velocity in the aquitard calculated from
Eq. (18). Three observations can be made from these
figures. Firstly, the vertical flow velocity and the spaced
intervals between adjacent curves decrease with the
increase of the threshold pressure gradient. Secondly,
the vertical flow velocity is positively correlated with
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Fig. 11 The relationship between the threshold pressure gradient of
the aquitard and the distance of the dividing point from the pumping
well with different leaky coefficients (¢) under pseudo-steady-state
conditions
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Fig. 12 The variation of the vertical flow velocity in the aquitard near
the pumping well for different leaky coefficients (¢) under pseudo-
steady-state conditions with the threshold pressure gradient of the
aquitard

the leaky coefficient, while thirdly, with the increase of
the threshold pressure gradient in the aquitard, the dif-
ferences between the results calculated from Darcian and
non-Darcian flows increase, and a large leaky coefficient
increases this difference.

Figure 12 illustrates that when i,> 1.0, the vertical
flow velocity in the aquitard is reduced to 0. Conversely,
when iy < 1.0, an increase in the threshold pressure gradi-
ent corresponds to a diminishing vertical flow velocity.
The underlying reasons for this observed behavior can be
elucidated as follows. The threshold pressure gradient for
non-Darcian flow can result in the emergence of a non-
leaky area when the vertical hydraulic gradient falls within
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Fig. 13 The difference between vertical flow velocities in the aquitard
calculated from Darcian and non-Darcian flows under different leaky
coefficients (o)
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the range of 0 <i < i, Two factors, namely the pumping
rate and the threshold pressure gradient, can influence the
distance between the pumping well and the starting point
of the nonleaky area. Additionally, the vertical hydraulic
conductivity value of the aquitard only affects the vertical
flow velocity within the leaky area. Figure 12 illustrates
the variation of the vertical flow velocity in the aqui-
tard near the pumping well (r=5 m). As the value of i,
increases, the distance between the pumping well and the
starting point of the nonleaky area becomes progressively
smaller. When i,=1.0, the separation point between the
leaky and nonleaky areas occurs at r =5 m; consequently,
all curves approach zero when i, > 1.0. Within the leaky
area, a higher vertical hydraulic conductivity of the aqui-
tard and a smaller i result in a larger vertical flow veloc-
ity in the aquitard.

Impact of low-velocity non-Darcian flow on flow
movement under different values of elastic
drainable porosity

The impact of low-velocity non-Darcian flow on flow
movement is shown in Fig. 14 for different values of
elastic drainable porosity, S = 1.0x 107>, § = 5.0x 107,
§S=1.0x10"* 5=1.5%x10"% §=2.0x107* Figure 15
illustrates the variation of the vertical flow velocity in
the aquitard near the pumping well for different values
of elastic drainable porosity under pseudo-steady-state
conditions with the threshold pressure gradient of the
aquitard. The absolute error of the vertical flow veloc-
ity in the aquitard calculated from Eq. (18) is shown in
Fig. 16. The other hydraulic parameters are the same
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Fig. 14 The relationship between the threshold pressure gradient of
the aquitard and the distance of the dividing point from the pumping
well with different elastic drainable porosity (S) values under pseudo-
steady-state conditions
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Fig. 15 The variation of the vertical flow velocity in the aquitard near
the pumping well for different values of elastic drainable porosity

(S) under pseudo-steady-state conditions with the threshold pressure
gradient of the aquitard

as shown in Table 1. In addition to the impact of the
threshold pressure gradient of the aquitard on the leaky
area and vertical flow velocity discussed in the first four
subsections of section ‘Results and discussion, it can be
observed from Figs. 14, 15 and 16 that there is no obvi-
ous impact of elastic drainable porosity on the leaky
area and vertical flow velocity in the aquitard under
pseudo-steady-state conditions. This can be explained
by considering a vertically cylindrical domain of con-
fined aquifer surrounding the well. The total pumping
rate is composed of water released from the confined
aquifer storage within that cylinder, influx outside that
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Fig. 16 The difference of the vertical flow velocity in the aquitard
calculated from Darcian and non-Darcian flows under different values
of elastic drainable porosity (S)

cylinder, and the leaky recharge from the shallow aqui-
fer; therefore, elastic drainable porosity mainly controls
the variation of groundwater head and has little effect
on the final state.

Impact of low-velocity non-Darcian flow on flow
movement under different hydrogeological
parameters of the shallow aquifer

The impact of low-velocity non-Darcian flow on flow
movement under different hydrogeological parame-
ters of the shallow aquifer is depicted in Fig. 17. The
other hydraulic parameters are the same as shown in
Table 1. Figure 18 displays the variation of the verti-
cal flow velocity in the aquitard near the pumping well

(@ x10°
4
b —8— 4, =0.05 —o— ;=020
2 1ty =0.10 —A—p, =025
=3t —k— 1, = 0.15
(o)
E:
on
£
£
s 2r
[=9
g
2
“—
3
=} 1r
Ei
Aa k\\‘\L
0t o SRV VR VR
1 1 1 1
0.0 0.5 1.0 1.5 2.0
iO
b) x10°
4
L —&— K, =1m/d —— K,=7m/d
o) —%— K, =3m/d —4&— K, =9m/d
=3l —*— K, =5m/d
3
E:
on
£
£
521 °
3 "
g
2
(3]
3
=] 1+ 1
Ei
o i IS -
1 1 1 1
0.0 0.5 1.0 1.5 2.0

Iy

Fig. 17 The relationship between the threshold pressure gradient of
the aquitard and the distance of the dividing point from the pump-
ing well with different hydrogeological parameters of the shallow
aquifer (a the specific yield of the shallow aquifer, pi4; b the hydraulic
conductivity of the shallow aquifer, K;) under pseudo-steady-state
conditions
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Fig. 18 The variation of the vertical flow velocity in the aquitard
near the pumping well for various hydrogeological parameters of
the shallow aquifer (a the specific yield of the shallow aquifer, u4; b
the hydraulic conductivity of the shallow aquifer, K;) under pseudo-
steady-state conditions with the threshold pressure gradient of the
aquitard

for various hydrogeological parameters of the shallow
aquifer under pseudo-steady-state conditions with the
threshold pressure gradient of the aquitard. Figure 19
illustrates the absolute error of the vertical flow veloc-
ity in the aquitard calculated using Eq. (18). It can be
observed from these figures that the hydrogeological
parameters of the shallow aquifer have little effect on
the leaky area and vertical flow velocity in the aquitard
under pseudo-steady-state conditions, in addition to the
impact of the threshold pressure gradient of the aqui-
tard mentioned in the first four subsections of section
‘Results and discussion’. This finding can be explained
similarly to what is discussed in section’ Impact of low-
velocity non-Darcian flow on flow movement under dif-
ferent values of elastic drainable porosity’.
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Fig. 19 The difference between vertical flow velocities in the aquitard
calculated from Darcian and non-Darcian flows under different hydro-
geological parameters of the shallow aquifer (a the specific yield of
the shallow aquifer, y4, b the hydraulic conductivity of the shallow
aquifer, K,)

Summary and conclusions

According to traditional groundwater seepage theory,
known as Darcy’s law, the shallow groundwater in the
North China Plain should have entered the confined
aquifer over a large area due to a significant head dif-
ference. Considering the substantial contamination
or salinity present in a significant portion of shallow
groundwater, this leakage was anticipated to exert a
significant influence on the water quality of the deep
confined aquifer; however, in reality, there is no appar-
ent salinization of the deep groundwater. This paper
aims to explain this phenomenon based on the seepage
characteristics of low-permeability media. A finite dif-
ference method is employed to solve for low-velocity
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non-Darcian flow to a well that fully penetrates a con-
fined aquifer. In this model, the flows in both shal-
low and confined aquifers are assumed to be Darcian
and horizontal, while leakage through the aquitard is
assumed to be non-Darcian and vertical. The study
investigates the effect of low-velocity non-Darcian flow
in the aquitard on the groundwater flow in the leaky
aquifer system and analyzes the difference between Dar-
cian and non-Darcian flows. The following conclusions
can be drawn from this study.

1. Low-velocity non-Darcian flow in the aquitard con-
siderably slows down the leakage from the shallow
aquifer. The leakage area and vertical flow velocity
are weakened by the threshold pressure gradient. As a
result, the assessment method relying on Darcy’s law
would lead to a considerable overestimation of both
the leakage and the risk of salination in the confined
aquifer.

2. The vertical flow velocity in the aquitard near the
pumping well decreases with the increase of the
threshold pressure gradient. The non-Darcian vertical
flow velocity is significantly lower than that obtained
from Darcian theory. These findings offer mechanis-
tic evidence for the overestimation of leakage and the
associated risk of salination in the confined aquifer
due to the oversight of non-Darcian flow.

3. The difference between the vertical flow velocity in
the aquitard calculated from Darcian and non-Darcian
flows is significant under the situation of a thin aquitard
thickness, large pumping rate, small transmissivity, and
a large leaky coefficient when the threshold pressure
gradient is large. Under the aforementioned conditions,
disregarding non-Darcian flow could lead to a signifi-
cant overestimation of the salination risk in the confined
aquifer within the North China Plain.

The findings of this study offer important insights
into why the confined aquifer in the North China Plain
has not experienced significant salination despite the
influence of distributed depression cones, particularly
from the perspective of non-Darcian flow. Moreover,
given the widespread occurrence of leaky aquifer sys-
tems around the world, these findings hold valuable
implications for groundwater issues in regions sharing
similar characteristics. However, several limitations
exist within this study’s findings—the numerical model,
for instance, does not incorporate the effects of chemi-
cal reactions, nonequilibrium adsorption, and dispersion
in solute transport. These aspects will be addressed in
future studies.
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