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Abstract

Understanding the impacts of managed abstraction and recharge, i.e. artificial regulation of groundwater, on flow dynamics
contributes to water resources planning and effective management of river basins. Based on the hydrogeological conditions of the
aquifer in the Tailan River Basin, northwestern China, a two-dimensional sand-tank physical model and the corresponding
numerical model were conceptualized and developed to investigate the influence of such regulation on the moisture content,
groundwater flow patterns, groundwater age, residence time distributions, and groundwater flow paths in the groundwater
reservoir. Four scenarios were examined at laboratory scale. The results showed that groundwater flow was influenced signif-
icantly by artificial regulation and that the depth of influence greatly increased depending on the regulation modes. Abstraction
mainly alters the groundwater flow paths and moisture content at the ground surface in the core area of the depression cone and
reduces the groundwater age in the entire aquifer. Groundwater flow lines are gradually parted by artificial recharge at different
depths. Groundwaters of different ages have different behavior under the different artificial recharge depths and artificial recharge
modes. Saddle points (kind of stagnation points) appeared at different locations, which were highly dependent on the modes of
artificial regulation. Some of the lessons learned, and some management strategies, are proposed based on the results. Despite the
dimensionality and scale of the model adopted, resulting in a relatively very large capillarity zone unrepresentative of field
conditions, these findings nonetheless have important implications for understanding groundwater flow dynamics impacted by
highly intensive human activities.

Keywords Groundwater flow paths - Abstraction - Artificial recharge - Infiltration basin - Laboratory experiments/measurements

Introduction

Groundwater is the primary source of potable water in many
regions worldwide (Sawyer et al. 2016; Fan et al. 2013). During
the few past years, over abstraction or persistent groundwater
depletion occurs in many countries (Alley et al. 2002; Rodell
et al. 2009; Wada et al. 2010, 2012; Gleeson et al. 2012). With
difficulties in obtaining a sustainable long-term supply of
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freshwater, caused by economic development, population
growth, urbanization and irrigation-area increase (particularly
in the arid and semi-arid areas), treated or treatable water is
being injected and stored to preserve current water resources
(such as flood water) for future use and sustainable develop-
ment. This constitutes aquifer management (Frederick et al.
2014; Barker et al. 2016) and it is increasingly being viewed
as a promising way to provide large storage capacity to capture
seasonally or intermittently available excess water to meet wa-
ter demands in the dry seasons and dry years (Dillon 2005,
Dillon et al. 2006; Maliva et al. 2006; Vacher et al. 2006;
Ward et al. 2009. Barker et al. 2016). This study focuses on
groundwater reservoirs that present different issues compared
with other aquifer management programs—i.e. artificial aquifer
creation, aquifer recharge, aquifer reclamation, aquifer storage
and recovery, aquifer storage transfer and recovery (American
Water Works Association 2014, AWWA Manual M21 on
Groundwater), and artificial recharge-pumping systems
(Jonoski et al. 1997)—because the reservoir volumes studied
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here are larger. Groundwater, surface water, and ecological en-
vironments in a defined region are considered as an integrated
system that takes account of managed abstraction and artificial
recharge, collectively called ‘artificial regulation’ activity. A
groundwater reservoir that is highly dependent on artificial reg-
ulation is regarded in terms of planning and management of the
water resource, rather than merely a store of water.

The study of the hydrological response to human activities
is an important topic in hydrology, to which many studies
have contributed (Oki and Kanae 2006; Zhang et al. 2007;
Barnett et al. 2008; Wang et al. 2009; Hotta et al. 2010; Jia
et al. 2012; Bao et al. 2012; Yang et al. 2013; Deng and Chen
2017; Jakobczyk-Karpierz et al. 2017). The increasing de-
mand for groundwater resources by human society in arid
areas has altered natural groundwater hydrologic cycles
(Erickson and Stefan 2009; Mi et al. 2016; Deng and Chen
2017; Gao et al. 2017). Many investigations, including field
studies and numerical simulations, have shown that human
activities such as groundwater pumping and urbanization have
increasingly influenced groundwater levels (Ghaleni and
Ebrahimi 2015; Mi et al. 2016), total groundwater storage
(Wada et al. 2010; Mi et al. 2016) and groundwater quality
(Keeler et al. 2016). While these studies have generated im-
portant insights into the effect of human activities on ground-
water hydrological processes, few have evaluated changes in
groundwater flow paths and the corresponding responses of
hydrogeological processes. Characterizing groundwater flow
paths is essential for understanding groundwater migration,
which is very important for protecting regional water supply
security, and for controlling dynamic behavior and hydrolog-
ical cycles, as well as facilitating environmental conservation
and water resources management (Nakaya et al. 2007;
Polizzotto et al. 2008; Qin et al. 2012). Artificial regulation
involves intensive activities to regulate water resources and
represents a major factor in controlling the groundwater flow
system on a regional scale. It is therefore necessary to analyze
regional groundwater flow paths while considering extensive
human activities, such as groundwater pumping and artificial
recharge.

The aim of this study is to develop a sand tank model and
conduct a numerical simulation model to investigate ambient
groundwater flow paths in a groundwater reservoir area affect-
ed by artificial regulation activity. The sand tank model was
established based on the hydrogeological conditions of the
Tailan River watershed in northwestern China. Infiltration ba-
sins and injection wells at multiple layers were distributed
near the upstream boundary, and pumping wells at different
depths were located near the downstream boundary.
Infiltration recharge was set using the site information.
Laboratory experiments were conducted to investigate the
flow paths and soil moisture content according to variations
in hydraulic heads for different artificial regulation scenarios.
Numerical simulations were conducted to simulate the
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laboratory experiments and to quantitatively assess the effects
of artificial regulation on ambient groundwater flow paths, the
distribution of groundwater ages, the distribution of residence
times and groundwater velocities under various artificial reg-
ulation modes.

Methodology
Site description

The field site is located at the Tailan River watershed (42°41'
41"~42°15'13"N; 80°21'44"~81°10"14"E), in the southern
piedmont of the western part of the Tianshan Mountains, in
the north marginal zone of the Tarim Basin in Xinjiang auton-
omous region (Fig. 1). The climate of the Tailan Basin is
classified as a continental arid climate, with an annual precip-
itation of 62 mm and evaporation of 1,840 mm. The Tailan
River is primarily sourced by snowmelt water at the upper
reaches of the Tarim River. According to the landform units
along the river, the Tailan River watershed is divided into the
intermountain depression zone, the alluvial fan, the alluvial
plain, and the belt of transition between the oasis and desert.
The slope plain areas at the piedmont (Figs. 1 and 2) have
strong infiltration capacity, a deep water table, and higher
recharge rate; the areas are rich in land resources, providing
appropriate geologic and hydrogeologic conditions for the
creation of a natural groundwater reservoir with resource po-
tential. At the apex zone of the alluvial fan, the lithology of the
geological formation is Quaternary gravels and coarse sand,
and groundwater can be easily recharged through the unsatu-
rated zone. Thick unsaturated zones can provide sufficient
capacity to store surface water in the area. There is generally
no connection between the stream and aquifer system, and
between the infiltration basin and aquifer system (Deng
2012). The river and infiltration basin recharge groundwater
via slow and diffuse seepage, depending on various physical
factors that are directly related to topography, ecology, geolo-
gy, and climate.

To some degree, alluvial fan areas are very suitable for the
creation of natural groundwater reservoirs. Alluvial fans gen-
erally have a morphology that consists of three main parts
from apex to apron: inner fan (short extension and coarse
granulometry of deposits), mid fan (smaller grain size of par-
ticles and bed deposits), and outer fan (largest area made up by
fine-grained bed deposits; Blair and McPherson 2009). These
features (based on particle size, gradually changing from
coarse to fine from apex to apron) could act as natural water-
storage structures. The apex, which has highly permeable me-
dia, strong infiltration capacity and a deep water table, usually
is the best area for artificial recharge projects. The apron, with
low-permeability media, could act as an underground barrier
to prevent the downflow of the artificially recharged water.
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Fig. 1 The study area in the Tailan River Basin, Xinjiang, China

Laboratory experiments

A conceptual model of a groundwater reservoir was created,
based on the hydrogeological conditions at the site (Fig. 3a).
Laboratory experiments and the realization of the conceptual
model were carried out with an acrylic glass tank measuring
2.05 m (length) x 0.5 m (height) x 0.16 m (width) to simulate
a homogeneous phreatic aquifer (Fig. 3b). The sand tank was
divided into three parts: the left-hand side was a reservoir
representing the upstream constant head boundary, the middle
part was filled with fine sands to simulate the loose sediments,
and the right-hand side was another reservoir representing the
downstream constant head boundary (Atlabachew et al.
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2018). To mimic the actual hydrogeological condition in the
apron area of the alluvial fan, where the first layer of the
aquifer is a low-permeability medium and the deep layer is
high permeability medium (Fig. 2), the right-hand boundary
above the water level is set to be a no-flux boundary. Six
computer-controlled pumps, each with a maximum pumping
rate of 2.88 m>/day, were installed in two pumping wells
(PW1 and PW2) and four injection wells (IW 1-4), respec-
tively (Fig. 3a). In the physical experiments, well screen holes
were made on the back face of the sand tank, which connected
to peristaltic pumps. The discharging and recharging rates
were measured continuously every 10 min. This physical
model represents a cross section of the alluvial fan in a
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Fig. 2 Tailan River hydrogeological cross section showing the groundwater reservoir in the piedmont
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Fig. 3 a Conceptual model of groundwater reservoir; b schematic
diagram of the sand tank and the experimental apparatus; and ¢ side
view of the laboratory-scale numerical model setup with prescribed
boundary conditions. The boundaries on the right and left sides were set
as a constant head boundary condition. The blue line (¢) on the top
boundary was set as a flux boundary condition. The four red points are

piedmont area in arid regions. Six vertical arrays of high-
sensitivity deflated pressure transducers (PTs; HM20-1-A1-
F2-W2, by German HELM; Fig. 3b) were buried directly into
the tank to measure hydraulic pressure. These PTs were cabled
to a time synchronized data-logger. Pressure measurements
were collected every second.

The grain size distribution of the sand is shown in Fig. 4.
The sand used in the experiments was relatively uniform with
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injection wells and the three blue points are pumping wells. The 19 red
points (b) are the pressure transducers for the hydraulic head data acqui-
sition. The four black points and two pink points (b) are the injection
wells and pumping wells, respectively. The four green points are the
calculation points of groundwater age

d50 = 534.6 Hm and d90/d10 = 3.72 (dl() = 306.2 Hm;
dso = 534.6 um,; dgy = 1138 um), which was optically deter-
mined using a LS Particle Size Analyzer by Beckman Coulter,
USA, with a measurement range between 0.040 and
2,000 um. The saturated hydraulic conductivity of the sand
was 40.61 m/day as measured using the constant-head method
and the bulk porosity was found to be 0.3 using the oven-
drying method (Chinese National Standard, 1999). The
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Fig. 4 The grain size (diameter, pm) distribution of the sands

permeability of the sands is substantially higher than that of
typical fine sands in a natural state (Wilson et al. 2008), which
is approximately 10 m/day.

To visualize ambient groundwater flow paths, seven trac-
ing injection points were installed on the left of the middle part
of the tank, and the tracer dye eosine (red) was added to the
tracing injection points at a concentration of 0.3 g/L. The
effects of the tracers on the density and viscosity of the fluid
were assumed to be neglected (Stoeckl and Houben 2012). To
analyze the development of the groundwater flow system, the
experiment was recorded with a video camera at an interval of
one frame every 10 min (Pixel 2400 W).

Scenarios of artificial regulation

Four different artificial regulation scenarios were considered, to
mimic actual hydrological scenarios in the field (Table 1, sce-
narios A—D). Scenario A represents a natural condition with no
artificial recharge and no groundwater abstraction. Three exper-
iments were conducted for scenario A to examine the flow
paths. The water levels were controlled at 43 and 25 cm above
the inner base of the tank at the entrance (left) and exit (right)
water chambers, respectively. The hydraulic gradient in the tank
is justified according to the natural gradient in the Tailan River
area, which is roughly consistent with the ground surface slope
(0.06-0.1). Each of the three experiments started with a steady-
state condition that was reached after approximately 180 min.
Scenario B represents a pumping condition with a constant
pumping rate (pumping well) applied at a different depth of the
aquifer. Two different pumping depths and three different

pumping rates (1.0, 1.5 and 2.0 m*/day) were conducted for
scenario B to examine the pumping effect on groundwater flow
paths. Because the groundwater reservoir is not in the Tailan
River Basin, the infiltration rates were justified according to the
water-table variations in the infiltration areas, which should not
be higher than the upstream constant head. Pumping was initiated
at different depths with a constant rate over a period of 180 min.
The water levels in the upstream and downstream reservoirs in
scenario B were fixed at the same as those in scenario A.
Scenario C represents a recharge condition with constant
artificial recharge rates (infiltration basin) applied on the top of
the aquifer. Three different experiments were conducted in
scenario C using three different recharge fluxes (5, 10 and
15 m*/day) to examine the effect of infiltration basins on flow
paths. The recharge area was located between distances of
39.6 and 49.5 cm away from the left Plexiglas screen separa-
tor. The recharge area was 0.016 m*> with a 10 cm width and
16 cm length. Once the experiment began, a constant recharge
was applied on top of the aquifer over a period of 180 min.
The water levels in the upstream and downstream reservoirs in
scenario A were applied to the reservoirs in scenario C.
Scenario D represents a hydrological condition with a con-
stant injection rate (injection well) applied at different depths
of the aquifer. Four different injection depths and three differ-
ent injection rates (1.0, 1.5 and 2.0 m*/day) were conducted in
scenario D to examine the effect of injection wells on flow
paths. The water levels in the upstream and downstream res-
ervoirs in scenario A were applied to this scenario.
Furthermore, in order to avoid air trapping, wetting of the
medium was always from the bottom, that is to say, experi-
ments in all scenarios began with a slow rise in the water table.

Numerical model

FEFLOW (Diersch 2014), a variably saturated groundwater flow
modeling program, was used for the numerical simulations. The
basic equation (Diersch 2014) describing the groundwater flow
simulated in the FEFLOW code is shown in the following.

oh Os
SS05+55+VX(1:Q+QEOB (1)
q=—kKf, x (Vh+xe) (2)

where s is the saturation of fluid in the void space ¢ [1], Sy is
the specific storage coefficient [L'], / is the hydraulic head
[L], ¢ is time [T], € is the porosity (void space) [1], V is the
nabla (vector) operator [L '], q is the Darcy velocity of fluid
[LT '], Qs the bulk source/sink term of flow [L* T™'], Oron
is the correction sink/source term of the extended Oberbeck-
Boussinesq approximation [T '], k; is the relative permeabil-
ity [1], K is the tensor of hydraulic conductivity [LT '], fuis
the viscosity relation function [1], x is the buoyancy coeffi-
cient [1], € is the gravitational unit vector [1].
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Table 1 Definitions for different

Settings of different scenarios

scenarios Scenarios
Scenario A
Scenario B Pumping
Scenario C Infiltration basin
Scenario D Injection

No artificial recharge and no groundwater abstraction

Pumping rates (m’/day) PW1 PW2

1 B, B,

L5 B; By

2 Bs Be
Recharge fluxes (m*/day)

5

10

15

Injection rates (m*/day) W1 w2 W3 w4
1 D, D, Ds D,
1.5 Ds D¢ D, Dg
2 Dy Do Dy Dy,

PW pumping well; /W injection well

B, and D, are the test numbers

The numerical model was built according to the experimental
conditions shown in Fig. 3c. In particular, the following boundary
conditions were applied. The base boundary was set as a no-flow
boundary. The lateral boundaries on the right and left side (Fig.
3c¢) represent a constant head condition by the reservoirs and thus
were set as a Dirichlet-type boundary. For the sediment surface,
the nodes below the infiltration (red line in Fig. 3c) were set as the
Neumann-type boundary. In the numerical model, the well screen
was conceptualized to be a pumping point. The finite element
mesh for the numerical solution is shown in Fig. 3c. The mois-
ture-content/pressure relationships in the unsaturated zone were
determined by the moisture contents combined with tensiometers
and the van Genuchten (1980) equation. The van Genuchten
parameters for all compartments were manually set to o=
4.05m™" and n=1.987.

The measured hydraulic head data together with the flow
paths from scenario B were taken as an example to calibrate
the model. In particular, the hydraulic conductivity and spe-
cific storage values were adjusted slightly using observed
heads (Table 2). As an example, Fig. 5 shows the fitness be-
tween the measured and calculated heads using the trial-and-
error method, suggesting that the numerical model is reliable
for application. The flow paths simulated with the numerical
model match well with the observed flow paths (Fig. 6).

Results

Moisture content

To examine the effects of artificial regulation on the moisture
content in the groundwater reservoir area, the areas near the

pumping wells, infiltration basin, or injection wells were assessed.
The ground surface moisture content fluctuations were examined

@ Springer

at three locations: (30,50), (56,50) and (140,50). The moisture
contents at the three areas of focus simulated in the numerical
model for different scenarios are shown in Fig. 7. The moisture
content decreased gradually along the vertical planes from up-
stream to downstream—for example in scenario A, the ground
surface moisture content decreased from 0.278 to 0.228 along the
vertical planes. Groundwater pumping led to a moisture content
decrease from 0.2748 to almost 0.216 along the studied aquifer
from upstream to downstream; notable is the area near the
pumping wells in which the moisture content at 0.216 was small-
er than that when pumping at the deep layer. This indicates that
the effect of pumping in the central area of the cone of depression
was intensified when groundwater was pumped at the shallow
layer. However, the artificial recharge increases the soil moisture
content, either in the infiltration basin or the injection well areas of
the groundwater reservoir—for example, Fig. 7 shows that the
ground-surface moisture content at the near upstream location
increased from 0.278 to 0.285, whereas this content at the down-
stream location increased from 0.228 to 0.23. This led to an
obvious deepening of the recharge layer for the moisture content
driven by the infiltration basin compared with that by injection
wells. The ground-surface moisture content at the downstream
location increased from 0.230 to nearly 0.234 when transferred
from the infiltration basin to injection at the deeper layer.
Regarding the injection wells, the soil moisture content in the
three areas of focus underwent no significant changes but slightly
decreased with the deepening of the injection well screen.

Groundwater flow patterns and groundwater ages

Groundwater flow patterns for different scenarios are shown
in Fig. 8. Simulation results show that for scenario A, without
artificial regulation, the ambient groundwater flow directions
were mostly horizontal. The velocity distribution in the sand
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Table 2 Values of model

parameters adopted in the Model type Parameters

laboratory and numerical

simulations Hydraulic conductivity (m/day) Anisotropic ratio Specific yield Porosity
Laboratory model 40.61 1 0.1 0.3
Numerical model 40 1 0.1 0.35

aquifer showed uniformity (Fig. 8a), primarily 4 m/day in the
main part of the sand tank aquifer, which indicates that the
hydraulic gradient dose not substantially change across areas
of the sand aquifer.

Regarding the flow dynamic of scenarios under the stress
of artificial regulation (Fig. 8, left panel), the important feature
of the flow-net pattern is the existence of stagnant zones with
extremely low or zero velocity. Stagnant zones are associated
with saddle points, where groundwater velocity is zero. There
are two saddle points in Fig. 8b, and where the shallow
groundwater is abstracted, there is one saddle point, SP2 (lo-
cated at the aquifer bottom). With a deepening in the pumping
well screen, the saddle point in the saturated zone gradually
disappeared. Under the stress of artificial recharge, saddle
points can also appear at different locations in the upstream
direction of the infiltration basin or injection well, indicated as
SP3, SP4, SP5, SP6, SP7 and SP8, whereby SP4 is in an
unsaturated zone, and the others are located in the saturated
zone. Locations of saddle points were highly dependent on the
forms of artificial regulation.

To better illustrate the stagnant zones, Fig. 9 zooms in on
the flow patterns around SP2, SP6 and SP8. Taking the flow
paths around SP 1 and SP8 as examples (Fig. 9a), it was found
that streamlines flow in the opposite directions first and then
converge to the same direction. However, regarding SP6, it
was found that streamlines from upstream flow in the same
direction first and then part toward opposite directions.

Velocity fields are also shown in the left panel of Fig. 8.
The velocities of ambient groundwater flow driven by the
abstraction could be increased significantly, especially in the
saturated zone. Shown in the left-hand panels of Fig. 8a—c as
the areas near the pumping wells, the velocities of ambient
groundwater flow increased from 5 m/day under the natural
state to approximately 10 m/day and were driven by pumping.
It was concluded that the abstraction accelerates the ambient
groundwater circulation rate in the groundwater reservoir area.
Comparing the left-hand panel in Fig. 8a with that of Fig. 8d,
the presence of the infiltration basin led to an obvious decrease
in the groundwater flow velocities from 4 to 3 m/day in the
upstream areas of the infiltration basin. Referring to the panels
on the left in Fig. 8a,e,f,g,h, more obvious decrease of veloc-
ities appeared in the upstream areas of the infiltration basin as
driven by the injection wells, where groundwater flow veloc-
ities decrease from 4 to ~0 m/day. Regarding the downstream
areas of the artificial recharge projects, the groundwater flow
velocities were found to increase from 4 to 5 m/day to ~5 to
7 m/day.

Groundwater age has also been further investigated, as
shown in the right panel of Fig. 8. These figures show that
groundwater abstraction and artificial recharge led to a de-
crease in the groundwater ages in the saturated zone. The
groundwater ages in the unsaturated zone near the down-
stream boundary were increased by abstraction but decreased
by artificial recharge. To obtain further insight into the
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Fig. 5 Comparison of simulated and measured groundwater head
variations for scenario B using parameter values shown in Table 2. The
red lines are simulated results and the blue point are measured results. a
Measured and simulated at TP 1—1, b measured and simulated at TP 1-3,

¢ measured and simulated at TP 1-6, d measured and simulated at TP 2—
4, e measured and simulated at TP 3-3, f measured and simulated at TP
4-1
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groundwater ages, four calculation points were set at different
locations in different scenarios. The four calculation points
were Py(12, 20), P, (15, 43), P; (143, 14) and P, (146, 38).
Groundwater ages at the steady-state condition driven by ar-
tificial regulation activities are displayed Fig. 10. P; and P;
were located at upstream and downstream positions of the
saturated zone, respectively, whereas P, and P, were located
at upstream and downstream positions of the unsaturated
zone, respectively. Figure 10 shows that the injection wells
increased the groundwater age in the upstream areas and de-
creased the groundwater age in the downstream areas. With
the deepening of the injection well screen, the groundwater
age in the saturated zone in the upstream area became longer
but shortened in the unsaturated zone in the upstream area. In
the downstream areas, with the deepening of the injection well
screen, the groundwater age became longer both in the satu-
rated and unsaturated zones. Influenced by the infiltration ba-
sin, the groundwater age in the whole aquifer became shorter
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compared with that in the natural condition. Groundwater ab-
straction decreased the groundwater age in the upstream areas
but increased that in the downstream areas. The groundwater
age became shorter with the deepening of the pumping well
screen.

Residence time distributions

Residence time distributions (RTDs) of the sand tank phreatic
aquifer in different scenarios are considered here. The results
show that not only the ambient groundwater driven by artificial
regulation but also the artificial recharged water exhibit different
RTD laws compared with the natural state. The frequency distri-
bution (FD) of the ambient groundwater and artificial recharged
water’s RTDs show clearly different progressions in different
scenarios (Figs. 11, 12, and 13). Most FDs of the ambient
groundwater’s RTDs are driven by artificial recharge toward an
exponential law behavior with a changing depth of artificial
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B pumping at PW2, ¢ scenario B pumping at PW1, d scenario C, e

recharge, except for these injected by IW1 and TW3, which
tended toward logarithmic law. However, overall, the shapes of

scenario C inject at IW4, f scenario C inject at IW3, g scenario C inject
at IW2, h scenario C inject at IW1. In the right panel, the blue lines are the
water table, and the red lines are groundwater ages

the FD of the ambient groundwater’s RTDs driven by artificial
recharge do not show substantial change according to the depth
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Fig. 9 Distribution of hydraulic head (blue lines) and streamlines (red lines) around saddle points SP2, SP6 and SP8

of artificial recharge (Fig. 11). Most of the FD of the artificial
recharged water’s RTDs shows a logarithmic law behavior with a
changing artificial recharge depth, except for those artificially
recharged by the IW4 and infiltration basin, which tended toward
exponential law. The early time portion of the FD of the artifi-
cially recharged water’s RTDs shows a very clear progression
toward a step-like change. In other words, the frequencies of
the artificially recharged water’s residence times are nearly equiv-
alent to each other in this portion, primarily from approximately
2,000-5,000 s (Fig. 12). In Fig. 13, the FDs of ambient ground-
water’s RTDs show very different behaviors under the abstraction
at different depths. Deep pumping leads to the FD of ambient
groundwater’s RTDs toward a logarithmic law behavior, and
shallow-depth pumping leads to a polynomial motion.

Ambient groundwater flow paths

Particle tracking was used to examine the effect of artificial
regulation on ambient groundwater flow paths. Several parti-
cles were released at different points in the numerical model
on the left side to trace the ambient groundwater flow (Fig. 14,
left panel). Particles were released from the same locations at

Fig. 10 Groundwater ages at
different locations in different
scenarios. The numbers at the top
of the bars are groundwater ages
(seconds)

m Location at (12,20)

Scenario A Injection at

W1
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the steady-state conditions in different scenarios. At the same
time, flow nets (Fig. 14a—h, right-hand panels) based on the
hydraulic heads by pressure transducers at steady-state condi-
tions were also produced after the laboratory experiments. The
penetration depth of the ambient groundwater flow from TP1
and TP6, at the section of x = 99 cm are also shown in Fig. 15.
In contrast with the definition of penetration depth by Zijl
(1999) based on the decay of flux intensity, the penetration
depth of groundwater flow here is the depth of certain ground-
water flow paths at certain sections.

The variations in groundwater flow paths for scenarios A—D
are shown in Fig. 14. The results from both laboratory experi-
ments and numerical simulations show that the artificial regu-
lation greatly changed the ambient groundwater flow paths.
The effect of abstraction on ambient groundwater flow paths
mainly occurred in the cone of depression. The abstraction at a
shallow layer shallowed the penetration depth of the ground-
water from the deep layer and deepened the penetration depth
of the groundwater from the shallow layer in the cone of de-
pression (Fig. 14b). With the deepening of the pumping well
screen, the penetration depth of the ambient groundwater from
deep layers increased in the cone of depression (Fig. 14c).
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The effect of the law of artificial recharge on the ambient
groundwater flow paths relies on the artificial recharging meth-
od (infiltration basin, injection well, recharging intensity, etc.).
In scenario C, artificial recharge was set as a localized constant
artificial recharge flux (infiltration basin), applied on the surface
of the aquifer. Figure 14d shows the ambient groundwater flow
paths at the steady-state condition when the recharge flux is 10
m’/day. The infiltration-basin effect induced increased penetra-
tion depth of the ambient groundwater flow increase. In scenar-
io D, artificial recharge was set as a constant injection rate
(injection well) applied at different depths of the aquifer. Four
different injection depths and three different injection rates (1.0,
1.5, and 2.0 m3/day) were conducted in scenario D to examine
the effect of the injection well (including the injecting depth and
rate) on ambient groundwater flow. Figure 14e—h shows the

10000 15000 20000

RTDs (s)

results of scenario D. When the injection well screen was locat-
ed in the shallow layer, the penetration depth of the ambient
groundwater flow increased. With a deepening injection well
screen, the ambient groundwater flow was gradually fraction-
ated by artificial recharge. When the injection well screen was
in the bottom layer, the penetration depth of the ambient
groundwater flow decreased.

Discussion

This study developed a physical sand-tank model and a corre-
sponding numerical simulation model to investigate the ambi-
ent groundwater flow paths as expected to take place in a
groundwater reservoir area affected by artificial regulation.

Fig. 12 Frequency distribution of 0.1 + Scenario A
RTDs for artificial recharged y= -0.031In(x) + 0.2933 Injectiou at IW1
water and its fitted trend lines 0.09 R?=0.8669 O Injection at TW2
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The groundwater recharge and discharge elements and their
circulation patterns were collected and calculated based on data
from the Tailan River watershed, which is located in an arid
area. The real utility of this sand tank and numerical model is to
simulate the variation in the ambient groundwater flow system
under different conditions with varying artificial regulation
modes. In this study, artificial regulation modes were represent-
ed with the infiltration basin, injection wells and pumping wells
(Andrew et al. 1999; Konrad et al. 2014; Emily et al. 2016;
Ebrahim et al. 2016). Practically, surface water flowing through
alluvial fans in arid and semiarid areas are often disconnected
from groundwater; that is, an unsaturated zone between the
surface water and ambient groundwater is gradually produced
when the stream is disconnected from the aquifer (Wang et al.
2011, 2014; Newcomer et al. 2016). Thus, the infiltration basin
was set as a prescribed flux (Neumann type) boundary (Carabin
and Dassargues 1999). A total of 19 high-sensitivity deflated
PTs were buried at different locations of the sand tank to mea-
sure the hydraulic gradient. The hydraulic gradient data were
collected once per second. The pumping rate and injection rate
could be stabilized by seven computer-controlled pumps.
Tracer dye was added to the ambient groundwater during
the laboratory experiments. Despite the difference of dimen-
sionality and scale of the models as compared to the field
case study, these settings effectively satisfy the study of am-
bient groundwater flow paths driven by artificial regulation.
Admittedly, the limitation of using the small-scale model
would lead to some unreasonable results—for example, the
capillary zone thickness relative to the saturated zone thick-
ness is extremely large in these experiments, which seems
unreasonable when considering a field-scale case. The limita-
tion, however, does not affect the main purpose of this study
(i.e., understanding how pumping and recharge affect the
ambient groundwater flow dynamics).

The method regarding the images was developed by Bear
(1979) to solve the well flow problem influenced by the
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boundary in the analytic method. When the wells with short
pumping or injection times are far from the boundary and the
boundary does not have an obvious influence on the well flow
during the process, it can be treated as an infinite aquifer.
However, the existence of the boundary must be considered
when the well is near the boundary or in the case of long-term
pumping or injection, where the boundary has a significant
effect on the flow. In this condition, the single well could act
as a line of wells when determining the flow field in the ana-
lytical method. In this study, the simulated groundwater flow
by laboratory experiments is generally three-dimensional
(3D), especially in areas near the infiltration basin, injection
well, and pumping well screens. As Oostrom et al. (1992)
reported, flow instability is inherently 3D and time-dependent,
even in a relatively narrow sand flume as that used in this
study. Before the fingers at the front side reached the bottom
of the tank, those at the back had reached the pumping well
(Fig. 6b). On the other hand, a tracer test could visualize
groundwater flow in the sand tank under certain conditions,
but the dispersion effect could also seriously influence the
results. Therefore, in this paper, the flow fields were mainly
produced using hydraulic head values collected by a pressure
transducer; however, due to symmetry, the flow on the vertical
plane along the model’s center line is two-dimensional (2D).
Since key flow characteristics are expected to be 2D in the
vertical and horizontal directions, the discussion will be first
focused on such 2D flows. Overall, the results from the labo-
ratory experiment and numerical simulation agreed reason-
ably well with each other (Fig. 6).

Notably, due to the scale effect, some of the derived results
are unusual—for example, the circumstances that allow the
possibility of upward flow across the water table in this ex-
periment seem impossible, which is also shown by the results
of the tracer test in Fig. 6. The upward flow is mainly driven
by the gradient and hydraulic conductivity of the unsaturated
zone. The hydraulic conductivity of the unsaturated zone is
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controlled by the water content. The greater the water content,
the larger the hydraulic conductivity of the unsaturated zone.
Numerical simulations and measurements shown in Fig. 7
indicate a high degree of saturation throughout the sand tank,
suggesting that the hydraulic conductivity of the unsaturated
zone is close to that of the saturated zone. Capillary fringe
thicknesses are controlled by the particle size and void diam-
eter. The finer particle size and smaller void diameter give the
thicker capillary fringe thicknesses. The relative permeability
at point (30, 50), calculated using the van Genuchten param-
eters, is about 0.88 (Fig. 7), confirming that the hydraulic
conductivity of the unsaturated zone is close to that of the
saturated zone. Lehmann et al. (1998) found that the capillary
fringe thicknesses would be between 13 and 25 cm for a
packed sand, and the value obtained in this experiment is
within this range. As such, the process of unsaturated flow
in this experiment is plausible.

Knowledge about groundwater flow paths and associations
with travel time are essential to developing adequate ground-
water management and protection schemes (Bekele et al.
2014; Zoellmann et al. 2001). In addition, this information is
prerequisite to efficient monitoring and risk assessment.
Chemical loading rates were strongly controlled by the
groundwater flow paths and geochemical conditions in the
aquifer (Robinson et al. 2014), particularly in the arid and
semi-arid areas. Hydro-geochemical characteristics and geo-
chemical processes within specific aquifers will be changed
severely due to variations of groundwater flow paths. Just as at
many sites of the world, hydro-geochemical processes have
been changed by reductions in groundwater level due to hu-
man activities (Xing et al. 2013; Zhan et al. 2014; Liu et al.
2016). In addition, understanding the flow paths of ambient
groundwater is essential to obtaining knowledge of the
infiltrated—ambient groundwater interface areas, in which
mixing of the infiltrated water and ambient groundwater al-
ways occurred and vertical stratification of the flow system
exists (Moeck et al. 2017). More attention should be paid to
variations in the hydro-geochemical processes at the interfaces
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between infiltrated water and ambient groundwater.
Furthermore, variations in soil salinity in the downstream in-
filtration basin or injection well should have also been consid-
ered because the soil moisture will be increased due to infil-
tration and water injected through the wells. Additionally,
strong evaporation at the area may cause the accumulation
of salts in the soil with increased soil moisture.

Notably, the groundwater flow lines could go across the
water table, which is common in some conditions—for exam-
ple, Newcomer et al. (2016) showed that losing rivers are
particularly common in dry regions, where disconnection be-
tween the surface water and groundwater (leading to the de-
velopment of an unsaturated zone) can occur. Similar to
Newcomer’s work, Wang et al. (2011) performed experiments
on the evolution the hydrologic connectedness of the stream-
aquifer during pumping. In these conditions, surface water
flows through the unsaturated zone and moves across the wa-
ter table to recharge the groundwater. This phenomenon is
also shown in the tracer test results in the right panel in Fig. 6.

The transit or residence time of groundwater from recharge
to discharge areas (Abrams 2012; Cardenas 2007; Worman
et al. 2007) determines the type and rate of many processes
occurring at the surface, near the surface, and in deep environ-
ments, and involves biological (Lin et al. 2006) bio-
geochemical (Cardenas 2008; Hogan et al. 2007; Kirchner
et al. 2000), and purely physical processes (Abrams et al.
2009; Maxwell and Kollet 2008). Short residence times might
indicate that groundwater is vulnerable due to a limited amount
of time for self-purification (Kralik et al. 2014); however, long
residence times indicate reduced groundwater renewability
(Huang et al. 2017). Spatial and temporal variations in the
mean residence time are dependent on human activities such
as groundwater abstraction (Toews et al. 2016). Regarding the
results of this study, under the driver of artificial recharge, the
flow velocities of ambient groundwater are significantly de-
creased, indicating a long residence time after the occurrence
of artificial recharge. This result may suggest that a small ratio
of ambient groundwater should be abstracted.
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Groundwater age and groundwater residence time are
completely different concepts. By adopting the age mass pro-
posed by Goode (1996), groundwater age was determined with
the consideration of advection, dispersion, and mixing func-
tions; however, groundwater residence time, also called travel
time and transit time, is a description of residence times of
groundwater from recharge to discharge (Abrams 2012;
Cardenas 2007; Worman et al. 2007). Under the influence of
the same factors, groundwater age and groundwater residence
time could show different behaviors. Just as the results in this
scale, groundwater age was decreased by artificial recharge,
with the dispersion and mixing of infiltrated younger water.
At the same time, the residence time of ambient groundwater
was increased by artificial recharge especially in the upstream
areas of artificial recharge projects. The existence of saddle
points in flow nets is relevant to a range of geologic processes
(Jiang et al. 2011). Groundwater plays an active role in certain
geologic processes and has been recognized in numerous sub-
disciplines (Toth 1999). A wide range of natural processes and
phenomena have thus shown flowing groundwater to be a gen-
eral geologic agent. In stagnant zones, which are associated
with saddle points, different groundwater flow systems con-
verging from and parting toward opposite directions coexist.
There is an accumulation of transported mineral matter such
as metallic ions (uranium, sulfides), hydrocarbons, and anthro-
pogenic contaminants, primarily in regions of converging flow
paths (hydraulic traps) or in regions where the fluid potential is
minimum with respect to a transported immiscible fluid (Toth
1999). The positions of these saddle points were found to be
sensitive to the water table, the hydraulic conductivity of the
aquifer, the ratio of the horizontal to vertical hydraulic conduc-
tivity of the groundwater system (Winter 1976), and the depth-
decay exponent of hydraulic conductivity (Jiang et al. 2011).
Under artificial regulation, saddle points may exist in different
locations, both in the saturated zone and unsaturated zone.
These findings have implications, for example, in interpreting
residence time distributions or studying potential sites of con-
centrating contaminants, which may exist in stagnant zones.

Conclusions

Groundwater reservoirs, which are highly dependent on artifi-
cial regulation, represent an important means of meeting water
demand in regions where water resources have significant un-
even distribution across time. Knowledge about the variations
in ambient groundwater flow paths driven by artificial regula-
tion and the combining effects are essential to developing prac-
tical strategies for groundwater resources planning and manage-
ment. Here, a 2D laboratory sand tank and corresponding nu-
merical simulation model based on hydrogeological conditions
of the groundwater reservoir in the Tailan River Basin were
developed to explore artificial regulation drivers of

groundwater flows in an inland groundwater reservoir. The lab-
oratory experiments and numerical simulations have demon-
strated that ambient groundwater flow paths were significantly
changed by the effects of artificial regulation.

The presence of the abstraction led to a reduction in the soil
moisture content along the studied 2D phreatic aquifer. This
effect in the central area of the cone of depression was inten-
sified when abstraction occurred at a shallow layer; however,
artificial recharge via the infiltration basin or injection well
was found to increase the soil moisture content in the ground-
water reservoir.

This study further investigated the flow dynamic under the
stress of artificial regulation, whereby the results showed the
existence of stagnant zones produced by artificial regulation.
With the deepening of the pumping well screen, the saddle point
in the saturated zone gradually disappeared. Under the stress of
artificial recharge, saddle points can also appear at different
locations in the upstream direction of artificial recharge projects,
both in the saturated zone and unsaturated zone. Locations of
saddle points were highly dependent on the forms of artificial
regulation. Thus, appropriate artificial regulation should be con-
ducted in stagnant zones, where recharged water and ambient
groundwater converging from and parting toward opposite di-
rections coexist—for example, abstraction well fields could be
drilled in the upstream of an artificial recharge area to prevent
the formation of stagnant zones, which can also reduce the
residence time due to artificial recharge in the upstream areas.
At the exploited horizon, the abstraction needs to be adapted to
the changed groundwater flow field—for example, deep-layer
groundwater abstraction should be diminished with a deeper
ambient groundwater penetration depth and slower velocities
driven by injection at shallow layers.

It was also concluded that the artificial regulation activities
have greatly changed the ambient groundwater-age and
residence-time distributions in the groundwater reservoir area.
This showed that groundwater abstraction and artificial re-
charge led to decreases in the groundwater ages in the saturat-
ed zone. Groundwater ages in the unsaturated zone near the
downstream boundary were increased by abstraction but de-
creased by artificial recharge. The results show that not only
the ambient groundwater driven by artificial regulation but
also the artificial recharged water exhibit different RTD laws
with the natural state. Ambient groundwater RTDs were driv-
en by artificial recharge, and artificially recharged water RTDs
show primarily exponential law behavior and logarithmic law.
The deep pumping led to the FD of ambient groundwater’s
RTDs tending toward a logarithmic law behavior, and shallow
pumping led to a polynomial motion.

The effect of abstraction on ambient groundwater flow paths
primarily occurred in the cone of depression. Abstraction at the
shallow layer reduced the penetration depth of the deep the
water and deepened the penetration depth of the shallow water
in the cone of depression. With the deepening of the abstraction
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depth, the penetration depth of the ambient groundwater from
deep layers increased in the cone of depression. In addition, the
effect of the law of artificial recharge on ambient groundwater
flow paths relies on the recharge method and injection depth.
The penetration depth of the ambient groundwater flow in-
creases with the infiltration basin effect. When the injection
well screen is located in the shallow layer, the penetration depth
of the ambient groundwater flow increases. With the deepening
of the injection well screen, the ambient groundwater flow is
gradually fractionated by artificial recharge. When the injection
well screen is located in the bottom layer, the penetration depth
of the ambient groundwater flow decreases. To prevent the
possible water quality problem produced by an interaction be-
tween the changed groundwater flow and its natural environ-
ment, alternating injections could be conducted at different
depths to reduce the impact of the changed flow paths on the
hydro-chemical environment.

Furthermore, water behavior in the unsaturated zone
should be considered when artificially regulating in arid
groundwater reservoir areas. Based on the results from labo-
ratory experiments and numerical simulations, some artificial-
ly recharged water, especially infiltrated through the infiltra-
tion basin, is lost in the unsaturated zone, which will decrease
the injection efficiency.

The dimensionality and scale of the model adopted in
the current study may lead to some limitations with
respect to the study result—for example, the ratio of
the capillary zone thickness (17 cm) to the saturated
zone thickness (50 cm) is extremely high, which would
be unreasonable when considering a field-scale model of
the study aquifer (i.e., the Tailan basin aquifer).
However, the results obtained could offer important im-
plications for understanding ambient groundwater flow
dynamics impacted by pumping and recharge activities.
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