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Abstract

Recharge between a river and shallow aquifer in a floodplain involves critical hydrological processes for the whole ecological
environment, which often exhibits heterogeneity because of seasonality and geological complexity. In this study, electrical
resistivity tomography (ERT) was used to analyze the temporal and spatial variations in the recharge characteristics of a
floodplain under a variety of climatic and geological conditions. Two sets of ERT tests (in the dry season and wet season)
were conducted. Each test included four ERT lines to capture the dynamic electrical resistivity distribution associated with
season-driven, river and shallow groundwater interactions along a stretch of the Yellow River (adjacent to the floodplain)
in China. The findings indicate that this floodplain is composed of three distinct hydrogeological units. Additionally, ERT
images taken during the wet season demonstrate that river water recharges the shallow aquifer and then flows toward the
middle aquifer via several seepage channels. Based on time-lapse ERT images, different recharge characteristics are identi-
fied in the low and high floodplain. In the low floodplain, both the Yellow River and the vadose zone are preferential shallow
groundwater recharge zones. In the high floodplain plain, only the vadose zone is a preferential shallow groundwater recharge
zone. Resistivity mapping can provide valuable information about the recharge between surface-water bodies and shallow
aquifers. This is particularly useful when combined with water level data, and resistivity distribution with depth can also be
used to characterize the stratigraphic structure of the floodplain.
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Introduction

In many parts of the world, shallow aquifers constitute the
primary source of freshwater (Hiscock and Grischek 2002;
Levy et al. 2011). To meet the growing demand for freshwa-
ter, shallow aquifers need to be recharged. Shallow aquifer
recharge is a crucial hydrological process in which water
from a river or rainfall enters a shallow aquifer where it
is then stored as groundwater. The recharge relationships
between a river and shallow aquifer are usually controlled
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by the local hydrogeological structure (Fleckenstein et al.
2006; Ward et al. 2010a, b; Krause et al. 2012; Kumar 2018).
However, the spatial distribution of sediment structural het-
erogeneity cannot be measured well, which increases uncer-
tainty about the sustainability of groundwater resources in
arid and semiarid areas (Storey et al. 2003; Cardenas et al.
2004; Weatherill 2015). Hence, these relationships are sig-
nificantly variable in space and time. A basic understanding
of the recharge relationships between the river and the shal-
low aquifer is crucial for improved conservation and for the
development of shallow aquifer resources.

Traditional methods, such as pumping tests (Satter and
Keramat 2016), slug tests (Bingly et al. 2013; Sebok et al.
2015) and permeameter testing (Cheng et al. 2011), are com-
monly employed to characterize the heterogeneity of the
hydrogeological structure. However, the full characteriza-
tion of a shallow aquifer at a large spatial scale often requires
many observation wells because of the heterogeneity of nat-
ural aquifers, which may be unaffordable and operationally
inefficient (Gelhar 1986). The tracer test method (Harvey

@ Springer


http://orcid.org/0000-0001-9341-4293
http://crossmark.crossref.org/dialog/?doi=10.1007/s10040-022-02574-6&domain=pdf

112

Hydrogeology Journal (2023) 31:111-126

and Bencala 1993; Constantz 2008; Swanson and Cardenas
2010; Xie and Batlle-Aguilar 2017; Zhang et al. 2017; Zhou
et al. 2017; Liu et al. 2018; Yang et al. 2021) is an indirect
approach, averaged over larger volumes. Therefore, it fails
to identify spatial structure heterogeneity, such as areas of
high and low subsurface mobility (Singha et al. 2008; Foster
et al. 2021).

Over the past several decades, geophysical approaches
have been extensively used to define aquifer structural char-
acteristics, determine aquifer material, and map environ-
mental pollution (Binley et al. 2015; Hermans et al. 2014;
Singha et al. 2015). Electrical resistivity tomography (ERT)
is one of the most often used geophysical methods for hydro-
geological studies. ERT, a promising approach for mapping
the groundwater and surface-water interaction zone and
its dynamics where both have a suitable electrical current
contrast, is conducted by injecting electrical currents into
the ground via two electrodes and measuring the resultant
voltage between two additional potential electrodes (Card-
enas et al. 2010; Bingly et al. 2015). It is a well-developed
technique for volumetric imaging of temporal hydrological
processes (Musgrave and Binley 2011). In comparison to
other geophysical methods, ERT provides a continuous mon-
itoring profile rather than a series of isolated points (Binley
2015; Singha et al. 2015).

The time-lapse ERT method is a significant technique for
measuring solute transport. For example, it has been used to
conduct salt tracer experiments (Singha and Gorelick 2006;
Singha et al. 2007; Wilkinson et al. 2010) and monitor heat
transport (Revil et al. 1998; Rein et al. 2004; Hayley et al.
2007; Ludwig and Hession 2015). ERT has also been used
for characterizing saline intrusion in shallow coastal aqui-
fers (Acworth and Timms 2003; Maurer et al. 2009; Nguyen
et al. 2009; Ogilvy et al. 2009; Sutter and Ingham 2017; Yeh
et al. 2008) and for mapping contaminant migration (Deng
et al. 2017); (Nimmer et al. 2007; Slater and Binley 2006).
Most time-lapse ERT experiments have aimed to improve
understanding of subsurface solute transport by using time-
varying electrical resistivity associated with heat or saline
tracer techniques in groundwater; however, few studies have
explored the interaction between river water and groundwa-
ter utilizing ERT imaging and river water tracing (a natural
tracer method) in a large river.

River water tracing may uncover valuable underground
information and has received widespread interest because of
its low environmental impact compared to standard tracing
methods. Ward et al. (2010a, b) used two-dimensional (2D)
ERT imaging in conjunction with stream tracers to identify
a dynamic-hyporheic zone at spatial and temporal scales
as did Nyquist et al. (2008) in their approach to describe
the zone of aquifer seepage into rivers at various stages.
Coscia et al. (2011) characterized an aquifer and monitored
infiltrating river water by using the three-dimensional (3D)
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ERT method, whereas Johnson et al. (2015) investigated
stage-driven river water intrusion using four-dimensional
(4D) ERT monitoring. The obtained findings demonstrated
that electrical resistivity is very sensitive to water level
changes. Further research used time-lapse ERT to charac-
terize groundwater recharge on the same vadose zone over
various periods; however, time-lapse ERT has not been uti-
lized to characterize two geologically contrasting vadose
zones within the same season. The properties and processes
of rivers and shallow aquifers are spatially and temporally
highly heterogeneous. Heterogeneity in alluvial deposits can
influence permeability. Sediment heterogeneity also affects
hyporheic exchange, which refers to surface water entering
and flowing within streambed sediments over scales from
centimeters to tens of meters before it discharges back into
the stream (Lautz and Siegel 2006). Despite the importance
of heterogeneity, streambed sediments are not typically
characterized at small scales, although novel technology for
such small-scale characterization is being explored (Kelly
and Murdoch 2003); furthermore, few studies have explored
the recharge relationships between the river and the shallow
aquifer across different orders of streams (Kiel and Bayani
Cardenas 2014; Marzadri et al. 2017). To fill these gaps, a
time-lapse ERT method is required that provides spatially
and temporally complete data sets about geological and
hydrological information at the site (Harvey and Gooseff
2015; Hester et al. 2017; Ward 2016).

The purpose of this work is to increase understanding of
the recharge interaction between rivers and shallow aqui-
fers by combining time-lapse ERT with hydrological data.
Seasonal fluctuations in resistivity in the vadose zone and
shallow aquifer assist in analyzing the recharge connection
between the river and shallow aquifer. The first objective
of this study is to identify the distribution of the vadose
zone, shallow aquifer and middle aquifer at a suitable site,
as well as their associated resistivity. The second objective
is to analyze seasonal fluctuations in groundwater recharge
of the vadose zone in high and low floodplains and to assess
the river’s involvement in shallow aquifer recharge.

Materials and Methods
Site description

The research site is situated along the section of the Yellow
River approximately 9 km south of downtown Yuanyang in
Henan province, China (Fig. 1a). In the study zone, the Yel-
low River, a flat area with an elevation ranging from 83 to
86 m above mean sea level, is about 0.8 km wide and 10 m
deep. The water of the Yellow River is inextricably related
to groundwater and replenishes a porous sandy aquifer on a
continuous basis (Peng et al. 2010). Regarding its climatic
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Fig. 1 Overview map of the study area illustrating the locations of
electrical resistivity tomography (ERT) measurement lines and obser-
vation points. a Map of China, where the highlighted black line indi-

characteristics, the region is moderately cold in winter and
warm in summer, indicative of the ocean monsoon climate;
furthermore, the area generally has relatively humid climate
and mild temperatures (average temperatures of 12—14 °C;
Wohlfart et al. 2016). Available precipitation data indicate
that the monthly average precipitation was 12.9 mm in
December 2018, while in June 2019, it was 111.5 mm (data
sourced from Yellow River Conservancy Commission of the
Ministry of Water Resources). Figure 2 shows the rainfall
and temperature data for the research zone from January
2018 to September 2019.

Morphologically, this area is part of the Yellow River
basin and has characteristics typical of the floodplain geo-
morphology. The formation of floodplains is associated with
flood activity. As the frequency of floods has varied, mul-
tiple floodplains caused by floods during different periods
exist simultaneously on the same river. These floodplains
are divided into high and low floodplains according to their
elevation (Liu et al. 2019). Figure 3 shows the general loca-
tion and geological maps of the study area. Because the low
floodplain zone is closer to the riverbed and formed later, it

cates Henan province and the blue line is the Yellow River. b Henan
province, where the red box indicates the location of the study region.
¢ ERT survey lines, observation points, and recharge section (A-B)

is covered by a sequence of alluvial sediments consisting of
sandy silt, sand, and silty clay, with a well-developed aqui-
fer linked directly to the Yellow Riverbed. The ERT survey
line 4 and monitoring well a4 are distributed within the low
floodplain. In contrast, the high floodplain was formed in an
earlier period and is far from the riverbed, characterized by
the strata system of silty clay and sand. The other three ERT
lines and three monitoring wells are distributed within the
high floodplain. More details about the geology of this area
are presented in the following section.

Geologically, the study area consists of Holocene series
(Q,*!) and upper Pleistocene alluvium (me). Holocene
series alluvium is distributed at a depth of 0—8 m and com-
posed of silty clay (high floodplain) and sandy silt (low
floodplain). Upper Pleistocene alluvium is distributed at
a depth of 8-72 m, and mainly consists of sand and sand
with silty clay. A geological cross-section is shown in
Fig. 3. Groundwater is found in both the shallow aquifer
and middle aquifer, which occur in the upper Pleistocene
alluvium. The thickness of the shallow aquifer is about 11
m, the water-table depth of the shallow aquifer is about 8 m,
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and the groundwater general flow direction is from south to
north. This shallow aquifer has a moderate to high erosion
potential and is mostly recharged by the Yellow River, as it
is a suspended river beginning at Huayuankou (Yu 2002).
The middle aquifer is separated from the shallow aquifer
by a thin layer of silty clay. The thickness of the middle
aquifer is about 45 m. In this region, the varied deposition
of the meandering Yellow River results in high lithologic
heterogeneities in the shallow aquifer and middle aquifer.
Both aquifers are the primary water source for agricultural
irrigation and residential water use.

Electrical resistivity tomography
The ERT method is based on Ohm’s law. Bulk electrical
resistivity (p,) is defined as the ratio of the potential differ-

ence (AV) to the current intensity (/) multiplied by the elec-
trical resistivity coefficient (K) of the device. The electrical
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Distance from river (m)

resistivity value was determined using Eq. (1) (Yang et al.
2021):

py=K = (1)

ERT was utilized to determine the potential differences
between electrodes M and N by supplying current [ at the
ground surface from opposing electrodes A and B. Further-
more, the coefficient of the device was calculated according
to Eq. (2):

2
_L_L_<L_L) @

where K represents the coefficient of the device, and AM,
AN, BM, and BN represent the distances between electrodes.

In this experiment, ERT data were collected using
DUK-2B (CGE Geological Instrument Company Limited,
China). A Wenner Alpha electrode configuration array
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was employed because it has the strongest signal strength,
which is an important factor as the investigation was con-
ducted in a groundwater system that was expected to present
background noise (Loke 2004; Sutter and Ingham 2017).
Effective time-lapse imaging generally requires that noise
conditions remain invariant over time. In many cases, noise
levels can be estimated by collecting repeat and reciprocal
measurements during quiescent conditions prior to a certain
expected event. In this case, however, there were no such
quiescent conditions because of the fluctuating river stage
and water table, which made it problematic to differentiate
between data variability caused by background noise and
data variability caused by the fluctuating water table. There-
fore, noise levels were reduced using the Wenner Alpha elec-
trode configuration array, a collection configuration which
offers high vertical and horizontal resolutions and a low sig-
nal-to-noise ratio. Before collecting ERT data, a good flow
of electrical current into the subsurface was confirmed by
low values of contact resistance (less than 1 KQ), measured
between the electrode and the ground. Preliminary electrical
data were collected to set transmission parameters such as
the injected current and potential measured. The duration
of the injection pulse was 250 ms, while the minimum and
maximum number of cycles for each measurement were 3
and 6, respectively. The measurement time was set to 2 s,
and the standard deviations of all channels were less than
2%.

Data from the 2D ERT were inverted using EarthImager
2D inversion software developed by Advanced Geosciences
Incorporated (Loke and Barker 1996). In this study, the least
squares inversion method (L2) was chosen as the inver-
sion model for the measured resistivity value because of
the model roughness (Kim et al. 2009). This model applies
the L2 norm and minimizes the sum of squares of the spa-
tial changes in model resistivity and data misfits. Then, the
inversion minimizes the root mean square error between
the measured and inverted resistivity values. The inver-
sion progress was set to stop when the root mean square
error between the measured and calculated apparent resis-
tivity values reached less than 5% (implying convergence
of the inversion). Finally, two periods of ERT images, one
for each monitored plot, were inverted independently. A
robust smoothness constraint option (Claerbout and Muir
1973), which minimizes the absolute changes in the model
resistivity values, was applied. In the present study case,
time-lapse ERT inversion was carried out using dry season
datasets as the base model (background data) for the wet
datasets recorded later. The output is presented as percentage
change in the resistivities from the base model. To identify
the hydrogeological units and assess the influence of river
seepage on the shallow aquifer, DUK-2B was used to col-
lected ERT data twice—once on December 14, 2018, during
the dry season, and once on June 6, 2019, during the wet

season. With increasing distance from the Yellow River, four
ERT lines were drawn from south to north and perpendicular
to the Yellow River course, where the first ERT line is 9 km
away from the edge of the Yellow River (Figs. 1c and 5). The
length of these ERT lines was 354 m and 60 electrodes were
used with 6 m of spacing between them. These ERT lines,
oriented from north to south, were fixed over the time-lapse
ERT investigation period to monitor the variation of resistiv-
ity values over time (Fig. 4). During the measurement, ERT
parameters were the same for each measurement, as shown
in Table 1.

As ERT imaging is conducted repeatedly at the same
location, any variations in resistivity are mostly caused by
changes in pore-water resistivity (effectively, in the chem-
istry of the water) or bulk temperature (Archie 1942). The
contributions of changing groundwater temperature to resis-
tivity were analyzed first. During installation of the well,
temperature loggers (Suzhou Nanzee Sensing Technology
Co., Ltd., China) were buried in sediments at depths of 12
m (each sensor probe is 1 m long) below the ground surface
to monitor the actual temperature profile.

The temperature profiles in the subsurface soil (from a
depth of 1-12 m) obtained for both the surveying campaigns
of this study are shown in Fig. 5. It is important to note
that the upper part of the subsurface was influenced by both
the wet and dry seasons. In the wet season, the tempera-
ture in the subsurface soil decreases with increasing depth,
while the reverse is true for the dry season. Although air
temperature differs significantly between the dry season
and the wet season, the temperature in the subsurface soil
tends to approximate the annual average temperature of 14
°C (Amabile et al. 2020; Nijland et al. 2010). Below a depth
of 8 m, small temperature variations were observed in the
subsurface soil, and any variations in bulk resistivity can
be attributed to variations in pore fluid resistivity. The ratio
between the pore fluid resistivity (p;) and the bulk resistivity
(pp) 1s known as the formation factor (¥), which is defined
as F X p;=p, (Archie 1942). The pore fluid resistivity can be
used to characterize the type of fluid in the subsurface soil
at a specific location. If the pore fluid resistivity is known
(e.g., from conductivity measurements in wells), the forma-
tion factor (F) can be approximated for the hydrogeological
units on a bulk resistivity image (Sutter and Ingham 2017).

Hydrological monitoring well

Five hydrological monitoring wells (al-a5) were dug to
further examine the distribution and structure of the shal-
low aquifer and to collect data on lithology. The purpose
of the existing wells was extended to also monitor the level
of both the groundwater and the Yellow River water. The
exact locations of the wells are shown in Fig. lc. Well al
is located near ERT line 1 (approximately 9 km north of
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Fig.4 ERT transects of a line 1,
b line 2, ¢ line 3, and d line 4

Om 160m

Table 1 Electrical resistivity

. Line ID  Orientation  Distance from  Electrode Electrode No. Length (m) Measurement date
tomqgraphy (ERT) settings for the river (km)  spacing (m)
the sites
1 S-N 9 6 60 354 14 Dec. 2018
1 S-N 9 6 60 354 6 Jun. 2019
2 S-N 5.8 6 60 354 14 Dec. 2018
2 S-N 5.8 6 60 354 6 Jun. 2019
3 S-N 3.45 6 60 354 14 Dec. 2018
3 S-N 345 6 60 354 6 Jun. 2019
4 S-N 1.2 6 60 354 14 Dec. 2018
4 S-N 1.2 6 60 354 6 Jun. 2019

the Yellow River) on the high floodplain, while well a2 is
situated near ERT line 2 (approximately 5.8 km north of the
Yellow River) on the high floodplain. At 3.45 km north of
the Yellow River, well a3 is located on the high floodplain
near ERT line 3, whereas well a4 is situated along ERT
line 4 (approximately 1.2 km north of the Yellow River)
on the low floodplain, and well a5, used for monitoring the
water level of the Yellow River, is located on the Yellow
River bed. The other wells (al, a2, a3, and a4) were used
for long-term monitoring of the water table of the shallow
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aquifer. Both the water level in the wells and the water level
of the Yellow River were measured with electronic pressure
sensors (Rugged Troll 100, IN-situ Inc. USA), whereby the
water level and river stage were recorded at an interval of
1 day.

Groundwater samples from wells al—a4 and river water
samples from well a5 (Fig. 1c) were collected both in Decem-
ber 2018 and June 2019. Electrical conductivity (EC) levels of
both groundwater and river water are summarized in Table 2.
The groundwater EC was always lower than the river EC.
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Table 2 Measured electrical conductivity (EC) at different groundwa-
ter and river sampling sites

Well ID EC (pS/cm) Measurement date
Groundwater
al 135 14 Dec. 2018
al 160 6 Jun. 2019
a2 146 14 Dec. 2018
a2 167 6 Jun. 2019
a3 160 14 Dec. 2018
a3 185 6 Jun. 2019
a4 185 14 Dec. 2018
a4 206 6 Jun. 2019
River water
as 205 14 Dec. 2018
a5 313 6 Jun. 2019

Electrical resistivity tomography validation
with hydrogeology

For validation of the ERT results with measurements of the
groundwater level, the electrical resistivity values at a hori-
zontal distance of 180 m, at different depths, were extracted
along each ERT line (lines 1-4 in Fig. 1¢). The electrical
resistivity values along each ERT line were averaged across
the same depths to eliminate lithology anisotropy.

The distributive features of the vadose zone and the shal-
low and middle aquifer layers were determined by com-
paring the corresponding electrical resistivity values. The
profiles of electrical resistivity values and lithology against
depth are shown in Fig. 6.

Resistivity (Q-m)

0 T T T T T 0
............ Vadose 20ne @0
10 - - - 10
Shallow aquifer zone
p 1) S - S g " 20
£ B
230 -30.5
A Middle aquifer zone §
40F Legend - 40
I:l Silty clay
50 - |:| Sand - 50
—®— 14 December 2018
60 L . |_._ 6Julne 2019 . 60

Fig.6 Profiles of electrical resistivity in the wells, alongside the
lithology and groundwater levels in the wells

The lithology of the top resistivity zone or unit (depth
0-8 m) is silty clay characterized by an uneven electrical
resistivity distribution. Previously, it was reported that
the top unit was characterized by an uneven electrical
resistivity distribution indicating vegetation—soil interac-
tion (Alamry et al. 2017). The top unit was characterized
by variable electrical resistivity associated with changes
in water saturation caused by evapotranspiration (Tesfal-
det and Puttiwongrak 2019). The vadose zone is inferred
at depths of 0—8 m according to the electrical resistivity
distribution and the water table of the shallow aquifer at
a depth of 8 m.

Below the vadose zone (at depths of 8—20 m) is the
middle unit; the lithology of the middle unit is sand and
the corresponding electrical resistivity values range from
10 to 70 Q-m. The electrical resistivity values below 25
Q-m can be interpreted as a saturated aquifer zone (Pan
and Liu 2014). The middle unit is characterized by a
major electrical resistivity change among two sampling
dates. The middle unit displays a uniform electrical resis-
tivity change between the survey dates, and combined
with the uneven electrical resistivity distribution of the
top unit, this indicates a change in the water content of
the middle unit (Alamry et al. 2017). The shallow aquifer
is inferred at depths of 8—20 m according to the electrical
resistivity distribution and the water table at a depth of 8
m. It is further inferred that the shallow aquifer is formed
by scouring during large flood events because of channel
convergence (Cendén et al. 2010). At the base of the shal-
low aquifer is a unit of silty sand. The electrical resistivity
does not notably change between the dry and wet seasons,
so this unit is assumed to be the middle aquifer. Compared
to the electrical resistivity values of the shallow aquifer,
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there is a significant increasing trend in the middle aqui-
fer. This increase in electrical resistivity is consistent in
ERT lines 1-3. However, the electrical resistivity values
in ERT line 4 are potentially overestimated because the
electrical resistivity values were averaged across the same
depths to eliminate lithology anisotropy.

Results
Water-table variations

Figure 7 shows the variation of the water level of the Yellow
River (a5) and variations of the water table of the shallow
aquifer (wells al, a2, a3, and a4) over time from December
2018 to June 2019.

The water levels in wells al, a2, and a3 did not change
significantly from April to May 2019, indicating that the
larger distance of 3.45 km from the Yellow River makes
recharge more difficult. The shallow aquifer represented by
well a4 shows a brief decline of the water table from April
to May 2019, as a result of groundwater pumping for irriga-
tion, followed by a swift recovery. At a distance of 1.2 km
from the Yellow River, the water level in well a4 dropped
1.4 m, taking 5 days to recover; well a4 recovered quickly
because of its proximity to the Yellow River and the associ-
ated ease of recharge. It is reported that this study region
has a shallow water table because of lateral seepage from
the Yellow River and vertical recharge from surface irriga-
tion (Shen et al. 2011). Generally, the greatest use of Yellow
River irrigation water takes place in the lower reaches of
Henan province, which plays a significant role in food pro-
duction in China (Chen et al. 2013; Mingzhou et al. 2007,

Date (yy/mm/dd)
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Fig.7 Water levels in the four wells of the shallow aquifer and water
level of the Yellow River measured in well a5
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Wang et al. 2016). It is reported that the mean annual water
application in the irrigation districts along the lower Yellow
River was up to 481 mm in 2009 (Liu et al. 2009). The study
region reported in this paper is located in the Yellow River
irrigation region, which is a key region for food production,
where vast agricultural fields of staple crops are cultivated
(Deng et al. 2006; Nakayama 2011).

It is also noted that high groundwater levels occur in
the center of line 2 and low groundwater levels are found
on both sides (Fig. 8b), which is thought to be caused by
architecture usage (i.e., caused by the effects of subsurface
architecture on groundwater flow).

Electrical imaging

Resistivity values were used to determine the resistivity dis-
tribution for the following three resistivity units: the vadose
layer of the top unit, the shallow aquifer layer of the middle
unit, and the middle aquifer layer of the bottom unit in both
dry and wet seasons.

Based on the ERT inversion results (Fig. 8), the top unit
is assumed to be a vadose layer of a wide range of resistiv-
ity values (21-221 Q-m). The resistivity of the top unit is
represented by green and red areas in Fig. 8. The top unit is
a silty layer in the high floodplain and sandy silt in the low
floodplain with an average thickness of 8 m. Most resistivity
values of the top unit are high because of dryness. This unit
indicates a subtle spatiotemporal variation in the resistiv-
ity distribution over different seasons. The resistivity values
decreased which may be because of irrigation during the dry
season, which is further supported by the top unit of line 2,
extending 144-234 m in the x-direction, being a vadose zone
in the high floodplain (Fig. 8b.f). However, the resistivity
values of this top unit remain high throughout the entire
transition season in line 4 in the low floodplain (Fig. 8d,h)
which may be because of the location of line 4 in a sandy
silt area of the low floodplain.

Below the top unit, the resistivity values of the middle
unit decline to values of 10-70 ©-m. This phenomenon
occurs at a depth of approximately 11 m which is marked
with blue and light blue color in Fig. 8. This blue zone has
lower resistivity values than both the lower and upper sec-
tions. According to the geological cross-section along A-B
and resistivity values of the middle unit, this middle unit is
assumed to be the shallow aquifer layer. This decline in the
resistivity values in the high floodplain (lines 1, 2, and 3)
may be attributed to rainfall. The water levels of wells al,
a2 and a3 do not change significantly (see section ‘Water-
table variations’), indicating that the locations of lines 1-3
are hardly recharged from the Yellow River. This decline
in the resistivity values occurs in the top unit at a distance
of 150-240 m in line 2 (Fig. 8b). The extent of the low
electrical resistivity indicates vertical water movement in
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Fig.8 Comparison of the inver-

sion results for the four ERT 0
lines on 14 December 2018 (a 01
line 1, b line 2, ¢ line 3, and d ~ 181
line 4), and 6 June 2019 (e line E 36 -

1, f line 2, g line 3, and h line 2 54
4). The dotted black arrows of
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the shallow groundwater flow 0=
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(d)Line 4

Depth (m)

(g)Line3

(h)Line 4

the top unit. Similarly, there is a local decrease in electrical
resistivity irregularly distributed from distance 0-36 m and
at 9 m depth in line 3 (Fig. 8g), indicating vertical water
movement. However, the pattern of rainfall recharge to the
shallow aquifer is different in lines 1-3, which will be dis-
cussed in detail later. Time-lapse ERT imaging also demon-
strates a decline in resistivity values in the high floodplain
attributable to rainfall, which will be discussed in the next
section ‘Time-lapse electrical resistivity tomography’. The
blue color of the middle unit in Fig. 8 is laterally discontin-
ued in the high floodplain. Compared to the high floodplain,

the resistivity values of the low floodplain (line 4) in the wet
season (Fig. 8d) are lower than in the dry season (Fig. 8h).
Furthermore, the blue color of the middle unit shows more
connection laterally in the wet season. Because of the river
recharge effect, the groundwater level is significantly higher
where line 4 gets closer to the river (located at a distance
from the river of 1.2 km), where more Yellow River water
seeps into the shallow aquifer. Measurement data show low
resistivity values during the dry season in the middle unit,
whereas during the wet season, this saturated layer was sig-
nificantly enlarged vertically and laterally in line 4.
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The bottom unit is denoted by anomalies in resistivity
values ranging from 30 to 101 Q-m (Fig. 8). Integrating the
geological cross-section along A—B with resistivity value
variations of the bottom unit, the bottom unit is believed to
be the middle aquifer. While the resistivity values of the bot-
tom unit are mostly stable, Fig. 8 shows resistivity anoma-
lies. In Fig. 8a, along line 1, the high-resistivity anomaly
zone is colored yellow and demarcated by a red dotted line.
The high-resistivity anomaly zone is located 243 m from
the end of the ERT line and vertically from depths 26—-40
m. This anomaly is related to the middle aquifer. During the
wet season, as depicted in Fig. 8e, this anomaly zone of line
1 decreased in size because of the enrichment in the ionic
concentration of the groundwater (Clément et al. 2009).
There is little change in the resistivity anomaly zones of
line 2 during dry and wet seasons. Line 3 showed similar
phenomena to line 1 and is demarcated by a red dotted line
in Fig. 8c,g. The yellow anomaly zone in the dry season
was evident from 355 to 126 m from the end of line 3, and
vertically from depths 32 to 65 m (Fig. 8g). However, in
the wet season, this yellow anomaly zone of line 3 seems
to diminish, from 355 to 141 m from the end, and vertically
from 25 to 46 m. As shown in Fig. 8d, in the dry season,
the low-resistivity anomaly zone of line 4 is located at 90
to 252 m and vertically from 45 to 72 m. In the wet season,
the low-resistivity anomaly zone remains laterally identical,
with a vertical extension from 31 to 72 m (Fig. 8h), but its
low resistivity is even lower. Furthermore, the hydraulic con-
nection between the shallow aquifer and middle aquifer of
line 4 can be identified by low-resistivity anomalies, which
are marked by the black arrows in Fig. 8d,h; however, the
locations of the black arrows are inconsistent in Fig. 8d,h.
This inconsistency is associated with artifacts caused by the
relocation of electrodes and bad datum points—i.e., caused
by high contact resistance between the electrode and ground
or faulty electrodes.

Time-lapse electrical resistivity tomography

Time-lapse inversion analysis of the ERT data was per-
formed using EarthImager 2D. The time-lapse ERT data,
collected in December 2018, served as the base model for
the following data collection, which occurred in June 2019.
Finally, the inversion models calculated a percentage dif-
ference between the base and monitoring resistivity values.

The results of the time-lapse ERT inversion of lines 1-4
are shown in Fig. 9, representing the percentage change
in resistivity values from December 14, 2018, to June 6,
2019. The red or blue colors in Fig. 9 indicate increasing or
decreasing resistivity, respectively. Throughout the moni-
toring period, resistivity variations show large amplitude
changes from —100 to 100%, equal to a decrease to half or
an increase to double the initial resistivity, respectively.
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In Fig. 9a, along line 1, the resistivity decrease is attrib-
uted to the preferential recharge zones located between 216
and 306 m. The more conductive zones allow more flow and
become preferential flow paths (Nimmo 2021). Similarly,
the consistency of these preferential recharge zones—water
enters and exits quickly (Wallin et al. 2013)—can also be
found in line 3 (Fig. 9¢c). In Fig. 9c, preferential recharge
zones are demarcated by the black arrows at 18, 90, 279,
and 315 min line 3 (Fig. 9c); however, in Fig. 9b, along line
2, the resistivity decrease is attributed to the plug (slow)
recharge zones located from 108 to 354 m. The recharge
in line 2 in the vadose zone is mainly controlled by slowly
moving wetting fronts. The plug flow is faster than the pref-
erential flow; furthermore, the preferential flow often occurs
through the entire aquifers and can extend far lower (Nimmo
2021) (for instance lines 1 and 3). Different sediments lead
to preferential or plug recharge in the vadose zone. Preferen-
tial flow occurs in the vadose zone due to different hydraulic
processes, often associated with obvious flowpaths such as
fractures or biopores (De Carlo et al. 2021), but also in sup-
posedly homogeneous materials (Gjettermann et al. 1997,
Green et al. 2005).

In Fig. 9d, along line 4, up to a distance of 355 m, resis-
tivity values are strong and clearly reduced from —100 to
—50%, represented by blue color (demarcated by the black
dotted line). The strong resistivity decrease extends from
the top unit to the middle unit of line 4. Resistivity decrease
implies water infiltration through the top unit and the mid-
dle unit during the wet season. The percentage variations
of resistivity over time provide an indirect indication of the
amount of water contained in the pore space. The time-lapse
ERT on line 4 at both times indicates that more water flux
is coming from the Yellow River to the shallow aquifer,
and the Yellow River is the preferred recharge zone of this
aquifer. The preferential recharge zones are regularly con-
nected to the shallow aquifer throughout line 4, forming the
preferred flow. The nature of the preferred recharge zone
demonstrates the hydraulic heterogeneity of the silty clay
and sand deposit.

Hence, it can be inferred that the shallow aquifer recharge
pattern differs between the high and low floodplain. Geo-
logically, ERT line 4 is located in the low floodplain, while
the remaining three ERT lines are located in the high flood-
plain, indicating that in the high floodplain, the recharge
of the top unit (i.e., the vadose zone) is controlled by slow
drainage of the wetting fronts as indicated by the time-lapse
ERT (Fig. 9a—c). In addition, the time-lapse ERT shows a
strong seasonal resistivity variation in the top unit, indicat-
ing water infiltration during the wet season. This relationship
suggests that the recharge of the shallow aquifer depends on
the precipitation (mean) in the study area; however, in the
low floodplain, the recharge of the shallow aquifer not only
depends on the precipitation but also on the Yellow River.
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Fig.9 Percentage change in
resistivity between the two 72
distinct seasons for the four dif-
ferent lines in the period from
14 December 2018, to 6 June
2019: a line 1, b line 2, ¢ line 3,
d line 4. The red-colored areas
indicate increases in electrical
resistivity, whereas the blue-
colored areas indicate decreases
in resistivity. The black arrows
of line 3 indicate preferential
recharge zones 112]
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Discussion

The fluctuation of groundwater level in a monitoring well
is caused by groundwater recharge or discharge. The water
table rises in a shallow aquifer as a response to variation in
storage due to water infiltration (Healy and Cook 2002). On
the other hand, water-table falls indicate a discharge from the
shallow aquifer through pumping. Monitoring of the water-
table fluctuation provides information on the dynamics of
the recharge on a local scale. Previous studies have shown
that this area has a shallow water table because of lateral
seepage from the Yellow River and vertical recharge from
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252 {288  ¢324

288 ¢ 324

surface irrigation and rainfall (Shen et al. 2011). Compared
with 12.95 mm in December 2018, the mean precipitation in
June 2019 was 115.51 mm. These data suggest that ground-
water is partly recharged from recent local precipitation via
vertical seepage. This result is confirmed by the fluctuation
of the water table and ERT results—for instance, the ground-
water level depths of wells al—a4 were 8.6, 8.5, 8.2, and 6.6
m on December 14, 2018, then reached 7.9, 7.5, 7.2, and 6.7
m on June 6, 2019 during the wet season. The relationship
between the fluctuation of the water table and rainfall sug-
gests the dependency of recharge on the precipitation (mean)
in the study area (Kotchoni et al. 2018). This relationship
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further implies significant variations in ERT results during
the onset of the wet season, as anticipated. Due to the large
vertical scale of Fig. 8 and the slight variation in groundwa-
ter level at different locations (ERT lines 1-4), there was no
noticeable change in the groundwater depth of the shallow
aquifers on the four survey lines. The water level depths of
the shallow aquifer of lines 1-4 were 8.6, 8.5, 8.2, and 7.2 m,
respectively, in the dry season. Conversely, the water table
of the shallow aquifer rose in the wet season, and the water
level depths of the shallow aquifer of lines 1-4 were 7.9, 7.5,
7.2, and 6.7 m, respectively. In contrast, the water table in
line 4 was comparatively low during the dry and wet seasons
and, additionally, was very close to the level of the Yellow
River. The water level of the Yellow River was 3.75 m below
ground level on December 14, 2018, then reached a depth
of 2.6 m on June 6, 2019. Overall, groundwater recharge
decreased with an increase in the distance from the Yellow
River (Zhao and Li 2017), and this result is confirmed by
the recovery efficiency of the water levels in wells al—a4
(section ‘Water-table variations’) after the water table drops.
Previous studies have shown that the peak of irrigation in
the lower reaches of the Yellow River occurred in June and
July, during which the irrigation consumption was relatively
large (Xiao et al. 2022), and field seepage and surface runoff
had the strongest influence (Liu et al. 2017).

The reduced resistivity of the shallow aquifer of line 4 in
the low floodplain is most likely caused by the influx of river
water with lower resistance. The water level of the Yellow
River (a5) was always higher than that in well a4 in the low
floodplain. Furthermore, responding to the water level of the
Yellow River, the water level in well a4 fluctuated signifi-
cantly, showing that the shallow aquifer is mainly recharged
by river influx. However, the water levels of wells al, a2,
and a3 in the high floodplain remained relatively constant
compared to that of well a4 and showed minimal reaction
to the variation of the water level of the Yellow River. Well
a3 was located at a distance of 3.45 km from the Yellow
River and its water level measurements can be used as a
reference for a water table that is unaffected by river water
intrusion. The time-lapse ERT results are further corrobo-
rated by variations in resistivity of the shallow aquifer, as
shown in Fig. 9. Resistivity variations from the dry to the
wet season are much greater in line 4 than in lines 1, 2, and
3. The resistivity of the shallow aquifer and the vadose zone
in line 4 decreased by 100%; and in addition, there were
significant reductions of resistivity in lines 1, 2, and 3 in
the vadose zone (Fig. 9). However, in Fig. 9c, an increase in
resistivity for line 3 is shown at 252-270 m and 288-306 m
in the vadose zone, and, there is also an increase in resistiv-
ity from 108 to 252 m in the middle aquifer. The increase in
resistivity is associated with a time-lapse inversion artifact
caused by a moisture contrast between the dry and wet sea-
son. The inversion artifacts are false results caused by the
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inversion model’s incapability to fit the contrasting electrical
resistivity values’ time-lapse inversion (Miller et al. 2008).
Hydrological and geophysical data showed that the Yellow
River always recharges the shallow aquifer in the flood-
plain, whereas further removed from the shallow aquifer
surrounding the Yellow River, the influence of the Yellow
River recharge decreases, and the influence of recharge by
precipitation becomes more pronounced. The reasons are as
follows. First of all, where groundwater recharge is domi-
nated by infiltration from the Yellow River, the recharge
rate of river infiltration slows down further away from the
river. Therefore, the time lag and magnitude of difference
between the groundwater levels and river stage increase
with increasing distance from the Yellow River. Secondly,
the transfer of water and sand from Xiaolangdi Reservoir
makes the variation of the Yellow River water level smaller,
and the intensity of lateral seepage recharge to the shallow
aquifer is smaller; therefore, there is very little variation in
the shallow-aquifer groundwater level. Thirdly, large-scale
regional recharge of groundwater is by atmospheric precipi-
tation, resulting in a smoothing of the groundwater level
dynamics. Lastly, the farther away from the Yellow River,
the more limited the Yellow River’s measured seepage range
and, thus, its ability to recharge groundwater lessens.
Resistivity changes between the dry and wet seasons
are much larger for line 4 than for lines 1, 2, or 3. Based
on Archie’s law (Archie 1942), p, =ap;p™S", where a is a
dimensionless fitting parameter representing tortuosity, m is
the cementation factor, ¢ is the porosity, # is a model param-
eter, and S is the saturation. The bulk electrical resistivity (p,)
is largely determined by pore-water resistivity, which is con-
trolled by the concentration of dissolved solids in the water,
as well as water saturation, porosity, and clay content (de
Jong et al. 2020; McLachlan et al. 2017; Mézquita Gonzalez
et al. 2020). Hence, it can be inferred that the degree of water
saturation and concentration of dissolved solids (salinity) dif-
fer between the four locations. One can relate the electri-
cal resistivity to water saturation or dissolved solids using a
petrophysical transformation. Previous studies have shown
that electrical resistivity decreases with increasing concen-
tration of dissolved solids (salinity) and increasing water
saturation (Coscia et al. 2012; De Carlo et al. 2020; John-
son et al. 2015); however, the effects of water saturation and
salinity on the electrical resistivity are different in the vadose
zone compared with the aquifer. The ERT method is par-
ticularly useful for studies on hydrological processes in the
near-surface because of the high correlation between water
saturation and electrical resistivity in the vadose zone (Binley
et al. 1996, 2015; Daily et al. 1992; Michot et al. 2003; Revil
et al. 2012); therefore, it can be inferred that the degree of
saturation differs among the floodplains in the vadose zone.
However, below the depth of 8 m, assuming other factors
affecting electrical resistivity (porosity, clay content, and
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water saturation) of the shallow and middle aquifers remain
constant, an increase in electrical resistivity from the time-
lapse ERT images can be solely attributed to the migration
of dissolved solids (salinity). It can also be proved that, in
the high floodplain, recharge of the shallow aquifer is con-
trolled by precipitation, as indicated by the time-lapse ERT
results (Fig. 9)—for instance, along lines 1-3, the decrease
of electrical resistivity in the vadose zone is attributed to the
preferential recharge zones at 216 and 306 m in line 1, 90
and 355 m in line 2, and 279 and 315 m in line 3 (Fig. 9).
However, in the low floodplain, the recharge of the shallow
aquifer not only depends on rainfall but also on the Yellow
River (Figs. 8 and 9)—for instance, along line 4, the electri-
cal resistivity decreased at 36, 90, and 306 m in the vadose
zone and the shallow aquifer (Fig. 9). The result is further
confirmed by water level variations of the Yellow River and
in the wells al—a4. The water table of the shallow aquifer
(wells al—a3) did not change as the water level of the Yellow
River decreased from April to May 2019, indicating that the
larger distance of 3.45 km away from the Yellow River (line
3) complicated the recharge of the shallow aquifer. However,
at a distance of 1.2 km (line 4), the shallow aquifer was easily
recharged by the Yellow River (Fig. 7).

A hydraulic connection is inferred between the shallow
aquifer and the middle aquifer. The groundwater of the shal-
low aquifer flows towards the middle aquifer according to
line 4 (Fig. 8d,h) at a distance of 1.2 km from the Yellow
River. At distances of 90-252 m, the groundwater in the
shallow aquifer of line 4 with low resistivity (demarcated
by black dotted lines) tends to flow to the middle aquifer
(indicated by black arrows in Fig. 8d,h). At a distance of
1.2 km from the Yellow River, the water level in well a4 is
always below the water level of the Yellow River; further-
more, the water table fell by 1.3 m due to the effects of sub-
surface architecture on groundwater flow and it took 5 days
to recover. This indicates that the Yellow River recharges the
shallow aquifer in line 4. The water level of the Yellow River
in line 4 rose by 1.2 m from early December 2018 (during
the dry season) to early June 2019 (during the wet season).
The low-resistivity zone extends vertically from 45 to 31 m
depth (black dotted lines in Fig. 8d,h). This implies that the
groundwater of the shallow aquifer flows to the middle aqui-
fer under high river water levels. As shown by Yan (2018),
in this study region, the middle aquifer is hydraulically con-
nected to the shallow aquifer.

Conclusions

A combination of ERT with data from hydrological wells was
used to identify the recharge characteristics between the Yellow
River and its adjacent shallow aquifer. Marked spatiotemporal
variations were found both in the wet and dry seasons. The

results obtained from two types of resistivity data (ERT and
time lapse ERT) emphasize the importance of nondestructive
investigations related to hydrogeological engineering projects
for water resource utilization and resource protection.

The interpreted sections along four ERT lines have helped
to delineate three significant hydrogeological units in the
study area—namely the vadose zone, shallow aquifer, and
middle aquifer (from shallow to deep). These zones corre-
spond to a higher-resistive layer of silty sand (21-221 Q-m)
with an average thickness of 8 m, a lower-resistive layer of
saturated sand (10-70 Q-m) with an average thickness of 11
m, and a medium-resistive layer of saturated sand (30-101
Q-m) with an average thickness of 45 m. Compared with the
dry season, the resistivity values of all lines decrease dur-
ing the wet period, which shows that both river water and
rainfall flow into the shallow aquifer and then recharge the
middle aquifer as a result of seepage from several preferen-
tial flow channels (probably the sedimentary discontinuity
zone of the riverbed).

Based on time-lapse ERT images of these lines, the resis-
tivity value of line 4 located in the low floodplain shows
a decreasing tendency. Increasing resistivity value in the
high floodplain occurs in other ERT lines away from the
river. Different recharge patterns occur in different loca-
tions within various territorial units of the floodplain, even
in the same season. The joint use of ERT and monitoring
wells data is more effective than drilling for the in situ iden-
tification of groundwater infiltration paths and recharge
characteristics associated with high-density surveys. This
paper provides a reference method for the selection of loca-
tions suitable for stations to be used for the exploitation of
groundwater resources.
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