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Seawater salt is constantly supplied from the marine environment to coastal
underground brine deposits, meaning that brine has the potential for
continuous extraction. There is currently a lack of information about the
processes that drive the fluxes of seawater salt to underground brine deposits
in tidal-driven brine mining areas. We chose the Yangkou salt field on the
southern coast of Laizhou Bay, a brine mining area, as our study site. We
monitored the spatial and temporal distribution of the underground brine
reserve and the changes in water level and salinity in the mining area and
adjacent tidal flats using electrical resistivity tomography and
hydrogeological measurements. We monitored cross-sections along two
survey lines and observed that the underground brine reserve receives a
stable supply of seawater salt, and calculated that the rate of influx into the
brine body in the mining area near the boundary of the precipitation funnel
was 0.226-0.232 t/h. We calculated that a total salt flux of approximately 5.50
t enters the underground brine body every day through a 150 m long
shoreline and a 1322.3 m? window, which is sufficient to sustain the daily
extraction of one brine well. During tidal cycles, there are two peaks in the
salinity of the water supplied to the underground brine reserve, which means
that the brine supply is from at least two high-salinity salt sources in different
tidal stages. The first salinity peak occurs during the initial stage of the rising
tide after seawater inundates the tidal flat. At this time, seawater, which is a
solution and carries a large amount of evaporated salt, is transported into the
brine layer through highly permeable areas or biological channels and
replenishes the brine in the mining area. The second salinity peak occurs
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during the early stage of the falling tide. Influenced by hysteresis-driven tidal
pumping, high-salinity brine from the lower intertidal zone is rapidly
transported into the mining area, thereby increasing the salinity of the
underground brine.

KEYWORDS

coastal underground brine, tidal effect, marine salt source, water and salt recharge
process, electrical resistivity tomography (ERT)

1 Introduction

Coastal underground brine reserves constitute an important
source of minerals for salt production and the extraction of
bromine, iodine, and other chemical raw materials. These reserves
are generally distributed in bay areas in semi-arid and arid climatic
zones between 50° north and south worldwide (Sanford and Wood,
2001; Frank et al, 2009; Zhang, 2021) (Figure 1). The marine
environment is the main source of salt for these coastal
underground brine resources and, under the combined influence
of ocean dynamics (density difference, tides, storm surges, etc.) and
evaporation, shallow coastal underground brine reserves in
extraction areas receive continuous supplies of water and salt
supplies (Han, 1996; Boufadel, 2000; Robinson et al., 2007;
Gonneea et al., 2013; Post et al., 2013; Sun et al., 2023).

The tidal flat represents a shallow coastal underground reserve of
marine salt because of the evaporation that occurs (Han, 1996).
Studies have shown that water and salt circulate between the seawater
and shallow brine in mudflat areas with low-permeability surface
sediments (1077-10"° m/s) during tidal action, although the rate of
water and salt exchange is low (Ma et al., 2015; Hou et al., 2016; Ma,
2016; Zhang, 2021). In some coastal salt marsh or tidal flat areas,
there are areas of high-permeability sediments that serve as biological
channels, and provide preferential pathways for rapid exchange
between seawater and groundwater, and where the salt content of
porewater in the sediment matrix increases near the channels
(Harvey and Nuttle, 1995; Escapa et al, 2008; Xin et al., 2009;
Wilson and Morris, 2012; Xiao et al., 2019). There is an exchange
process between the evaporated salt on the tidal flat surface and the
shallow brine in the mudflat. During the rising tide, evaporated salt
dissolves in seawater and is transported to the shallow brine in the
mudflat, where high-salinity brine participates in the groundwater-
seawater cycle and is released through the tidal flat during the ebb tide
(Del Pilar et al., 2015; Hou et al., 2016; Zhang, 2021; Sun et al., 2023).

High-salinity brine that is buried in the lower intertidal zone is
another source of marine salt for shallow coastal underground brine
reserves. Coastal underground brine reserves have two favorable
characteristics that mean they can receive salt from the marine
environment. First, as a result of historical frequent marine
transgressions and regressions, most coastal aquifer systems have
interlayers of fine-grained and coarse-grained sediments, and, of
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these, the coarse-grained sand layers serve as interconnected aquifers
between the tidal flat and the extraction areas. Driven by the tide,
groundwater and solutes are periodically transported from the tidal flat
area to the extraction areas (Yi et al., 2012; Fu et al.,, 2020). Second,
where coastal underground brine has been extracted over the long
term, the groundwater level may be lower than the sea level in the
extraction areas and depression cones may have formed (Han et al,
2014; Liu, 2018; Qi et al,, 2019). The hydraulic gradient between the
marine and groundwater environments may also increase in arid
climate conditions and storm surge events (William et al., 2008;
Yang et al., 2015; Xing et al., 2023). When the groundwater flow
field is influenced by these conditions, the high-salinity brine buried in
the lower intertidal zone can continuously supply the extraction areas.

The salt in the aquitard can be considered as the third type of
salt source that can supply coastal underground brine reserves. The
salt stored inside the aquitards can be replenished to its adjacent
brine layer through diffusion (Li et al., 2021). During the marine
invasion and regression, aquitards gradually form during the
formation of coastal underground brine. The total amount of salt
stored in the aquitards is enormous, with a large amount of high
salinity ancient seawater stored inside. At the same time, it
continuously captures salt from the flowing recharge water and
evaporated salt dissolved and infiltrated on the surface of the tidal
flats (Gao et al., 2016; Li et al., 2021). From the perspective of high
salinity water reserves in aquitards, they have enormous potential to
recharge underground brine in coastal mining areas. However, the
permeability of aquitards is low (10°-10"" m/s), and even if
groundwater extraction increases its diffusion rate by hundreds of
times, the rate of salt diffusion replenishing brine resources is still
slow (Mongelli et al., 2013; Han et al., 2014; Larsen et al., 2017; Li
et al,, 2021). Therefore, during a short time scale (such as single or
multiple tidal cycles), the release of salt from aquitards is very
minimal, making it difficult to quickly and effectively replenish the
underground brine resources in mining areas.

To sum up, although we have the theory of tidal flat halogenesis,
information about the fate of evaporated salt on the tidal flat under
tidal action, and various water-salt transport models that describe the
processes in multiple tidally influenced coastal brine layers (Gao et al,,
2016; Fu et al,, 2020; Zhang, 2021), we do not have information about
how the first two salt sources and tidal cycles influence the supply of
salt to, and losses from, the shallow coastal groundwater in mining
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FIGURE 1

Distribution of the main worldwide coastal underground brine reserves and re

search areas (Sanford and Wood, 2001; Frank et al., 2009; Zhang, 2021).

areas. To describe the above process, we need information about how
the groundwater salinity evolves and how it is distributed in the tidal
flat and coastal brine mining area during the tidal cycle.

The combination of in-situ hydrological parameter observation
and numerical simulation is one of the main methods for exploring
hydrological processes and pore water salinity distribution in tidal
flats and salt marshes (Xiao et al., 2019; Fang et al., 2021, 2022; Shen
et al., 2022; Shen et al.,, 2023; Zheng et al., 2023). However, the above
research methods can not accurately depict the groundwater salinity
distribution at different tidal times in complex stratigraphic
environments with high resolution. With the upgrading of
hydrogeophysical monitoring instruments and the optimization of
geophysical data interpretation methods, the Electrical resistivity
tomography (ERT) is widely used to monitor and research
groundwater hydrological processes in in-situ coastal zones. ERT
survey results from different times can provide information about
brackish water and seawater intrusion processes that can be analyzed
and used to establish different types of coastal seawater-groundwater
exchange models (Franco et al., 2009; Misonou et al., 2013; Fu et al.,
2020; Zhang, 2021; Zhan et al., 2023; Zhang et al., 2023). Further, the
Archie formula, Manning formula, and the salinity box model can be
combined to support quantification of the groundwater discharge
and salt flux in the tidal flat area (Zhang K. et al., 2021; Zhang Y. et al.,
2021, 2023; Xing et al., 2023).

In this study, we monitored the resistivity profiles in the brine
mining area and tidal flat area through the tidal cycle using ERT
technology. We then combined the monitoring results for groundwater
levels within the tidal cycle, salinity, and conductivity of the water in the
brine mining wells, and analyzed the salt supply and loss processes in
the shallow coastal groundwater in the chosen mining area.

2 Study area

The study area is on the southern coast of Laizhou Bay, in the
northern part of Shandong Province, China. We did a survey that
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extended across the land-based brine extraction area and the tidal
flat (Figure 2). The terrain on the land-based area is flat. The marine
area consists of muddy sandy tidal flats that have a gentle slope of
less than 3%o and surface sediment that has a permeability
coefficient of approximately 10~ m/s. There are multiple brine
extraction wells operating 24 hours per day on the land-based area.

The study area is characterized by irregular semidiurnal tides,
and the average tidal range is approximately 0.9 m. The average
flood tide duration is 6 h 22 min, and the average ebb tide duration
is 6 h 6 min (Zhang, 2021).

Within the study area, there are three horizontal layers of brine.
The upper and lower layers have low salinity, while the middle layer
has high salinity (Zheng et al., 2014; Gao et al., 2016; Qi et al., 2019).
These brine layers formed during the early Pleistocene period of the
Cangzhou transgression, the late Pleistocene period of the Xianxian
transgression, and the early Holocene period of the Huanghua
transgression. The underground brine that formed during the
Huanghua transgression is composed of groundwater brine that
was deposited during the late Holocene. The total dissolved solids
(TDS) of the brine ranges from 50 to 140 g/L (Gao et al., 2016).

The study area is on the marine-side boundary of the brine
precipitation funnel. The observation results from June 2022 of 16
groundwater level observation logs in the Yangkou Salt Field and the
surrounding area showed that (Figure 3A) the groundwater level
rapidly decreased to —35 m over 7 km in a southwest direction from
the research area. There is a significant hydraulic gradient between
the nearshore research area and the inland extraction area, and
groundwater from the tidal flat area continuously flows toward the
landward side of the brine precipitation funnel. The two monitoring
sections in this study were set up at an angle of approximately 36°
with the groundwater flow direction. In July 2022, the groundwater
levels at observation wells G1 and G2 in the extraction area were
approximately —7.9 m and —5.2 m, respectively.

The stratigraphic information for geological borehole C within
the research area (Figure 3A) shows that, from shallow to deep, the
aquifer can be divided into a fine-grained sediment cover layer (top
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FIGURE 2

Map of the study area. (A, B) Location of the study area on the south coast of Laizhou Bay, East China. (C) The fieldwork layout in the brine mining
area and the intertidal zone, including two ERT monitoring lines, two groundwater level observation wells, two brine sampling wells, one geological

borehole, and two tidal flat pore water conductivity monitoring points.

layer), a phreatic brine aquifer layer that is about 14 m deep (middle
layer), and a weakly permeable aquitard (bottom layer).

3 Materials and methods

3.1 Measurement of the conductivity and
salinity of the seawater and
underground brine

The seawater conductivity data were used to determine the
electrical resistivity values within the seawater grid during the
inversion of the ERT data, and to investigate the recharge
relationship between the seawater and the subterranean brine.
Seawater samples were collected from the endpoint of the marine
ERT survey line and the conductivity of the samples was measured
at the same time as the ERT measurements were taken. The brine
conductivity and salinity data were used to validate the accuracy of
the ERT inversion results and to calculate the salt flux of
subterranean brine in the extraction area. Subterranean brine was
extracted at M1 (150 m from point A) and M2 (225 m from point
A) on the land ERT survey line (Figure 2C). The sampling depth
was at a depth of approximately —10 m, and samples were collected
for conductivity measurements over three consecutive tidal cycles.
The conductivity of the water was measured with a water quality
meter (AZ8362).

Frontiers in Marine Science

3.2 Porewater conductivity monitoring

The conductivity of the porewater in the intertidal sediments was
measured at two points, at 530 m and 610 m, along the marine ERT
survey line using a multi-parameter automatic monitor (Solinst LTC
Levelogger Edge). The monitoring probe was wrapped with multiple
layers of gauze to ensure it would not get blocked by sediment, and
buried at a depth of 1 m. Data were collected every 0.5 h. This
monitoring was done at the same time as the ERT monitoring.

3.3 Groundwater level monitoring

Two groundwater observation wells (G1 and G2) were installed
along the land ERT survey line to measure the groundwater level
(Figure 3B). The groundwater levels were measured at a time
interval of 0.5 h using a steel tape water level meter with a
resolution of 1 mm (Yingtianliang Company). Again, these
measurements were done at the same time as the ERT survey.

3.4 ERT survey

The land ERT survey line (A-B) and marine ERT survey line
(C-D) were along the vertical coastline (Figure 2). The monitoring
results were analyzed to identify the salinity variations in the aquifer
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(A) The average groundwater level in the study area in June 2022. (B) Hydrogeological profile along the survey line in the study area.

between the marine area and the tidally influenced brine extraction
areas. The land and marine ERT measurements were done
simultaneously in July 2021.

3.4.1 Data acquisition

The ERT monitoring system (GEOPEN) used to monitor the
land and marine areas consisted of an EGODN mainframe, a booster,
and intelligent cables (with stainless steel electrodes). The terrestrial
ERT monitoring system had cables with electrodes spaced at 5 m
intervals. There were 64 electrodes altogether, and the total cable
length was 315 m. The marine ERT monitoring system had cables
with electrodes every 2.5 m. There were 100 electrodes, and the total
cable length was 247.5 m.

The ERT measurements for the land and marine areas should
have been taken at the bottom boundary of the subaqueous brine
layer (elevation approximately —20 m). These measurements were
taken with a Wenner-Schlumberger array; this equipment is widely
used in coastal groundwater hydrological monitoring and is known
for its large detection depth, high vertical resolution, and strong
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anti-interference ability (Hermans and Paepen, 2020; Wu et al,
2021). The array is powered by a 24V battery pack, and the user-
defined maximum current is 1A and the power supply time is 1 s.
The ERT measurements of the land and marine areas started
synchronously, and the data acquisition took approximately
30 min.

The electrode layout methods proposed by Zhang VY. et al
(2021) and Xing et al. (2023) were consulted to find out how to
prevent the electrode positions of the cables for the marine ERT
monitoring from drifting under tidal influence. A 30-cm deep
trench was excavated for the cables during low tide, three days
before the monitoring work started, and the cables were placed in
the trench and covered with sediment in situ.

The saturation of the sediment at 0, 80, 160, and 240 m deep
where the electrodes of the marine ERT cable were located was
measured at low tide. The saturation ranged from 97.1% to 99.8%.
We concluded that the environment in which the electrodes of the
marine ERT cable were placed was stable and that the sediment
remained saturated during tidal cycles.
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3.4.2 Data processing and inversion

The resistivity profile data were checked for quality and data
points in the resistivity data that were more than three times greater
or less than the adjacent data were removed. Less than 1% of the
total resistivity data were removed in this process (Wu et al., 2021).
The apparent resistivity values were converted to true resistivity
values by time-lapse inversion. The ERT data were analyzed using
the least squares method with RES2DINV software v.4.05.30
(Geotomo Inc.) (deGroot-Hedlin and Constable, 1990). The
terrain elevation data and the corresponding seawater resistivity
and sea level elevation data had to be combined before the resistivity
data set was inverted. When calculating the inversion, RES2DINV
performs terrain modeling, calculates the water layer thickness,
establishes a simulation domain, and divides it into finite element
grids. The resistivity between the beach surface and the sea level was
calculated from the seawater resistivity. In this study, the seawater
resistivity was based on the monitoring data.

The quality of the inversion result was evaluated by checking
the Abs error (absolute error) between the measured and predicted
apparent resistivity values. It is generally accepted that inversion
results have more credibility when the absolute error is below 10%.
However, an absolute error that is too low may lead to overfitting
and data inconsistency (Dimova et al., 2012). Therefore, in this
study, the absolute error was controlled at around 10%.

3.4.3 Inversion model appraisal

The depth-of-investigation (DOI) index is used to analyze the
influence of inversion parameters on the model and evaluate the
reliability of the inverted resistivity data (Oldenburg and Li, 1999;
Paepen et al, 2020; Zhang Y. et al, 2021). The DOI index is
calculated using Equation 1.

|10g Rinv,l - log Rinv,Z ’
2

DOI = (1)

It is calculated based on two additional inversions (Ri,y; and
Riny,2> which are inverted resistivities) using two reference models
(Rapp,1 and Rpp ) which are 0.1 and 10 times the average observed
apparent resistivity of the datasets (Oldenburg and Li, 1999; Paepen
et al., 2020; Zhang Y. et al,, 2021).

3.4.4 Reliability analysis of inverted resistivity

The expected resistivity (R,) of the sediments at the sampling or
monitoring locations was calculated from the monitoring data for
the conductivity of the submarine brine and of the porewater of
tidal flat sediments. The numerical values and variations of R, and
the ERT inversion results (R;,,) were compared to verify the
accuracy of the ERT inversion data.

Based on Archie’s law (Archie, 1942) and the resistivity of the
brine sample (R,,), the expected resistivity (R,) of the sediments at
the sampling points of the coastal mining area (M1, M2) can be
calculated as follows:

Rp = (2)
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Where a is a tortuosity factor, m is a cementation factor, and ¢ is
the porosity. The values of the porosity and rock electrical
parameters were based on the results of testing the porosity of the
sediment samples and empirical values of the electrical parameters
for medium to fine sand layers (Jackson et al., 1978; Zhang et al.,
2004; Zhang Y. et al,, 2021). Here, ¢=0.4, a=0.6, and m=1.4.

The resistivity of the sediments will be affected by a high clay
content in the muddy tidal flat sediments because of the influence of
the surface conductivity and pore fluid conductivity (Revil, 2013).
The effects of the surface conductivity and R,, on the resistivity of
the sediments can be separated with a modified version of Archie’s
law (Equation 3) that was proposed by Nguyen et al. (2009) and
Shao et al. (2021). Therefore, the expected resistivity (R,) of the
sediments at the monitoring points (P1, P2) can be calculated based
on R, as follows:

R 1

P FR) b ®)

Where F’ represents the effective layer factor, and b represents
the contribution of the surface conductivity to p, independent of the
fluid conductivity. The parameters in Equation 3 were set based on
the preliminary results from Zhang’s (Zhang, 2021) study of the
muddy tidal flats on the south coast of Laizhou Bay. F’ was set to 2.5,
and b was set to 0.335.

The resistivity data from four of the inversion calculation grids
near the brine sampling points and two of the inversion calculation
grids near the porewater conductivity monitoring points in the tidal
flat sediments were extracted and their average values were
calculated using the R;,, data extraction method of Zhang Y.
et al. (2021) and Xing et al. (2023). The output from R;,, was
then compared with the R, calculated using Equations 2, 3 to
determine the reliability of the ERT inversion results.

3.5 Calculation of the salt flux

The brine occurs in a water-bearing fine sand layer in the
monitoring area, and its fluid movement follows Darcy’s law.
Therefore, the water flux passing through the monitoring section
along the groundwater flow direction can be expressed by the basic
flow equation and Darcy’s law, as follows:

Q=AsinO xv (4)
Ah

=K 5

v Lcos O )

Where Q is the flow rate (m?/s), A is the underground brine
flow area divided based on the ERT monitoring result (m?), AsinOis
the underground water flow area perpendicular to the flow
direction, v is the flow velocity (m/s), and K is the permeability
coefficient (m/s), which was taken as 1x10™* m/s in this case (Guo,
2018; Chang, 2018). Ah is the hydraulic head difference (m) between
Gl and G2, L is the length of the ERT monitoring section in the
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brine extraction area (m), and 8 is the angle between the flow field
and the monitoring section (6=36°).

By combining the Equations 4, 5 and salinity, density, and
volume calculation equations (Equations 6-8), the salt flux passing
through the monitoring section along the groundwater flow
direction can be calculated using Equation 9, as follows:

M

S= (6)
mW
m,, = pV (7)
V=QxAt (8)
ms:SxprtxAsinOxKXAh ©)

Lcos O

Where S represents the salinity of the brine (g/kg), m;
represents the mass of salt (g), m,, represents the mass of brine
(kg), and p represents the brine density (kg/m’), which was
assumed to be 1.08x10° (kg/ma). V represents the brine volume
(m?) and At represents the time interval for sampling
underground brine (s).

4 Results
4.1 Groundwater parameters

The water levels measured at the G1 and G2 groundwater
monitoring wells followed a similar pattern (Figure 4). The
groundwater level remained stable during the transition from low
tide to high tide. The groundwater level increased slightly by less
than 10 cm within 2 hours of the high tide. More than 2 hours after
the high tide, the groundwater level started to decrease until the
seawater receded, and the groundwater level returned to the pre-
tidal level.

The salinity of the brine water followed a specific pattern during
the three tidal cycles of the monitoring period (Figure 4). Within

10.3389/fmars.2023.1324163

each tidal cycle, the salinity increased and decreased twice,
producing two salinity peaks. The two salinity peaks occurred
during the rising and falling tides of the same tidal cycle, at a
time interval of approximately 5-7 hours (from low tide to
low tide).

The conductivity was positively correlated with the salinity and
reflected the changes in the seawater salinity. The seawater
conductivity reached a peak after the seawater covered the tidal
flat, but the conductivity of the seawater on the tidal flat decreased
as the tide continued to rise. The conductivity values decreased until
the seawater receded from the study area.

4.2 ERT inverted resistivity

4.2.1 Accuracy verification of the resistivity data

The R, and R, values in the surface sediments of the tidal flats
followed a similar pattern during the tidal cycle. The R, and Ry,
showed an overall decrease during the rising tide, and were lowest
before the high tide. The R, and R;,,, then increased during the ebb
tide (Figure 5A). The R, and R;,, data for the brine mining area
showed relatively little, but consistent, variation during the tidal
process, which indicates that the underground brine area was
relatively stable during the tidal cycle. During the flood tide, the
R, and R;,, values first decreased and then increased, and the
resistivity values were lowest when the tidal flat was submerged by
seawater. During the ebb tide, the R, and R;,, values also decreased
first and then increased, and the resistivity values were lowest after
the high tide (Figure 5B). Overall, the R, values showed less
fluctuation than the R;,, values, but the values were generally
close (Figures 5A, B). These results suggest that R;,, accurately
reflects the variations in the porewater salinity.

4.2.2 Quality appraisal

A low DOI index is obtained when the resistivity structures in the
model are driven by the data and not by the inversion process, which
is influenced by the reference model (Paepen et al.,, 2020; Zhang et al.,
2023). All cells with a DOI index greater than 0.2 were considered as
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FIGURE 5

Changes in the expected resistivity and inverted resistivity in sediments in the tidal flat (A)/brine mining area (B) during the tidal cycle.

less reliable (Thompson et al., 2017). In this study, nearly all of the
DOI index values of the ERT inverted result are less than 0.1. Only a
small portion of the DOI index values of marine ERT inverted results
in deep regions is between 0.1 and 0.15 (Figure 6). Therefore, all
inversions are adequately sensitive to characterize the general
sediment resistivity distribution in the studied area.

4.2.3 Variations in the inverted resistivity image
during the tidal cycle

The average resistivity of the underground brine was 0.144 Q-m.
This value was substituted into Equation 2 and the expected
resistivity of the brine zone was calculated as 0.32 Q-m. This
expected resistivity value was used as a standard to delineate the
brine occurrence areas in the inversion resistivity profile. The top
boundary of the brine body was generally consistent with the
groundwater level. The distribution of the brine body remained
relatively stable within the tidal cycle and occurred between -22 and
-8 m, which was consistent with the distribution range of the brine
layers from the geological column (Figures 3B, 7, 8).

The extent of the underground brine body followed two
expansion and contraction cycles within the tidal cycle. During the
rising tide, when the surface of the tidal flat was not covered by
seawater (time a—b), the brine body in the mining area expanded, and

Frontiers in Marine Science 0

the underground brine in the intertidal zone remained relatively
stable. After the tidal flat was submerged in seawater (time c), the
extent of the brine body in the mining area and the intertidal zone
expanded significantly. During this stage, several anomalous low
resistivity zones (< 0.8 £:m) that connected the tidal flat and the brine
body appeared in the intertidal zone. During high tide (time d), the
extent of the underground brine generally decreased, and most of the
anomalous low resistivity zones that connected the brine body and
the tidal flat in the intertidal zone disappeared. In the early stage of
the ebb tide (time e), the underground brine body expanded again,
and then shrunk during the subsequent ebb tide (time f-g). After the
seawater receded from the tidal flat, the anomalous low resistivity
zones connecting the brine body and the tidal flat in the intertidal
zone completely disappeared (Figures 7, 8).

5 Discussion

5.1 Salt transport flux in the coastal brine
mining areas during the tidal cycles

We calculated the amount of salt transport (m,) and the
transport rate (Rs) in the underground brine bodies at different
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times during a single tidal cycle using Equation 9, the data for the
extent of the brine body, and other results from the inversion of the
ERT resistivity data (Figure 9; Table 1).

The coastal brine extraction area is at the marine boundary of
the precipitation funnel (Figure 3A). The groundwater head
difference between G1 and G2 (2.679-2.715 m) and the salinity of
the underground brine (34.54-35.11 g/kg) did not fluctuate
significantly as the tides fluctuated and when influenced by the
large hydraulic gradient from the sea to the land, continuous brine
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extraction, and low permeability of the sandy tidal flats. This
indicates that the underground brine in the coastal extraction
area was constantly receiving a stable supply of salt from the
marine environment. The results show that the salt was entering
the brine body through the monitoring section at a rate of 0.226
—0.232 t/h, which means that the total salt flux entering the
underground brine bodies over a vertical flow area of 1322.3 m*
(AsinB) was 2.75 t during a single tidal cycle or 5.50 t each day. The
brine extraction wells in this area are pumped at a rate of
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approximately 5.5 m>/h, which means that approximately 4.98 t of
salt can be extracted per day. In an ideal scenario (assuming
consistent tidal fluctuations and that the brine layer distribution
in the monitored area remains the same), the daily salt supply
replenished to the brine extraction zone along a 150 m (Lsin6)
coastline can approximately sustain the extraction capacity of one
brine well.

5.2 The salinity of the marine salt source
supply to the coastal underground brine in
the mining area

In the study area, water and salt from the marine environment
continuously migrate into the underground brine layer in the
extraction area under the combined influence of the seaward
groundwater flow and tidal action. The rise and fall of Rs can
reflect any changes in the water-salt migration state. The head

difterence (Ah) between G1 and G2 and the salinity (S) of the water
replenishing the underground brine in the extraction area are the
main factors that affect the water-salt migration rate (Rs) (Equation
9; Table 1). Although the ranges of the Ah and S values in the study
area were small (Figure 10), these data can still indicate the water-
salt migration state in the brine layer of the extraction area during
different tidal stages.

In coastal aquifer systems, the groundwater salinity generally
shows a single salinity peak with a time lag relative to the tides
during the tidal cycles (Hou et al, 2016; Zhang et al, 2023).
However, in this coastal brine extraction area, the groundwater
salinity showed two salinity peaks. Fu et al. (2020) also observed two
peaks in the groundwater salinity at northern Changyi Beach, which
is also located on the southern coast of Laizhou Bay. This suggests
that there are at least two pathways for salt transport from the
marine environment to the coastal brine reserves in this region.
There is also a stable pathway for salt loss in this area, i.e., the
extraction of underground brine. Here, we combined the patterns of
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FIGURE 9

The distribution of the underground brine within the ERT monitoring profiles in the brine mining area. The gray shadow represents the extent of the
underground brine at different tide times, which was divided using the ERT inverted resistivity profile data. The red box represents the range of the
underground brine flow area that was involved in the calculation of the salt transport flux (A=2249.6 m?).
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TABLE 1 Calculation parameters and the results of the salinity transport flux.

A K L

Tidal stage (m2) (m/s) ()]

p
(kg/m°)

1I
1080 2249.6 0.0001 260

111

v

2.679 9000 34.54 0.566 0.226

2.693 7200 35.11 0.462 0.231

2.702 5400 34.70 0.344 0.229
36°

2.715 5400 34.66 0.345 0.230

2.712 5400 35.05 0.349 0.232

2.695 10800 34.72 0.686 0.229

a. Ah is the average hydraulic head difference during each At.

b. S is the average underground brine salinity measured in M1 and M2 during each At. (S is considered the salinity of the underground brine that supplies the mining area when calculating m).

c. Rs is the rate at which the coastal underground brine receives salt transport (a positive value means the coastal underground brine is being supplied by marine salt source).

the low-resistivity anomaly distribution in the ERT inversion
resistivity profiles, and identified four stages in the marine salt
supply, as follows:

Stage I (the early stage of the rising tide, when the seawater did
not cover the beach surface). The underground brine in the
extraction area is replenished from the lower part of the tidal flat
(Del Pilar et al., 2015; Guo, 2018; Fu et al., 2020), and the salinity
increases and the brine distribution range expands slightly on both
the sea and land sides (Figures 4, 7, 8, 11A). During this stage, there
is a time lag of several hours between the groundwater level and the
tide (Gao et al,, 2010; Su et al., 2018), and the rise in the tide does
not cause changes in the groundwater levels of G1 and G2
(Figure 4). Ah stays the same, so the increase in S is the only
factor that contributes to the increase in Rs (Figures 4, 10).

Stage II (during the rising tide, when the seawater covers the
beach surface). In the early stage of stage II, the brine in the mining
area is replenished from the lower part of the tidal flat and the high-
salinity water infiltrating from the surface of the flat. The first
salinity peak appears in the underground brine of the mining area
(Figures 4, 10, 11B), and the extent of the brine area on the sea and

land sides significantly expands (Figures 7, 8). The increase in Rs is
caused by the increase in Ah and S. Because G2 is closer to the
marine environment than GI, the groundwater level at G2
fluctuates slightly more than that at G1, which results in an
increase in Ah (Figure 4). The value of S increases because of the
dissolution of a large amount of evaporite salt after the tidal flat is
submerged by seawater, and these high-salinity water bodies
infiltrate into the aquifer system through bioactive channels or
high-permeability sediment distribution zones near the coast (Del
Pilar et al.,, 2015; Hou et al,, 2016; Xiao et al., 2019). The ERT
inversion resistivity profiles for the marine side show there are
anomalous areas of low resistivity that connect the brine bodies and
the tidal flat, which suggests that there are preferential pathways for
high-salinity water replenishment (Figures 7, 8).

In the late part of stage II, a large amount of low-salinity
seawater infiltrates from the surface of the flat, leading to a
decrease in the salinity of the underground brine (Figures 4,
11B), and the extent of the brine on the sea and land sides
decreases (Figures 7, 8). Although Ah continues to increase
during this period, the rapid decrease in the seawater salinity
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FIGURE 10

The relationship between the salinity, hydraulic head difference, and the salt transport rate. The yellow boxes show the four stages of salt transport
during the tidal cycle (I-1V), namely, (I) the early stage of the rising tide, when the seawater did not cover the beach surface; (Il) the rising tide, when
the seawater covered the beach surface; (lll) the early stage of the ebb tide, when seawater still covered the beach surface, and (IV) the ebb tide,

when the seawater receded from the beach surface.
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leads to a significant reduction in S, and Rs shows an overall
decrease (Figures 4, 7, 8, 10). The infiltration of low-salinity water
through the flat restricts the amount of replenishment of high-
salinity water from the lower part of the tidal flat to the brine
mining area to some extent.

Stage III (the early stage of the ebb tide, when the seawater still
covers the beach surface). A large amount of high-salinity water is
transported from the sea to the land through the aquifer in a
horizontal direction into the underground brine reserve in the
mining area. The second salinity peak appears in the
underground brine in the mining area (Figures 4, 10, 11C), and
the extent of the brine expands again on the sea and land sides
(Figures 7, 8). Because of the time lag, the pumping intensity of the
tidal action peaks in this stage (Santos et al, 2011), and the
groundwater levels at G1 and G2 and the head difference Ah all
reached their peak values. The salinity S also reached its peak value
synchronously. This means that a large amount of high-salinity
water from the lower part of the tidal flat is transported into the
underground brine in the mining area under the tidal driving force
during this stage. The intruding low-salinity seawater no longer
controls the salinity of the underground brine in the mining area.

Stage IV (during the ebb tide, when the seawater recedes from
the beach surface). In this stage, the tidal action weakens and high-
salinity groundwater is discharged to the beach (Hou, 2016; Guo,
2018; Zhang, 2021), leading to a synchronous decrease in Ah and S,
and a decrease in Rs (Figures 4, 10). The intensity of the seawater
supply from the marine to the brine in the mining area weakens,
and the salinity of the underground brine in the mining area begins
to decrease (Figure 4). The extent of the brine gradually narrows on
both the sea and land (Figures 7, 8, 11D).
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We also observed that S has more influence on Rs than Ah.
First, during the tidal cycle, the pattern of fluctuations of Rs is
more similar to pattern of the fluctuation of S than Ah. Rs and §
have two peaks, which occur early in stage IT and late in stage III.
Second, from late in stage II until early in stage III, S decreases
while Ah increases, leading to an overall decrease in Rs. This
implies that the two salinity peaks in the underground brine
extraction area depend on the salinity of the different salt
sources during each tidal stage. Therefore, for two salinity peaks
to occur during a single tidal cycle in the brine extraction area (1)
there must be at least two salt sources for the brine extraction area,
and (2) each source must have a high value at different stages in
the tide.

When the brine extraction area is adjacent to areas with strong
evaporation, such as salt marshes, tidal channels, high tide line
areas, and areas with a distribution of high-salinity underground
brine, condition (1) is satisfied. When there are localized high-
permeability zones in muddy tidal flats and the tidal flats are long
enough, condition (2) is satisfied. This is because the wide and
gentle tidal flats exacerbate the time lag of the groundwater level
fluctuations caused by tidal action (Gao et al., 2010; Su et al., 2018).
The peaks in the horizontally transported flux of salt from the sea to
the land in the shallow aquifer will occur several hours after the high
tide. The rising tide can quickly submerge a large area of the tidal
flats and transport large quantities of dissolved evaporated salt to
the nearshore side through the flats. This flow can supply the
underground brine reserve when it crosses high-permeability zones
(Stahl et al., 2014; Xiao et al., 2019; Zhang, 2021; Zhang et al., 2023).
The flux of salt transported to the extraction area through this
pathway will peak earlier than the high tide.
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6 Conclusions

The marine environment is the main source of salt for the
underground brine reserves adjacent to tidal flats. In this study,
ERT monitoring sections and hydrology monitoring holes were
established in the in-situ coastal area to evaluate the salt flux and
pattern of salt recharge from marine salt source to mining areas
through coastal aquifers. Based on the monitoring results, we
developed a new method to quantify the replenishment of salt
from marine salt source through the coastal aquifer to the
underground brine in the mining area; We also found that there
are two tidal-driven salinity peaks in the salt supply for the
underground brine reserve in the coastal mining area during a
single tidal cycle. The main findings are as follows:

(1) The coastal brine exploitation area is located at the boundary
of a precipitation funnel. The salinity of the underground brine and
the pre-existing large hydraulic gradient from the sea to the land are
not significantly affected by fluctuations in the tidal level. The
underground brine reserve in the mining area consistently receives
a stable supply of salt from the marine, at a rate of 0.226-0.232 t/h.
The total salt flux entering the underground brine reserve via a 150 m
long shoreline and a 1322.3 m* window flow is 5.50 t per day, which
roughly equates to the daily extraction of one brine well.

(2) During a single tidal cycle, there were two salinity peaks in
the supply to the underground brine reserve. For this to happen,
there must be at least two sources supplying brine to the mining
area, and the salinity of the different salt sources is high at different
tidal stages. We observed that the first salinity peak occurred after
the initial stage of the rising tide when the seawater inundated the
tidal flat (Stage II early). During this stage, seawater dissolves and
carries a large amount of evaporated salt and transports it to the
brine layer through high-permeability zones or bioactive channels,
ultimately supplying the mining area. Late in Stage II, the seawater
salinity decreased and the salinity peak disappeared. The second
salinity peak occurred during the early stage of the falling tide
(Stage III). The flow of high-salinity brine in the lower part of the
intertidal zone accelerated toward the mining area under the
influence of the tidal pumping effect, but was subject to a time
lag. During Stage IV, as the tidal action weakened, the intensity of
the marine salt supply to the mining area decreased and the
salinity peak disappeared.

Although the conclusions from this study will be a useful
reference for related research on underground brine supplies and
stores in coastal areas, further understanding of the hydrodynamic
mechanism of the two salinity peaks mode will enable us to more
accurately evaluate the replenishment of coastal underground
brine resources by marine salt source. The research method
used in this study could not identify the factors affecting the
time interval between the two salinity peaks and their values. In
the future, we can use the long period in-situ monitoring
combined with numerical simulation methods to study the
above problems.
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