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Abstract: Affected by natural factors and human activities, seawater intrusion has become a geo-
environmental problem, significantly impacting human production and life. Seawater intrusion weakens
coastal areas’ geo-environmental carrying capacity, limiting industry and commerce development po-
tential. On the other hand, it may provide convenient deep seawater resources for coastal aquaculture
development. Therefore, how to quantitatively analyze seawater intrusion’s process, scope, and influ-
encing factors has become a hotspot for hydrogeological researchers. This study uses chemical sampling
analysis, environmental isotope, fixed-point, and geophysical methods to monitor long-term seawater
intrusion in the southern coastal plain of Laizhou Bay. According to the monitoring data, the chemical
type of fresh groundwater changes from Ca-Mg-HCO; to Na-HCOs3-Cl, Na-Ca-HCOj3-Cl from south
to north, and the changing trend of brackish groundwater is from Mg-Na-Ca-HCOj3, Mg-Ca-HCOj to
Na-CI-HCO3, Na-Mg-Cl. Saline groundwater is mainly of the Na-Cl and Na-Mg-Cl type. Brine is of
the Cl-Na type. The relationship between 80, 2H, and Cl~ shows that groundwater was affected by
evaporation, dissolution, and mixing in the runoff process. The relationship between water level and
TDS in monitoring wells at different locations and depths confirms the existence of seasonal variations
and layered intrusion phenomena in groundwater recharge sources. From July 2018 to December 2019,
the south intrusion and north retreat rates were approximately 213.3 m/a and 105.9 m/a, respectively.
From August 2016 to December 2019, the seawater intrusion front on the Dawangdong profile generally
retreated northward at approximately 27 m/a. The results of this study can provide a scientific basis for
the utilization of groundwater in local production and life. Comparative analysis and mutual verification
of multiple monitoring methods can provide basic ideas for constructing a multi-source monitoring
system for seawater intrusion.

Keywords: groundwater monitoring; seawater intrusion; groundwater aquifer system; Laizhou Bay

1. Introduction

From a global perspective, coastal zones are the most economically developed and
densely populated regions [1,2]; approximately 60% of the world’s population is widely
concentrated within 60 km of a coastal zone [3,4]. Affected by the combined effects of
climate change and human activities, coastal areas face ecological and environmental
problems, including seawater intrusion [5-8]. The core of the meaning of seawater intrusion
is caused by human activity or climate change [9,10]. The most typical intrusion process
is the excessive exploitation of groundwater, which causes the hydrodynamic imbalance
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of the aquifer and causes the brackish—freshwater transition zone to move inland [11,12].
Seawater intrusion can cause immediate economic losses or problems, such as crop yield
loss and industrial water shortages. It will also lead to potential adverse effects on the
ecological environment [13,14]. For instance, seawater intrusion will lead to soil salinization
in coastal areas, changing soil and vegetation’s nitrogen content. Changes in the nitrogen
cycle may trigger the decline of some vegetation species and the degradation of ecological
functions [15-17]. Concurrently, seawater intrusion can provide convenient deep seawater
resources with relatively stable hydration properties for coastal aquaculture [18]. Due to
these reasons, based on the dual impact of seawater intrusion on human production and
life, the investigation, monitoring, evaluation, prediction, and mechanism of its process
have become an essential scientific research topic in the fields of earth science and ecological
environment science [7,19,20].

The monitoring target of seawater intrusion is the change in the intrusion transition zone
or interface, with indirect reflection factors including changes in vegetation cover, degree of soil
salinity, etc., and direct reflection factors including the chemical characteristics of groundwater,
groundwater table (or water head), etc. [21,22]. Monitoring methods mainly include the
Water Chemical Sampling Analysis Method, Isotope Hydrogeochemical Method, Fixed-point
Well Monitoring Method, and Geophysical Monitoring Method (Table 1) [23-27]. The water
chemical sampling analysis method is divided into a single index method and a comprehensive
index method, which can directly reflect the quality of groundwater [28]. The principle is that
chloride ions exist stably, and the mass concentration is significantly different, similar to total
dissolved solids (TDS) [29]. This method can quickly identify seawater intrusion based on
mastering the hydrogeological conditions of the study area. Maged et al. effectively evaluated
the water resources in areas affected by seawater intrusion, such as Mecca, through multiple
water quality indices, GIS methods, and partial least squares regression models [30,31]. With
the development of hydrogeochemical isotopic technology, using environmental isotope
tracing, such as stable or radioactive isotopes, to monitor seawater intrusion has become an
effective method. This method is often combined with the water chemical sampling analysis
method. Liu et al. (2016), Maurya et al. (2019), and Qi et al. (2019) [32-34] analyzed the
degree of intrusion in different regions by identifying the direction of seawater intrusion
and other sources of salinity in the aquifer using data such as groundwater §'80, §*H, and
water—chemical—ion ratio. The fixed-point well monitoring method refers to drilling wells or
relying on existing wells, placing automatic monitor instruments, or regularly taking water
samples for testing, which have the advantage of monitoring seawater intrusion at different
times and depths in a long sequence. Du et al. (2015) and Lim et al. (2013) [35,36] analyzed
the current situation and dynamic change characteristics of seawater intrusion in multiple
regions and explored the influence of hydrogeological conditions and groundwater flow
system characteristics on seawater intrusion, using data from one-hole multi-layer (different
depths) and various groups of one-hole single-layer monitoring wells, respectively. The
principle of the geophysical method is that seawater and fresh groundwater have apparent
differences in electrical conductivity and magnetic permeability [37—41]. The electromagnetic
signal passing through the transition zone between seawater and fresh groundwater will
display an abnormal electromagnetic signal, thereby determining the location of the seawater
intrusion interface. This method is often combined with the water chemical sampling analysis
method to optimize the correction of geophysical parameters [23]. Abdulameer et al. (2018),
Wang et al. (2022), and Song et al. (2014) [37,39,40] used a high-density resistivity method
or audio magneto telluric, combined with water chemical data or borehole lithology data
by setting up multiple monitoring profiles, to accurately delineate the seawater intrusion
interface in different regions, and the seawater intrusion status was evaluated. In addition,
Alfaifi et al. (2019), El-Kaliouby (2020), Nicolodi et al. (2018), and Yang et al. (2013) [19,42-44]
applied various methods, such as the time-domain electromagnetic method (TDEM), aerial
remote sensing electromagnetic method, seismic refraction tomography, etc., combined with
water chemical data, to analyze the interface, depth, and extent of seawater intrusion in
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many regions, and discussed the factors that affect seawater intrusion, such as excessive
groundwater extraction, coastal sediment lithology, etc.

Table 1. Comparison of seawater intrusion monitoring methods.

Methodology Water Chemical Sampling Analysis Isotope Hydrogeochemical MOI;:,::H ng Geophysical Monitoring
Stable isotope Audio-
Single Multiple indicator 217 180 24 P Radioactive Earth frequency
N CC _ T (°H, *°0O,**s, . Groundwater R
Classification indicator (CI~, (Cl7,Br~, 87, 118, 37C isotope level resistance magneto
TDS) TDS, etc.) N €l s A6 method telluric
Br)
method
Indirect
Mot direct Comprehensiveness, Identifying the different sources evidence and Determining the interface
Advantages and . PP reference for between saltwater and
reducing errors of groundwater salinization -, . .
easy-to-use the transition freshwater in space and time
zone
Hydrogeological High
conditions and e requirements Equipment parameters need
Multiple indicators e S . .
Disadvantages human and complex Low sensitivity, multiple isotope for location to be set according to the
influence have operations identification methods are needed  and depth geological conditions to
a large margin P costly in obtain accurate data
of error applications

However, most of the above studies used a single method, and more comparative
analysis must be carried out using multiple monitoring methods. Based on this, this
study uses multiple monitoring methods (including the Water Chemical Sampling Analysis
Method, Isotope Hydrogeochemical method, Fixed-point Well Monitoring Method, and
Geophysical Monitoring Method) to analyze the situation of seawater intrusion on the
southern coastal plain of Laizhou Bay and understand the impact of human activities
and seasonal groundwater recharge. We reveal the influencing factors and processes and
compare the suitability of monitoring methods to provide an applicability analysis of the
above monitoring methods for the construction of a multi-source monitoring system for
seawater intrusion.

2. Study Area

The study area is divided into Shouguang County, Changyi County, and Hanting
District (Figure 1). It is located on the south bank of Laizhou Bay. The east is adjacent to
Qingdao and Yantai City, and the west is adjacent to Zibo City and Dongying City. It is
located between 36°41'~37°19’ north latitude and 118°32'~119°10’ longitude. It is classified
as a warm temperate continental monsoon climate. The average annual precipitation is
560-660 mm, and the average yearly temperature is 12.3 °C. The total number of rivers
is more than 100, each of which is a rain-fed river in the monsoon region, divided into a
six-way groundwater aquifer system: Xiaoqing River, Mi River, Bailang River, Wei River,
Jiaolai River, and Yu River. The average annual surface runoff volume is 17.0 x 10° m>.
The study area is high in the south and low in the north, with an elevation between 2 and
7 m. The geomorphic types of the study area mainly include coastal plains, beaches, and
shallow seas [45]. The coastal area of the study area is a typical silt shale coast in the north
of China. It is mainly composed of silt, with an area of about 400 km? and a total length of
140 km.

The study area belongs to the fault subsidence settlement area and deposits a set of
Minghu town shale. During the Late Pleistocene and Holocene, a group of thick marine
sands was deposited due to the influence of three sea transgressions. Most of the area is
covered by Quaternary loose deposits with a maximum thickness reaching up to 400 m [46].
Since the Mesozoic, the tectonic movement in the study area has mainly been fault-block
motion. The fault tectonic is relatively developed, including the northeast and north-
northeast faults. The Yimu fault zone and its derived tectonic control, tectonic engender,
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development, magmatic activity, and mineralization of the study area were investigated
(Figure 2a). According to the change in the hydrogeological characteristics in the horizontal
and vertical directions, Gao et al. (2020), and Hu et al. (2020) [9,18] divided the soil
area of Laizhou Bay into six water and geological zones: the bedrock fissures freshwater
area, unconsolidated rock pore freshwater area, fresh—salty two-layer structure porewater
area, fresh—salty—fresh three-layer structure porewater area, salty—fresh two-layer structure

porewater area, and salty-brine pore water of the south coast (Figure 2b).
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Figure 1. Location and range diagram of the study area.
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Figure 2. (a) Geological map of the study area. (b) Hydrogeological map of the study area.
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3. Method

In this study, seawater intrusion is a general term for both seawater intrusion and
saline groundwater intrusion; the difference between the above two concepts is that the
main body of the former is modern seawater, while the latter is ancient seawater (saline
water or brine formed by the retention of ancient seawater in the stratum), respectively.
Based on the geological and environmental conditions, groundwater flow system, and
human activities in the research area, we analyzed the process of seawater intrusion and its
influencing factors. The methodology flowchart of this study is shown in Figure 3.

Groundwater flow Geological environmental Human activity
Preparation system conditions types

Water Chemical
Sampling Analysis

Groundwater evolution, mixing,
and water-rock interaction

Relationship between |%'| Process of seawater intrusion,

Analysi i
na’ys1s 0180, 2H, and CI it Groundwater connection

process

Relationship between TDS j‘ Impact of seasonal groundwater

| Fixed-point Well }—4

and Groundwater level v/ recharge
Geophysical Ll Electromagnetic * Intrusion interface overall
Monitoring conductivity contrast changes
_________________________________________________________________ *._._._._______________.___________________________________._
Results and J’ . — .
Discussion Current Status, Process and Influencing Applicability and Collaboration of
Factors of Seawater Intrusion Comparative Monitoring Methods

Figure 3. The methodology flowchart of this study.

The water samples for this study were collected in the southern coastal plain of
Laizhou Bay from June to July 2018 (Table 2). Sixty-four samples were collected, including
one seawater sample, seven surface water samples, and fifty-six groundwater samples.
According to the criteria defined by and specification documents, groundwater samples
were divided into four types based on the TDS: fresh groundwater (TDS < 1 g/L), brackish
groundwater (1 g/L < TDS < 3 g/L), saline groundwater (3 g/L < TDS < 50 g/L), and
brine (50 g/L < TDS). Detailed field information, sampling methods, and hydrochemistry
analyses are summarized in [47,48]. The automatic monitoring point and electromagnetic
profile are shown in Figure 4.

Table 2. Hydrochemistry and isotope compositions of water samples.

Well 5180 52H
TDS . K Na Ca Mg SO, HCO; Cl VSs- VS-
Samples  Water Type (m) (g/L) gne)Pth Chemical Type (ng/L) (mg/l) (mg/ll) (mg/l) (mg/l) (mg/l) (mg/l) MOW MOW
(%o0) (%o0)
0707-09 ~ Drackish 1736 5 Na-Ca-HCO;-Cl 145 452 1668 522 1741 839 4573 —10 —66.3
groundwater
225 Brackish 1413 12 Ca-Na-Mg-Cl 7.2 1577 2639 658 1359 4912 5371  —63 —465
groundwater
Brackish Na-
070701 o Shndwater 12 HOO,-CLSO, 75 6877 637 437 3571 8238 4679 86 —574
L45 Brackish 1409 18 Ca-Na-50, 2 1418 293 436 5064 4973 1737  —9.1 —615
groundwater HCO3
16 Brackish 2313 18 Na-Mg-Ca-Cl 8.1 4469 2076 1338 2931 7139 8668  —118 —58

groundwater
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Table 2. Cont.

Well 5180 82H
TDS . K Na Ca Mg N HCO; CI VS- VS-
Samples  Water Type (m) /L) gne)pth Chemical Type (mg/l) (mg/l) (mg/l) (mg/l) (mgl) (mgl) (mglL) MOW MOW
(%o0) (%o0)
L35 ggflfs}vlvater 2641 18 Na-Cl HCO; 219 8955 223 41 2519 7261 10458 —102 633
L34 gsfll;‘;}‘:, ster 2192 20 Na-Mg-Ca-Cl 1 533 1564 1178 5219 5004 6115 -9 —519
Brackish Na-
221 eroundwater 2222 22 CLHCO, SO, 279 7336 267 234 5115 7475 5247  —88 —53.9
L31 ggfll:;}v‘vater 1437 23 Na-Ca-Mg-Cl 1 239 174 93.5 1394 2868 647 —84 —56.7
0724-08 g;glcllr?csl}\}vater 1457 25 Na-Cl-H CO; 164 4406 609 60.2 1652 5797 4236 -85 —589
L39 g:gil::s}v‘vater 1.033 30 Eé_o CLso 35.9 3088 2211 27,5 1875 5522 1755  —94 —56.1
3" . 4
L30 g;gfllr‘fs}cv ater 1112 30 Na-Mg-Ca-Cl 14.1 2504 99.1 636 853 4302 3846  —149 —59.6
0705-02 g:gil::s}vlvater 2555 30 Na-Cl-HCO;s 12.6 7416 819 845 180.3 7811 10635 —9.4 —59.6
L33 gsfll:;&, ater 2595 70 Na-Mg-Cl 6.3 7184  69.7 1116 333 4973  1107.8 —155 —63.9
0707-08 g;gfxlr?s}\}vater 1238 75 Na-Mg-Ca-HCO; 2.3 2684 1038 72 1649 5797 3368  —133 —60.9
0707-07 ggfl]:;}v‘vater 1235 80 Mg-Ca-Na-HCO; 3 152 1381 1291 1348 7322 312 —9.6 —60.8
L36-2 g;gf}r‘:;}v‘vater 1.195 200 Na-Ca-CLHCO; 3.1 2859 87 476 1675 2746 4662  —155 713
0706-02  Brine 85.767 80 Na-Cl 4577 26,120 9238 3018 6836 3997 48212 —116 —475
0705-01  Brine 103.87 90 Na-Cl 694.8 30,690 988.6 4361 7446 7994  59,290.1 —15 524
0724-14  Brine 119.853 100 Na-Cl 8305 36770 1122 5048 8162 421 67,7095 —5.6 ~539
113 Fresh groundwater 0496 8 Ca-Na-CLHCO; 56 81 73 15.2 1217 1556 1223  —7.7 497
0721-05  Fresh groundwater ~ 0187 10 Ca-Mg-Na-Cl 13 30.9 35.7 19.4 23 64.1 46.1 —95 —674
0724-05  Fresh groundwater ~ 0.547 10 Na-Ca-CILHCO; 038 92 77.1 217 1461 1922 1134  -87 574
0721-11  Fresh groundwater ~ 0.714 15 Na-Mg-Ca-HCO; 0.5 1334 583 68.9 1004 3539 1755  —5.1 603
0724-02  Fresh groundwater ~ 0.688 18 Ca-HCO;-Cl 03 486 2059 251 1117 3417 1241  -79 —60.1
0721-06  Fresh groundwater ~ 0.641 20 Ca-Mg-HCI 1 58.8 179 544 1172 2776 922 ~11.3 —585
0721-10  Fresh groundwater  0.66 20 Na-Mg-Ca-HCO; 1 1643 51 452 55.4 4668 1099  —102 —736
228 Fresh groundwater 0386 24 Ca-Mg-HCl 12 26 94.1 17.8 452 2471 78 —5.1 —46
0724-06  Fresh groundwater ~ 0.633 24 CaNa-HCO;-Cl 26 773 1694 279 1208 2502 1099 7.6 —57.6
132 Fresh groundwater 0.7 26 Ca-Mg-Na-Cl 06 66.5 1435 676 1236 241 1772 —96 —60.2
0721-04  Fresh groundwater ~ 0.627 30 Ca-Mg-HCO;-Cl 1.1 495 1783 599 1087 2776 904 —42 —60.1
0721-07  Fresh groundwater ~ 0466 35 Mg-Ca-Na-HCO; 26 572 848 52 27 2654 1099  —98 —635
0708-06  Fresh groundwater ~ 0.652 37 Ca-MgNa-HCO; 15 73.1 1242 419 479 3539 1861  —14.6 —66.2
L29 Fresh groundwater ~ 0918 40 Na-Mg-Ca-HCO; 0.8 1954 728 78.4 84.2 5156 2287  —44 —60
0721-08  Fresh groundwater ~ 0.603 45 Mg-Ca-Na-HCO; 0.7 61.1 1061 798 67.1 3936 922 —12 —615
0708-02  Fresh groundwater ~ 0.863 45 Ca-Mg-CLHCO; 15 60.5 1932 682 298 4515 2836  —99 —62.7
L25 Fresh groundwater ~ 0.801 55 Mg-Na-Ca-HCO; 0.8 1344 926 71.8 59.7 4943 195 —55 —60
0721-02  Fresh groundwater ~ 0.347 60 Ca-Mg- HCO; 07 24.1 107.9 234 206 2593 408 ~12.6 —64.3
0707-05  Fresh groundwater ~ 0.553 60 Ca-Mg-HCO;-Cl 13 484 948 441 19.5 4454 1223 —43 —589
0707-03  Fresh groundwater ~ 0.852 65 Na-Mg-Ca-HCO; 4.6 1615  88.1 65.6 79.1 5339 1861 -4 —59.4
L27 Fresh groundwater ~ 0.871 65 Mg-Ca-Na-HCO; 0.9 1275 1134 787 1347 4241 2038  —102 —60.2
0721-01  Fresh groundwater ~ 0.307 70 Ca-Mg-HCO; 0.9 217 88.8 20 12.5 2563 354 ~105 —62.9
0708-08 ~ Fresh groundwater ~ 0.369 75 Ca-Mg- HCO; 09 319 86.7 244 7.7 3814 266 —-12.7 —66
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Table 2. Cont.

Well %0 > H
TDS . K Na Ca Mg SO, HCO; (1 VS- VS-
Samples  Water Type (m) /L) gne)pth Chemical Type (mg/l) (mg/l) (mg/l) (mg/l) (mgl) (mgl) (mglL) MOW MOW
(%0) (%o0)
0708-05 Fresh groundwater 0.392 100 ﬁzél(\)/lf.Na_ 1 39.8 86.8 26 13.3 353.9 479 -10.2 —64.4
L32 Fresh groundwater 0.637 100 Na-Mg-Ca-HCO3; 1.1 124.9 624 47.1 47.4 466.8 120.5 -11.1 —61.1
0707-10 Fresh groundwater 0.543 230 Na- HCOs-Cl 0.9 173.2 15.8 15.1 79.6 357 79.8 —14.9 —754
0707-06 Fresh groundwater 0.394 300 Na-Mg-Ca-HCO; 0.8 86.5 31.3 26.2 53.9 350.9 19.5 —14.2 —69.1
0725-02 Seawater 30426 — Na-Cl 253.4 9089 644.9 1273 2449 109.8 16,661.5 —1 —11
69 Saline groundwater ~ 4.323 13 Na-Cl 8.7 1160 241.4 145.2 153.8 726.1 22511  —6.6 —59.2
0724-10 Saline groundwater 3.004 15 Na-Cl-HCO3 22.1 1022 439 55.5 452.4 625.5 10954 -8 —-59.4
L43 Saline groundwater 3.532 16 Na-Cl 22.1 1182 47.3 65.6 411.7 628.5 14889 —-10.7 -59
L37 Saline groundwater ~ 4.418 19 Na-Mg-Cl 19.1 995.8 257.7 255.8 545.8 469.9 21093 -89 —57.5
0706-04 Saline groundwater ~ 47.895 40 Na-Cl 232.6 14,800 574.2 1869 3660 518.7 26,4102 —13.7 —52.6
L36-3 Saline groundwater ~ 36.101 50 Na-Mg-Cl 121.7 9454 964.8 1903 2733 372.2 20,7382 —13.7 —56.1
. Na-
103 Saline groundwater ~ 3.43 60 C1-S0,-HCOs 53.5 1283 2.4 16.7 840.2 893.9 787 -123 —57.9
L36-1 Saline groundwater ~ 34.371 90 Na-Mg-Cl 929 8606 1108 1875 2405 332.6 20,1179 —144 —61.3
0722-03 Saline groundwater ~ 26.008 145 Na-Mg-Cl 60.1 6256 1606 1511 1573 225.8 14,889 —8.2 —64.6
Na-Ca-
0725-05 Surface water 0.532 — S0,-HCO,-Cl 5.8 84.4 84.8 17.1 153.4 143.4 115.2 —5.6 —49.7
Na-
0724-04 Surface water 0.542 —_ S0,-HCO5-Cl 74 86.3 70.6 25.6 144.2 125.1 145.3 -5.7 —33.6
0722-08 Surface water 0.559 — Na-Ca- 8.9 85.9 75 26.9 156.2 122 145.3 —32 —31.6
’ S04-HCO3-Cl ’ ’ ’ ’ ’ ’ '
0725-03 Surface water 0.956 — Na-SO4-Cl 9.6 206.9 91.8 321 288.4 100.7 276.5 —-29 —27.6
0724-12 Surface water 2.78 — Na-Cl 233 744.6 99.9 129.7 278.8 12.2 14978 34 —35.2
0724-13 Surface water 4.453 — Na-Cl 40.2 1242 143.9 192.7 380.1 122 23929 24 —32.6
0725-01 Surface water 11.808 — Na-Cl 79 3075 411.1 483.2 958.9 131.2 67355 —1.2 —19.6
ZUM’M)U:)U ZDhQUU‘UU ZUA'ZUU:JU
N o e fzw
N—" v
</ A angron Toww
N :
Guangraflf County S/’ Laizhou Bay
g1 i e E
= | h =]
3 1 \ E
LJ ,35 N\ 1fishol
/ e A city
{ . =
. ey

4080000

N\ i T

* L
Qingzhou m\(
\

Longehi Jor
‘,::“ o
®

%- Legend

2 feeees Seawater Intrusion Boundarie.2013

® Fixed-point Monitoring Well
@ Water Chemistry Sampling Point

l—Geophysical Monitoring Profile

------ Seawater Intrusion Boundarie. 2018

_——Eh4 Profile.2016

Eh4 Profile.2017

——Eh4 Profile.2018

—— Eh4 Profile.2019

T
4090000

Pingdu

T
20660000

T
20690000
o8 w2

20730060

AG0000

Figure 4. Multiple monitoring method deployment and seawater intrusion boundaries of the study area.
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3.1. Water Chemical Sampling Analysis Method

The water samples were tested by Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES, Optima 8300, PerkinElmer, Waltham, MA, USA, precision = 0.2 %o)
for the content of various water chemical ions. A multi-parameter instrument (5X836,
Shanghai Sanxin, Shanghai, China) was used to measure water temperature (measurement
range: 0~100 °C, resolution: 0.1 °C), conductivity (measurement range: 0~200 mS/cm,
resolution: 0.01/0.1 mS/cm), and pH (measurement range: —2.00~19.99 pH, resolution:
0.01 pH). TDS was tested using a Geothermal Blast Drying Oven (DGG-101-1, Tianyu,
Tianjin, China, precision &+ 1 °C) at 180 °C and a Laboratory Electronic Analytical Balance
(XPR504S/AC, Mettler Toledo, Zurich, Switzerland, precision 0.1 mg).

3.2. Environmental Isotope Method

The 130 in the water sample was replaced with standard CO; in a glass vacuum equi-
librium system (room temperature 25 °C); the generated CO, was extracted and collected
using a refrigerant (prepared with absolute ethanol and liquid nitrogen, boiling point
—78 °C). The 2H in the water sample was converted into hydrogen at high temperature
(850 °C) using metallic chromium as a reducing agent, and the hydrogen was absorbed by
activated carbon at a low temperature. The collected and generated CO, and hydrogen
were then sent for Thermal Conversion/Elementary Analyzer-Gas Isotope Ratio Mass
Spectrometry Analysis (TC/EA-IRMS, MAT253, Thermo Fisher, Waltham, MA, USA, pre-
cision + 0.2%o, State Key Laboratory of Biogeology and Environmental Geology, China
University of Geosciences, Wuhan). Results were normalized to V-SMOW with a precision
of +1.0%o for §?H and 0.1%o for £5'80, respectively [49].

3.3. Fixed-Point Well Monitoring Method

The monitoring profile is composed of wells C1, C2, and C3. The monitoring in-
strument is a water level, temperature, and conductivity three-parameter self-recording
instrument (CTD-Diver, DI273, SaiNuoXin, Beijing, China, water table precision +5 cm,
electrical conductivity precision £1% ms/cm). C1 and C2 are fixed-depth single-hole
monitoring wells with a depth of 38 m and 30 m, located in the brackish groundwater
and the saline groundwater areas; the dynamic type of groundwater is runoff extraction
and weak runoff exploitation, respectively. C3 is a single-hole multi-layer monitoring well
(including C3-1, C3-2, and C3-3) located in the seawater—fresh groundwater transition
area. C3-1 is a shallow groundwater well with a depth of 36 m, and the dynamic type
of groundwater at this depth is precipitation—runoff-extraction. C3-2 is a medium—deep
groundwater well with a depth of 74 m, and the active type of groundwater at this depth is
runoff extraction. C3-3 is a deep groundwater well with a depth of 149 m, and the dynamic
type of groundwater at this depth is weak runoff extraction.

3.4. Geophysical Monitoring Method

This study used the audio-frequency magneto telluric method to continuously mon-
itor the changes in seawater intrusion of Dawangdong profiles from 2016 to 2019 (EH4
conductivity imaging system, Geometrics and EMI, San Jose, CA, USA). The horizontal
resolution is related to the electrode spacing. In this study, the electrode spacing was
50 m, and the electric field strength at the measuring points of electrodes was greater than
0.01 uV/m, while the magnetic field strength was more significant than 0.01 mGamma. The
range and variation characteristics of seawater intrusion were analyzed. The Dawangdong
monitoring profile was located east of Dawang Town and south of Taitou Town. The profile
point distance was 50 m. The profile angle was 11° from 2016 to 2017. Due to the limitation
of field construction conditions, the monitoring profile angle was slightly adjusted from
2018 to 2019, 4° and 0°, respectively. There were three frequency ranges of 10 Hz~1 KHz,
500 Hz~3 KHz, and 750 Hz~96 KHz for monitoring work [23,35]. Data quality assurance
methods included the uniform distribution of 5% of the inspection points. The apparent
resistivity calculated at the inspection points was consistent with the evident resistivity
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curve shape of the original measurement point. The pronounced resistivity curve obtained
from a single measurement point was continuous and smooth, without sharp points; the
data quality was evaluated by the coherence degree of the entire information vector and the
coherence degree of the whole information vector of 90% of the frequency points above 0.5.

4. Results and Discussion
4.1. Water Chemical Sampling Monitoring Results and Discussion

According to the water chemical samples test data (Table 1) and previous research
results, the downside of seawater intrusion is insignificant with TDS < 2 g/L, while the
impact of TDS over 2 g/L is significant [34,35]. The seawater intrusion boundary on
the southern coastal plain of Laizhou Bay was delineated as TDS > 2 g/L, and the TDS
contour map (Figure 4) was drawn by interpolation in the geographic information platform
(MAPGIS 6.7). The monitoring results show that the boundary distribution in 2013 and 2018
is similar and generally located in the south of Taitou Town-north of Tianliu Town-Hou
Town-Gudi Town-north of Liutong Town. In five years, the boundary generally retreated
northward. More specifically, the northern part of Tianliu Town, the east of Hou Town,
and the eastern part of Liutong Town moved northward, and other areas moved slightly
southward or were relatively stable.

Based on the water chemical samples test data (Table 1), Origin 2021 software was
used to create a Piper diagram of groundwater and surface water (Figure 5). From Figure 5,
there are apparent differences in the water chemical components of different water bodies,
arranged in a wide strip from left to right. The left-end member of the strip is groundwater
and rainwater. The right end members are brine and seawater, reflecting different water
bodies” hadrochemical evolution and action process. The surface water is connected with
rainwater (on the left) and seawater (on the right). It is affected by mixing and evaporation-
concentration, showing a clear pattern of change from south to north. The mixing line
of surface water and seawater should be straight in theory [50,51]. Still, it is a relatively
smooth continuous curve with similar chemical composition distribution characteristics to
groundwater. This shows that surface water is significantly related to groundwater recharge
and discharge. At the estuary, the surface water is subjected to a particular upstream effect
of seawater [24,28,52].

Legend

Fresh groundwater
Brackish groundwater
Saline groundwater
Brine

Seawater

Surface water

X X O e

80 60 40

Ca
Figure 5. Piper diagram of groundwater and surface water of the study area.

The variation characteristics of groundwater chemical composition along the process
show that it is controlled by mixing and water—rock interactions. Affected by leaching and
cationic alternating adsorption [11,21], the chemical type of fresh groundwater changes
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from Ca-Mg-HCOj; to Na-HCO;3-Cl, Na-Ca-HCO3-Cl from south to north, and the changing
trend of brackish groundwater is from Mg-Na-Ca-HCO3, Mg-Ca-HCO3 to Na-Cl1-HCO;,
Na-Mg-Cl. Saline groundwater is mainly of the Na-Cl and Na-Mg-Cl type. Brine is of the
Cl-Na type. The distribution characteristics of various ion contents in shallow groundwater
show noticeable differences among geomorphic units and exhibit certain regularity. Along
the sampling profile of groundwater from south to north, the concentration of various ions
in groundwater fluctuates. Among them, the ion HCOj3 concentration shows a trend of slow
increase followed by a slight decrease. In mountainous and alluvial plains, the concentra-
tions of various ions in groundwater are relatively low and deliver a slow-increasing trend,
while they increase sharply in estuarine plains. The distribution of different groundwater
bodies along the route shows a wide band-like distribution. There is no SO4-type water in
many groundwater chemical types, indicating that the mixing effect of groundwater with
different salinity is strong. Furthermore, in some relatively low-lying areas in the shallow
groundwater at the foot of the mountain, there is a relatively high Cl-content phenomenon,
indicating that this area is significantly affected by evaporation and concentration.

4.2. Environmental Isotope Method Results and Discussion

In this study, the correlation between 180, 2H, and Cl~ was observed to analyze the
process of seawater intrusion and the hydraulic connection between different water bodies,
using the software Origin 2021 to create a diagram of the correlation between §'80, 2H, and
Cl~ (Figure 6).
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Figure 6. Diagram of correlation between 5180 (a), 2H (b), and Cl~ values in groundwater and
surface water.

The values of shallow fresh groundwater range from —11.3%. to —4.2%. for 580
and from —73.6%0 to —46%. for H; the values of deep fresh groundwater range from
—11.3%0 to —4.2%. for 60 and from —75.4% to —58.9%. for 2H; the values of shal-
low brackish groundwater range from —14.9%o to —6.3%. for !0 and from —66.3%. to
—46.5%0 for 2H; the values of deep brackish groundwater range from —15.5%0 to —9.6%o
for 5180 and from —71.3%0 to —60.8%. for 2H; the values of saline groundwater range
from —14.4%0 to —6.6%o for 6180 and from —64.6%o to —52.6%. for 2H; the values of sur-
face water range from —5.6%o to —1.2%. for §'80 and from —49.7%. to —19.6%o for ?H.
The relationship between §'80, 2H, and Cl~ shows that the groundwater was affected by
various evaporation, dissolution, and mixing in the runoff process. Fresh groundwater
was affected by evaporation, resulting in a noticeable change of 52H and §'80; brackish
groundwater and saline groundwater were significantly affected by dissolution and mixing;
brine was affected by evaporation-concentration and mixing [34]. As described above,
deep groundwater to brine water conformed to a gradual mixing pattern from south to
north. In contrast, the mixing pattern of shallow groundwater to brine water was more
complex, reflecting that atmospheric precipitation, surface water, and irrigation water in-
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fluence the recharge sources for shallow groundwater. From the endpoint-element mixing
model analysis, fresh groundwater, brackish groundwater, and saline groundwater samples
were relatively evenly distributed on the mixing trend line of shallow fresh groundwater—
seawater and shallow fresh groundwater-brine, indicating that the shallow freshwater was
affected by both brine and seawater intrusion [6,53]. On the trend line of mixing deep fresh
groundwater—seawater and deep fresh groundwater-brine, there were sample points of
fresh groundwater, brackish groundwater, and saline water. However, the sample points
of brackish groundwater were mainly concentrated near the mixing line between fresh
water and seawater, indicating that deep groundwater tends to mix more with seawater
first and is more affected by seawater intrusion [54]. The deep saline and shallow saline
groundwater samples showed a relatively obvious approach, indicating that in some areas,
the hydraulic relationship between them is caused by string mining, etc. [55].

4.3. Fixed-Point Wells Monitoring Results and Discussion

The monitoring well’s TDS and water level data were analyzed and mapped using the
software Grapher 10. The monitoring well C1 was located in the brackish groundwater area.
The monitoring data show that the dynamic type of groundwater was runoff extraction
(Figure 7).
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Figure 7. Diagram of correlation between groundwater level and TDS variation in well C1.

During the monitoring period, the groundwater table showed a declining trend,
with an average annual decline of more than 3 m, and the TDS was slightly greater than
1 g/L, with a slight change. The more obvious groundwater table rise period appeared in
January 2017, and the TDS increased somewhat. According to the TDS and groundwater
table correlation, the curve can be divided into two stages; before August 2017, when the
groundwater table declined, TDS was positively correlated with the groundwater table,
indicating that this area mainly received the lateral recharge of fresh groundwater from the
southern region. After August 2017, TDS was negatively correlated with the groundwater
table, and the influence of northern seawater intrusion on this area gradually emerged [56].

The monitoring well C2 was severely affected by seawater intrusion in the saline
groundwater area. The monitoring data show that the dynamic type of groundwater
was weak runoff-exploitation (Figure 8). During the monitoring period, the change in
the groundwater table was affected by extraction, and no seasonal variations were ob-
served. The main reason for the lack of obvious seasonal changes was that the salinity here
needed to be lowered for agricultural irrigation, mainly for fish farming and the chemical
industry [57]. Before March 2017, TDS increased slightly with the groundwater table fluc-
tuation and was relatively stable at approximately 16-17 g/L, indicating a stable saline
groundwater or brine recharge source. After March 2017, the TDS and groundwater table
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showed a significant negative correlation. TDS rose significantly with the fluctuation of the
groundwater table; the reason is that the continuous extraction of brackish groundwater
caused the lowering of the groundwater level here, breaking the hydraulic balance with
the northern saline water, and higher salinity brine from the north began to invade and
replenish it [58-60].
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Figure 8. Diagram of correlation between groundwater level and TDS variation in well C2.

The single-hole multi-layer monitoring well C3 was located in the seawater—fresh ground-
water transition area. C3-1 is a shallow groundwater well, and the monitoring data show
that the dynamic type of groundwater at this depth was precipitation—runoff-extraction
(Figure 9a). TDS showed a trend of slightly increasing at the beginning, declining in the
middle, and increasing and fluctuating at the end. The groundwater table was in a significant
decline stage, and there was a phenomenon of slight decrease followed by a slow recovery
in TDS; TDS increased from 1.5 g/L to 0.7 g/L and then expanded to approximately 1 g/L.
This indicates that the groundwater was primarily replenished by the runoff of fresh water
from the south. Before August 2014, the shallow fresh groundwater was weakly affected by
seawater intrusion from the northern region and mainly received fresh groundwater from the
southern region. After August 2014, the groundwater table declined, the influence of seawater
intrusion was evident, and the increase in saline groundwater recharge in the north led to
an increase in TDS. C3-2 is a medium—deep groundwater well. The monitoring data show
that the dynamic type of groundwater at this depth was runoff extraction (Figure 9b). The
groundwater table change was significantly affected by extraction. During the monitoring
period, except for the relatively apparent recovery of the groundwater table in July 2018, the
other period maintained a relatively stable decline. The groundwater table generally showed
a declining trend. The TDS was significantly positively correlated with the change in the
groundwater table, indicating that this area is in the regional groundwater circulation system.
The groundwater was mainly recharged by fresh groundwater in the southern region. C3-3 is
a deep groundwater well, and the data show that the dynamic type of groundwater at this
depth was weak runoff-extraction (Figure 9c). The groundwater table change was affected by
extraction, with TDS slightly less than 0.5 g/L, and it was not affected by seawater intrusion.
Due to the influence of sedimentary structure and groundwater exploitation, this area has
layered seawater intrusion.
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Figure 9. Diagram of correlation between groundwater level and TDS variation in wells C3-1 (a),
C3-2 (b), and C3-3 (c).

4.4. Geophysical Monitoring Results and Discussion

We interpolated the resistivity in the software Sufer 12 and obtained a contour profiles
map of resistivity values. From the comparison of monitoring profiles (Figure 10), the
resistivity contour of the shape is stable and continuous. The resistivity shows a trend
of high in the south and low in the north, consistent with the distribution characteristics
of saline groundwater and fresh groundwater in the striatum [29,61,62]. According to
previous experience and the results of comparative field experiments [21,63-66], it was
determined that the seawater intrusion interface was delineated with a resistivity value of
8-10 ()-m. The monitoring data show that in August 2019, the seawater intrusion front was
located near the 2050 m, determined by the resistivity anomaly interpretation. In October
2017, the seawater intrusion front retreated northward by about 100 m to the vicinity of
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the 2150 m, with a rate of approximately 85.7 m/a. From July 2018 to December 2019, the
seawater intrusion front first showed the characteristics of intrusion to the south and then
retreated to the north. Considering the effect of the profile offset angle, the south intrusion
and north retreat rates were approximately 213.3 m/a and 105.9 m/a, respectively. From
the long-term monitoring data, from August 2016 to December 2019, the seawater intrusion
front on the Dawangdong profile retreated northward at approximately 27 m/a.
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Figure 10. The audio-frequency magneto telluric monitoring date interpretation of seawater intrusion
extent comparison.

4.5. Theoretical Implications

Based on the analysis of the results obtained from the above monitoring methods, the
water chemical sampling analysis method and the geophysical monitoring method can
be used in combination. After obtaining the approximate range and degree of regional
seawater intrusion through the water chemical sampling analysis method, further use of
geophysical monitoring methods can accurately delineate the boundary between saline
and fresh groundwater, determine the burial depth of the top and bottom plates of aquifers
containing saline or fresh water, and study the spatial evolution of underground saline
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and fresh groundwater bodies [67,68]. The advantage of the cross is that the seawater
intrusion interface can be described quickly and accurately, and the degree of seawater
intrusion can be determined. After understanding the groundwater flow system, the
fixed-point well monitoring method can monitor the long-sequence dynamic characteristics
of seawater intrusion at specific points, which can analyze the effect and the response
of dynamic groundwater changes on seawater intrusion. This also helps confirm how
seawater intrusion is determined by the water chemical sampling analysis method [69].
Combined with the geophysical monitoring method, it can verify the accuracy of the
scoping of seawater intrusion. The combination of the environmental isotope method and
the water chemical sampling analysis method can analyze and monitor the influencing
factors of seawater intrusion. It can clarify the interconnectedness of different water bodies
in the intrusion process [70].

4.6. Practical Implications

Based on analyzing the factors and processes affecting seawater intrusion, local authori-
ties must manage groundwater resources in the following aspects: strengthen the management
of water resources in the coastal plain area, strictly prohibit deep well drilling in areas where
seawater intrusion occurs, precisely control new well drilling, and strictly control groundwater
exploitation for irrigation except for human and livestock use [71,72]. Large-scale industrial
projects that consume water cannot be built in areas where seawater intrusion occurs. For
existing large-scale industrial projects in these areas, a method of centralized water supply
from a distance should be adopted instead of exploiting local groundwater.

5. Conclusions

This study conducted a comprehensive analysis of seawater intrusion on the south
coast of Laizhou Bay using multiple monitoring methods. From the general study area,
the effect of different water bodies on seawater intrusion was analyzed based on the
theory of the mixing effect of other water bodies and the water chemistry in groundwater
aquifer systems. By combining the water chemical sampling analysis method and the
environmental isotope method, the type and extent of seawater intrusion were assessed
from a macro perspective. The northern and southern profiles of the study area were
selected for fixed-point well monitoring and geophysical monitoring methods, respectively,
and the effects of human activities such as groundwater extraction, aquaculture, and
hydrogeological conditions on seawater intrusion were investigated. The annual rate of
seawater intrusion was quantitatively assessed, and the seawater intrusion front generally
showed a trend of retreating backward, with a rate of approximately 27 m/a.

The results show that seawater intrusion vigorously mixes with saline groundwater
on the southern coastal plain of Laizhou Bay. Due to the influence of hydrogeological
conditions and groundwater extraction, layered seawater intrusion exists. In layered
intrusion, shallow fresh groundwater is subject to both saline groundwater mixing and
seawater intrusion, while deep freshwater is mainly affected by seawater intrusion. In some
areas, shallow saline groundwater is hydraulically connected to deep salty groundwater
due to string mining.

Although multiple research methods were used to analyze regional seawater intrusion
from various angles in this study, this analysis was based on a detailed geological back-
ground. When the geological background conditions of the study area are unclear, the use
of the geophysical monitoring method and the fixed-point well monitoring method are
limited, and it is necessary to determine the transition zone of seawater intrusion through
the water chemical sampling analysis method. However, a high-precision, long-sequence
air-ground-well integrated monitoring system has yet to be established in a typical research
study. Multi-source monitoring information must be integrated in a true sense to realize the
complementary advantages of different monitoring technologies. Therefore, the combined
analysis of data from direct and indirect monitoring methods is an idea that deserves
further investigation to determine the current status of seawater intrusion.
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6. Outlook

With the continuous development of technologies for seawater intrusion monitoring,
the three-dimensional integrated monitoring technology of air-ground-wells, which com-
bines multiple methods and integrates multi-source information, was adopted. Taking into
account the optimization of monitoring layout and schemes, the continuous improvement
of seawater intrusion modeling accuracy using multi-source information has become an
important development direction [68,73,74]. For example, high-precision Earth gravity
satellite data can be used to decipher the seawater intrusion transition zone and thus more
accurately deploy water chemistry sampling holes. The future use of remote sensing,
water chemistry, monitoring wells stratified monitoring, and other multi-source techniques
means that building a monitoring network [75,76], combined with numerical simulation
techniques, is a method of seawater intrusion identification and evaluation of the technical
route of direction worth further investigation.
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