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Abstract: A survey of the hydrochemistry and isotopes of the Quaternary aquifer on the southern
coast of Laizhou Bay provides new insights into the hydrodynamic and geochemical relationships
between freshwater, seawater, and brine at different depths in coastal sediments. This study used
a combination of groundwater level analysis, hydrochemistry, and isotopic methods to study the
chemical characteristics of groundwater and the origin of groundwater recharge and salinity. Because
the sedimentary structure of the area and the formation background of saltwater were important
factors controlling the distribution of groundwater, we analyzed the distribution of groundwater
in Holocene and Late Pleistocene sediments. The variation of groundwater levels in the Holocene
and Late Pleistocene sediments in the saline-freshwater transition zone over time showed that the
Holocene and Late Pleistocene groundwater flow directions differed in the saltwater—freshwater
transition zone. From south to north in the study area, the hydrochemical types of groundwater in
the Holocene and Late Pleistocene sediments were as follows: HCO3-Ca (freshwater), SO4-Mg and
HCO3-Ca (brackish water), Cl-Na-Mg (saltwater), and CI-Na (brine). The results of the hydrochemical
and isotopic studies indicated that the saltwater in the Holocene and Late Pleistocene sediments and
the brine in the Late Pleistocene sediments were the result of evaporation. The salinity of freshwater
in the Holocene sediments was produced by rock weathering, while the salinity of freshwater in the
Late Pleistocene sediments was not only derived from rock weathering, but was also affected by
evaporation and precipitation. The salinity of brackish water in the Holocene and Late Pleistocene
sediments was derived from evaporation and precipitation. Ultimately, the origin of groundwater
recharge in the Holocene and Late Pleistocene sediments was atmospheric precipitation.
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1. Introduction

Globally, climate change, rising sea levels, land use changes, and groundwater overex-
ploitation have led to the severe intrusion of sea (salt) water into freshwater aquifers [1].
Coastal areas are usually the most densely populated areas [2—4]. With the development
of the social economy and external factors such as climate change, the over-exploitation
of groundwater and changes of land use types in coastal areas have undermined the dy-
namic balance of the original saltwater—freshwater interface and further exacerbated the
degree of saltwater intrusion [5-8]. In China, underground saline water in the coastal
zone is mainly distributed along the Bohai Sea coast, Jiaozhou Bay coast, Jiangsu coast,
Yangtze River Delta, and Pearl River Delta, among which the southern coast of Laizhou
Bay is the most widely distributed [9]. Since the 1970s, a large amount of groundwater has
been extracted in the process of rapid development in the region, resulting in the current
problems, which were recognized by local authorities in 1976 [10]. Seawater (saltwater)
intrusion has caused a reduction in freshwater resources and the abandonment of mining
wells in coastal areas, which greatly restricts local social and economic development [5].
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On the one hand, the salinity of coastal aquifers is caused by seawater (saltwater) intrusion.
On the other hand, complex hydrogeochemical processes may also be involved. In this
context, understanding the processes that control groundwater geochemical evolution and
hydrodynamic processes has important implications for aquifer management.

Groundwater chemical characteristics in the natural environment are affected by
factors such as the chemical composition of recharge water, water-rock interactions, solute
transport, and evaporation [11,12]. A combination of chemical and isotopic indicators can
be used to characterize the behavior of saltwater in the coastal groundwater cycle, determine
the origin of groundwater salinity, characterize the groundwater salinization processes, and
study migration at the saltwater—freshwater interface; this process is currently considered a
good research method [13-19]. For the multi-facies sedimentary strata on the south coast of
Laizhou Bay, accurately describing the characteristics of aquifers and defining the process
of brine formation are of great significance to research on the hydrochemical characteristics
of the study area.

This study aims to investigate the evolution of saline groundwater through the Late
Pleistocene and Holocene sediments. To this end, groundwater monitoring wells at different
depths were set up to collect groundwater samples and obtain basic data for analysis and
discussion. Stable isotope and hydrochemical methods were then used to analyze the
hydrochemical characteristics, sources of recharging groundwater and salt in groundwater,
and salinization mechanisms of groundwater. These results have important implications
for the development and recharge management of intensively exploited coastal aquifers
around the world and demonstrate the value of using isotopic metrics in conjunction with
other hydrogeological information. The present results also have implications for the study
of multiphase aquifer stratification.

2. Study Area
2.1. Location and Weather

The research area is located on the south coast of Laizhou Bay, Shandong Province, at
a longitude of 118°32/~119°20’ and latitude of 36°41’ to 37°19’ (Figure 1). According to the
Koppen—Geiger climate classification [20], the study area belongs to a subtropical humid
climate (Cwa). The hottest month of the year is July, with a maximum of 40.4 °C, and the
coldest month of the year is February, with a minimum of —19.5 °C. The annual average
precipitation is 651 mm (1956-2016), mainly concentrated in June-September. The annual
mean evaporation (E20 value) is 1834.0 mm (1956-2016).

2.2. Hydrogeological Conditions

The aquifer in the study area is composed of river-lake facies, sea-land interaction
facies, and loess accumulation due to the frequent interactions of the marine strata formed
by three transgressive deposits since the Late Pleistocene with continental sand-gravel and
mud layers. In the study area, the developed channels and numerous paleochannel sand
bodies form numerous aquifers, and the aquifers are characterized by a complex multi-
layered framework (Figure 2). Influenced by factors such as the depositional environment,
paleogeography, and paleoclimatic conditions, especially the transgression-regression
since the Late Pleistocene, there were differences in the lithology, hydraulic properties,
and dynamic and hydrochemical characteristics of the aquifers during the formation of
groundwater and aquifers in the study area. The aquifers are divided into Holocene
groundwater (shallow groundwater) aquifers and Late Pleistocene groundwater (deep
groundwater) aquifers [21,22].
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Figure 1. Location map of the study area along with brine aquifer distribution and sampling wells.

Line A—A'’ is the hydrogeological section of Figure 2.
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Figure 2. Typical hydrogeological profile A-A’ and piezometric profile of the aquifers (1 March 2021)
in study area.

The hydraulic properties of shallow groundwater in Holocene groundwater are
phreatic and slightly confined water. Additionally, the bottom of the aquifer is buried at a
depth of 25-30 m, and the salinity varies from less than 1 g/L to greater than 50 g/L [23].
According to the vertical hydrochemical characteristics, the water is divided into several
types: an all-freshwater type, upper freshwater and lower saline types, and an all-saline
type [21,24]. The burial depth of the top interface of the shallow saltwater is mainly con-
trolled by the sedimentary environment of the ancient river, and the burial depth becomes
smaller from the ancient river channel to the ancient river interchannel. The piedmont
alluvial-pluvial fan is a whole freshwater area affected by groundwater runoff recharge in
the southern piedmont. The thickness of the shallow freshwater sand layer is controlled by
the ancient river channel and saltwater—freshwater interface. Areas with sand thickness
greater than 5 m are generally distributed in a north—east direction, and areas with sand
thickness greater than 15 m are mainly located in all freshwater areas. The groundwater
flow direction is from south to north, which is roughly consistent with the direction of the
terrain slope. Since the development level of groundwater in the area was relatively low
before 1980, the groundwater level distribution at this time basically reflects the hydrody-
namic field in its natural state [23,25]. From the southern piedmont to northern coastal
areas, the shallow groundwater hydraulic gradient decreased from 1.4%. to 0.2%.. Due to
the continuous expansion of the groundwater funnel, the Holocene groundwater dynamic
field underwent great changes, with the flow direction generally caused by the movement
of the surrounding areas of the alluvial-proluvial fan to the center of the groundwater level
drop funnel. Due to the continuous expansion of the groundwater funnel, the Holocene
groundwater dynamic field has undergone great changes, with the flow direction likely
emerging from the surrounding area of the alluvial-proluvial fan to the center of the
groundwater funnel [24].

The top of the deep groundwater in Late Pleistocene sediments is buried at a depth
of 25-30 m, and a cohesive soil aquifer with a relatively stable distribution and thickness
of 5-10 m developed between the top of the aquifer in Late Pleistocene sediments and
the overlying shallow aquifer [24]. Affected by the paleo-sedimentary environment, the
groundwater in Late Pleistocene sediments is mainly saltwater. Under natural conditions,
the groundwater runoff direction of the Late Pleistocene generally extends from south to
north and ultimately drains into the Bohai Sea. Due to the overexploitation of groundwater,
the scale of the funnel continues to expand, and the direction of the groundwater runoff



Water 2022, 14, 2761

50f19

changes [18]. Groundwater flows to the funnel from the south, north, and east, but mainly
comes from the southern hills.

2.3. Environmental Issues

The environmental problems in the study area are mainly saltwater and brine intrusion,
followed by seawater intrusion. The zoning of the hydrogeological environment in the
study area is controlled by the Quaternary sedimentary environment. From the land
area to the coast, there is a freshwater area, saltwater area, brine area, and brackish area.
Here, brine is formed by evaporation, concentration, salt precipitation, and re-dissolution,
mixing with freshwater, and the burial diagenesis of seawater is deposited in the formation.
Seawater deposited in the formation is caused by Late Pleistocene seawater intrusion. The
saltwater and brine intrusion in the study area was caused by the massive extraction of
groundwater in the 1980s, leading the extraction of freshwater to exceed its recharge [23].
The groundwater level near the saltwater area drops, and when the freshwater level is
lower than the water level of the saltwater wedge, the saltwater wedge will advance to
the freshwater area until a new balance of saltwater and freshwater is formed. Due to
socioeconomic development and human activities, groundwater has been over-exploited,
leading to the formation of groundwater funnels, thereby intensifying salt-brine intrusion.
In recent years, the seawater (saltwater) intrusion area in the Weibei Plain has shown an
overall upward trend. According to a survey, the intrusion area in 1990 was 276.1 km?, in
2002 was 413 km?, and in 2011 was 762.8 km? [26].

3. Materials and Methods
3.1. Groundwater Level Monitoring

Twelve monitoring wells containing water-level monitoring equipment (pressure wa-
ter level gauges) were selected from Section A-A’ in the saltwater and freshwater transition
zone to monitor the dynamic changes in groundwater levels (Figure 2). The monitoring
time extended from 2021.3.1 to 2021.4.20. From inland to sea, monitoring wells were
distributed in Houguhe Village (51-1, S1-2, S1-3), Weiyuanzi Village (S4-1, S4-2, 54-3),
Zhongbutou Village (S5-1, 55-2, S5-3), and Lijiazhuangzi Village (56-1, S6-2, 56-3). The three
monitoring wells in each village were distributed in a straight line (Figures 1 and 2), and
the adjacent monitoring wells were separated by 4 m to monitor the groundwater level
of the shallow (0-30 m) and deep (30-100 m) aquifers. The monitoring wells were able to
simultaneously monitor the Holocene and Late Pleistocene groundwater levels, and the
monitoring data were updated every hour.

3.2. Sampling

This study analyzed 36 groundwater samples, of which 22 were obtained from field
sampling. The sampling locations in the study area are shown in Figure 1. The field
sampling location of 22 groundwater samples was the transitional zone between saltwa-
ter and freshwater in Weifang City. Among them, 4 samples were taken from shallow
agricultural irrigation wells, and 18 samples were taken from the monitoring wells able
to monitor the groundwater levels of multiple aquifers. Fourteen groundwater samples
were collected from the published literature [22,27,28], among which nine were from Taitou
Town, Weifang City [22], and five were from Hanting District, Weifang City [27,28]. In
total, 19 groundwater samples of Holocene groundwater, 16 samples of Late Pleistocene
groundwater, and one seawater sample were used in this study. The groundwater samples
were classified into four types based on salinity: freshwater, brackish water, saline water,
and brine, with total dissolved solid (TDS) concentrations of <1, 1-10, 10-100, and >100 g/L,
respectively.

3.3. Analytical Methods

The detection indicators of the groundwater samples included conductivity (EC),
total dissolved solids (TDS), pH, Na*, K, Mg2+, Ca?%*, SO42~, NO5;~, HCO;~, C17, Sr,
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F~, Br—, I, 6%H, 5!80, and Sr¥ /Sr%¢. During the sampling process, we used a syringe
and 0.45 pm filter to filter the water sample and inject it into a pre-cleaned polyethylene
plastic bottle. Then, we removed as many air bubbles as possible and sealed the bottle
with tape to isolate the air. After sampling, the collected water samples were stored in
a refrigerator at a temperature below 4 °C until analysis. At the same time, we used a
portable multi-parameter water-quality analyzer to instantly determine routine physical
and chemical indicators in the field, including pH, electrical conductivity (EC), and total
dissolved solids (TDS).

The indoor detection indicators are all measured by the Groundwater Mineral Water
and Environmental Monitoring Center of the Ministry of Land and Resources. Cations
(K*, Na*, Ca®*, and Mg?*) and Sr were determined using an inductively coupled plasma
optical emission spectrometer (ICP-OES). The brand was Optima and the model was 8000.
The samples to be tested were acidified to pH ~ 2 with HNOj solution prior to detection of
the cations. Major anions (C1~, Br—, NO3 ~, S042~, and F~) were determined using an ion
chromatograph (ICS-1500) from Thermo Fisher, USA. The chromatographic column used
was an AS14 analytical column, and the data system was the Thermo Fisher chameleon
chromatographic data system. The chromatographic analysis method can completely
separate F~, C1~, Br—, NO3 ~, and SO42~ according to this peak sequence, and the high-
concentration chloride peak shape did not affect the subsequent Br~, NO3;~, or SO42~
peaks. I~ was measured using a CIC-D160-type ion chromatograph, and the brand of
the instrument was Qingdao Shenghan. The characteristic of the measurement was the
use of an amperometric detector, and the chromatographic column was an SH-AC-4-type
chromatographic column. HCO3;~ was determined by titration. The charge balance error
during the measurement of all samples was less than 8%.

§180 and §?H were tested using a laser spectroscopic water isotope analyzer. The
brand of the instrument was Picarro, and the model was 2130i. The analytical method was
the optical cavity ring-down principle. The values of §80 and §*H were tested relative
to VSMOW (Vienna Standard Mean Ocean Water), hereafter expressed as § in units of %o.
The analytical accuracy of the long-term standard measurement of 880 was +£0.2%», and
the analytical accuracy of 82H was +0.6%.. 8 Sr/8°Sr were tested using a multiple-receiver
plasma mass spectrometer (MC-ICP-MS). The certified reference was NBS987. The precision
for 87Sr /86Sr was 0.014%o. The 8Sr/80Sr ratio was exponential normalization correction
using 88Sr/86Sr = 8.375209. The natural isotope ratio of krypton (3*Kr/34Kr = 0.20175,
83Kr/80Kr = 0.66474) was used to deduct the interferences of krypton. The fractionation
behaviors of rubidium and strontium were considered to be consistent, and the natural
ratio of ®Rb/%Rb (8°Rb /% Rb = 2.5926) was used to deduct the interference of 8Rb on 8Sr
by measuring 8 Rb. As long as the Rb/Sr was less than 0.01, the interference of rubidium
can be completely deducted. The test results are shown in Table 1.
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Table 1. Chemical compositions of groundwater samples in the study area.
Water Well TDS EC S0O,42— Cl- HCO;- NO;~ F- Br- - K* Na* Ca2* Mg+ Sr 82H 8180 87co/86
Groundwater  Type'  abel  (mgl) (msim) TP (mgl)  (mgL)  (mgh) (mgl) (mgl) (mgl) (mgl) (mgl)  (mgl)  (mgl) (mg) (mgh) (k) (%0) St/ Sr
Fresh 53-1 549.8 642 7.97 34.77 44.87 297.60 25.43 0.49 0.10 0.01 121 58.22 41.52 30.58 0.57 —63 —8.8 0.712202
Fresh S7 375 772 7.50 31.50 107.15 366.13 60.00 0.53 0.31 <0.01 1.30 7191 92.55 34.17 0.90 —67 -9.3 0.709981
Fresh S21 689 1400 7.37 67.07 205.86 503.00  90.00 0.61 049 <0.01 1.16 97.29 12474 8176 1.80 —64 —86 0712603
Brackish S1-1 1145 1281 7.39 80.32 91.90 560.20 117.50 0.46 0.12 <0.01 0.97 81.49 146.30 55.64 0.82 —58 -8.2 0.709337
Brackish ~ S2-1 1010 2020 7.15 56.22 315.32 77218 - - - - 1.24 200.10 20321  51.26 - - - -
Brackish ~ S4-1 1597 1760 726 12560 150.40 64950 24560 0.66 045 <0.01 1.21 117.40 163.00  103.80 1.79 —54 -78 0711934
Brackish ~ S5-1 1581 1865 714 110.10 271.00 637.00  129.10 042 0.52 <0.01 227 153.90 16320 9053 1.84 -62 —-82 0713085
Brackish S6-1 1588 2160 7.41 98.81 495.40 422.70 105.10 0.51 1.48 0.05 3.81 189.70 120.90 118.10 2.51 —65 -9.0 0.712368
Groundwater ~ Brackish S8 1920 3990 763 24343 105141 71857 - - - - 254 418.60 24144 24895 - - - -
inHolocene ~ Brackish ~ $9 1380 3010 736 156.44 729.17 388.94 - - - - 1.72 239.00 20925 146.44 - - - -
sediments Brackish 510 5617 - 693 57415 170892 72809  248.09 0.12 7.80 0.09 64.50 102500 30491  173.60 - —56 ~82 -
Brackish S12 3742 - 7.21 442.69 825.66 829.42 251.40 1.05 3.26 0.12 6.20 715.00 142.58 139.68 - -59 —8.2 -
Brackish  S13 5185 - 728 114831 141130 70912 14539 1.23 475 023 25.00 1270.00 9871 21218 - —60 —83 -
Brackish ~ S14 4342 - 745 42927 960.06 78193 41.06 1.50 3.97 020 10.10 825.00 61.42 93.12 - —55 -7.1 -
Brackish 517 7937 - 745 182441  2563.68 78510 0.52 095 18.50 0.10 62.50 210000 10749  202.66 - —59 —82 -
Brackish S18 4978 - 7.77 1059.77 931.27 1171.23 2.64 1.58 4.63 0.13 38.00 1225.00 29.61 117.06 - —60 —8.6 -
Saline S11 17,781 - 7.32 1891.48 10,656.75 449.53 1.27 0.28 46.00 0.22 48.75 5312.50 405.81 971.10 - —62 —8.3 -
Saline 515 25,708 - 710 129855 746452 112383 148 0.83 40.30 0.48 48.00 412500 21936 69174 - —46 ~5.8 -
Saline 516 27,430 - 6.85 130928 806458 113966  1.66 0.96 4340 0.59 49.00 430000 24678  788.18 - —46 -5.8 -
Fresh 51-2 699 793 7.34 20.38 62.11 401.80 34.73 0.42 0.11 <0.01 1.44 44.70 88.44 33.04 0.82 —64 —8.8 0.712853
Fresh 53-2 977 1253 7.91 51.50 201.00 324.40 119.30 0.47 0.44 0.01 3.54 105.00 81.52 61.06 1.25 —58 —8.3 0.712223
Fresh S1-3 776 910 7.48 22.75 86.16 39290 5678 045 0.13 <0.01 221 50.77 96.98 34.77 0.90 —64 -89 0713595
Fresh 54-3 968 1087 7.28 61.55 81.13 494.10 76.20 0.40 0.17 <0.01 1.08 64.80 116.10 51.21 1.15 —63 -8.7 0.712087
Fresh 55-3 936 1059 7.36 57.81 103.00 407.80 114.20 0.44 0.18 0.02 1.20 79.70 108.50 43.38 1.05 —66 -9.0 0.712154
Brackish S22 2170 4340 688 26428 204312 44825 - - - - 7.41 678.20 48691  192.82 - - - -
Groundwater ~ Brackish ~ S4-2 1105 1185 7.35 75.21 117.00 49170 13110 0.39 0.20 <0.01 1.32 84.90 12090  60.14 1.27 —58 -83 0712131
in Late Brackish 55-2 1015 1236 7.50 68.81 136.10 440.50 101.90 0.46 0.29 <0.01 111 90.11 94.64 56.75 1.25 —64 -8.8 0.712236
Pleistocene Brackish 56-2 1544 2090 7.34 91.08 529.50 363.10 97.05 0.38 1.60 <0.01 4.36 169.60 159.50 103.40 2.05 —66 -9.2 0.712554
sediments Brackish 52-3 1050 2140 7.26 101.51 891.59 710.58 - - - - 1.98 295.10 313.87 114.71 - - - -
Brackish ~ $3-3 1870 2210 7.14 75.99 328.50 684.60 27650 0.69 0.58 <0.01 0.89 199.00 17770 10390 226 -63 -87 0712211
Brackish 56-3 2106 2490 7.69 270.90 359.00 477.40 404.00 0.46 1.24 <0.01 1.06 341.20 131.00 90.42 1.99 —53 -7.8 0.712753
Saline S21 23,470 31.1 7.80 1769.12 13,281.00 368.80 - - 37.56 0.28 60.37 5841.15 656.53 1456.23 - —55 -7.0 -
Saline S22 43902 5431 916 546695  22,239.01  496.82 - - 68.06 144 13979 12,629.00 61605 224434 - —49 —63 -
Brine 519 132,300 - 7.15 961.80 71,336.00 316.94 0.32 — 256.03 0.14 1016.11 37.53 757.23 5692.11 - —34 —52 -
Brine 520 106,350 - 7.75 816.90 57,784.00 269.10 1.00 — 258.89 0.14 885.03 29.98 676.70 4782.47 - -29 —3.8 -
Seawater 32,622 8.32 2508.69 17,881.84 118.87 58.73 0.24 358.22 9582.96 386.72 1701.66 —18 -2.3
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4. Results and Discussion
4.1. Groundwater Level

The groundwater levels of aquifers at different depths monitored by the monitoring
wells distributed in Houguhe Village (51-1, S1-2, S1-3), Weiyuanzi Village (S4-1, S4-2, 54-3),
Zhongbutou Village (55-1, S5-2, S5-3), and Lijiazhuangzi Village (S6-1, S6-2, S6-3) are shown
in Figure 3. The locations of the monitoring wells mainly featured freshwater and brackish
water, which are suitable for farming. The groundwater level generally declined after
March 15, indicating that spring irrigation led to the massive exploitation of groundwater.
From the inland to the ocean, during the monitoring period, the shallow groundwater
level of the monitoring wells roughly increased sequentially, and the variation law of
the deep groundwater level was different from that of the shallow layer, indicating that
the flow direction of the groundwater in the Late Pleistocene sediments was different
from that of groundwater in the Holocene sediments. At the same time, this result also
shows that groundwater stratification monitoring is of great significance in identifying the
hydrogeological characteristics of aquifers.
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Figure 3. Groundwater levels of aquifers at different depths changed over time in the saltwater and
freshwater transition zone.

4.2. Hydrochemistry
4.2.1. Chemical Types

Table 1 shows that the variation range of TDS in the 35 groundwater samples was
375-132,300 mg/L, including freshwater, brackish water, and saline water in the Holocene
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sediments, as well as freshwater, brackish water, saline water, and brine in the Late Pleis-
tocene sediments. In terms of horizontal distribution, the content of Na*, TDS, Cl—, and
K* gradually increased, and the content of Ca** and HCO; ~ gradually decreased from the
inland to the sea. For vertical distribution, the groundwater samples located at different
depths contained different ion concentrations. For example, S1-1, S1-2, and S1-3 were
located at basically the same sampling point, whereas the TDS of S1-1 was significantly
higher than that of S1-2 and S1-3. This is due to the different degrees of saltwater intrusion
in different layers of the multiphase aquifer.

The piper triple line map presented in Figure 4 indicates the presence of many hydro-
chemical types of groundwater in the study area. The hydrochemical types of freshwater in
the Holocene sediments and Late Pleistocene sediments were found to be mainly HCO3-Ca,
while the hydrochemical types of brackish water in the Holocene sediments and Late
Pleistocene sediments were mainly SO4-Mg and HCO3-Ca. The hydrochemical types of
saline water in the Holocene and Late Pleistocene samples and brine in the Late Pleistocene
were mainly Cl-Na. With an increase in the proportion of saltwater mixed into the fresh
groundwater, the hydrochemical type of groundwater also changed. From land to coast,
the hydrochemical type of groundwater water changed from a HCO3-Ca type with low
salinity to a Cl-Na type with high salinity. This change in hydrochemical type was not
only affected by saltwater intrusion, but was also closely related to water—rock interactions;
for example, S3-1 was the HCO;3-Ca phase with low salinity, which was affected by the
dissolution process of dolomite—calcite and gypsum.

0 Fresh Groundwater o Brackish Groundwater A Saline Groundwater ¢ Brine
(a) (b)

Figure 4. Piper triple-line map of hydrochemical types of groundwater in (a) Holocene and (b) Late
Pleistocene sediments.

4.2.2. Jon Correlation Analysis

A correlation analysis of ions can reflect the similarity of water chemical indicators
and determine whether their corresponding sources are consistent; this method remains the
most commonly used type of statistical analysis. The TDS value represented the content of
dissolved substances in groundwater and can reveal the evolution law of groundwater [29].
In this paper, a correlation analysis of eight conventional ions (K*, Mg2+, Ca%*, Nat, SO,2-,
NO3~, HCO;~, C17) along with TDS and pH was carried out using the SPSS 19.0 software.
It can be seen from Table 2 that the TDS of the groundwater in the study area had a
significant correlation with the main cations. The correlations were arranged in descending
order as follows: Na* > Mg?* > K* > Ca?*. TDS had a high correlation with CI~ and SO4%~,
but a significant negative correlation with HCO3™ and NO3 ™, indicating that an increase
in TDS was mainly related to the dissolution of rock salt and aluminosilicate. In addition,
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the correlation coefficient between TDS and C1~, Na* was the highest. This result showed
a significant positive correlation and indicated that the contribution rate of C1~ and Na*
to TDS was the highest in coastal areas. PH was less correlated with major ions and TDS
in this region. Na*, K*, and Mg?* were all significantly correlated with SO4?~, indicating
that their sources were similar, and the dissolution of sulfate rock was the main source.
The correlation coefficient of Ca?* and Mg?* was greater than 0.8, which was related to
the dissolution of dolomite. There was a negative correlation observed between Ca®* and
HCO3~, which was caused by the precipitation of CaCOj3. The correlation coefficients of K*
with Na*, Mg2+, S042~, and Cl~ in the groundwater samples were 0.979, 0.965, 0.937, and
0.98, respectively. The high correlation between K* and major ions indicated that potassium
was mainly produced by silicate weathering, rather than anthropogenic activities.

Table 2. Pearson correlation coefficient of common ions.

TDS PH K* Na* Ca?* Mgt SO42- Cl- HCO;~  NO3~
TDS 1
PH 0.134 1
K* 0.971 0.064 1
Na* 0.996 0.55 0.979 1
Ca?* 0.781 0.177 0.703 0.785 1
Mg?* 0.992 0.197 0.965 0.996 0.824 1
S0,2~ 0.975 0.28 0.937 0.981 0.793 0.98 1
Cl- 0.995 0.152 0.98 0.999 0.797 0.997 0.974 1
HCO;~ —0.177 —0.295 —0.255 —0.234 —0.244 —0.251 —0.179 —0.253 1
NO;~ —0.358 —0.118 —0.307 —0.34 —0.214 —0.335 —0.362 —0.338 —0.032 1

The relationship among Na*, Mg?*, Ca?*, SO42~, and Cl~ is shown in Figure 5. The
Pearson correlation coefficients between the Na™, Mg2+, Ca%*, SO42, and Cl~ contents
of freshwater in the Holocene sediments were 0.999, 0.966, 0.946, and 0.888, respectively.
There was a strong positive correlation between Na*, Mg2+, Ca?*, 50,427, and Cl~. The
Pearson correlation coefficients between the Nat, Mg2+, Ca?*,50,4%~, and Cl~ of freshwater
in the Late Pleistocene sediments were 0.928, —0.519, 0.823, and 0.393, respectively, with a
strong positive correlation observed between Na*, Mg2+, and C1~. This result indicated
that the salt in the freshwater in the Holocene sediments came from rock weathering, while
the salt in the freshwater in the Late Pleistocene sediments came from other processes.

The Pearson correlation coefficients between the Na™, Mg2+, Ca?*,50,4% ,and Cl~ of
the brackish water in the Holocene sediments were 0.920, —0.016, 0.723, and 0.864, respec-
tively. There was a strong positive correlation between Na*, SO42~, and Cl~. The Pearson
correlation coefficients between the Na™, Mg2+, Ca%*,S042~, and Cl~ of the brackish water
in the Late Pleistocene sediments were 0.933, 0.977, 0.966, and 0.603, respectively, with a
strong positive correlation between Na*, Mg?*, Ca?*, and CI~. The salt in the brackish
water in the Late Pleistocene sediments originated from the dissolution of evaporates,
whereas the salt in the brackish water in the Late Pleistocene sediments was produced by
other processes.

The Pearson correlation coefficients between the Na*, Mg2+, Ca?*,5042,and Cl~ of
the saline water in the Holocene sediments were 0.999, 0.999, 0.986, and 0.987, respectively.
There was a strong positive correlation between Na*, Mg2+, Ca?*, 50,42, and Cl~. The
Pearson correlation coefficients between the Na™, Mg2+, Ca?*,5042~, and Cl~ of the saline
water in the Late Pleistocene sediments were 0.998, 0.836, 0.999, and 0.949, respectively.
There was a strong positive correlation between Na*, Mg?*, Ca?*, SO4%~, and Cl~. It was
previously suggested that the formation of saline water originated from the dissolution of
evaporates [30,31].
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(o) (d)

Figure 5. Relationship between main ion ratios to (a) Na* and C1~; (b) Ca?* and C1~; (c) Mg?* and
Cl~; and (d) SO42~ and C1—.

4.2.3. Other Significant Constituents and Ratios
Cl/Br Ratios and Origin of Salt

The Cl/Br ratio can be used to determine the cause of groundwater salinization (TDS
greater than 2-3 g/L) [32,33]. The Cl/Br ratio of seawater was found to be about 655
(Cl =550 mmol/L, Br = 0.84 mmol /L, [34]) and had remained constant in all oceans since
the Permian [35]. This value can, therefore, be used as a reference. According to the
water evaporation test data, after 90% of the water in the standard seawater evaporated,
the Cl1~ concentration remaining in the water was 194,000 mg/L. Moreover, NaCl had
not yet precipitated, and the Cl/Br value was maintained at the seawater ratio. The CI™
concentration of the samples ranged from 45 to 71,336 mg/L, all of which were lower
than 194,000 mg/L, so NaCl did not precipitate. If the high-salinity groundwater was
the product of seawater evaporation and concentration, the corresponding Cl/Br value
should have been maintained at the seawater ratio. However, the actual data indicated this
was not the case. Thus, this groundwater was not formed after seawater evaporation and
concentration [21,36]. Research showed that, since Br~ was less compatible in precipitating
salts, it was enriched relative to Cl™ in residual brines. In contrast, precipitated salts
were depleted in Br~, which caused the Cl/Br ratios to be high for water that dissolved
halite [37].

Most of the groundwater samples of aquifers in the Holocene and Late Pleistocene sed-
iments had Cl/Br ratios below 655. Groundwater with a C1~ concentration of 1.30 mmol/L
had the highest Cl/Br ratio of 863 (Figure 6). The dissolution of a small amount of rock salt
from the unsaturated zone was the most likely mechanism of increase for the Cl/Br ratio.
The Cl1/Br ratio of saltwater and brine was 209-400 and showed relative invariance with
an increase in the C1~ concentration. This result confirmed that evaporation was the main
mechanism increasing the salinity of saline water and brine.
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Figure 6. Relationships between Br/Cl (mmol ratios) and Cl1~ (mmol/L).

The Cl/Br ratio of groundwater in the Holocene sediments with a TDS lower than
2 g/L was mostly lower than that of seawater, and the Cl/Br ratio range was larger than
that of groundwater in the Late Pleistocene sediments, possibly due to the shallow burial
depth of groundwater in the Holocene sediments and the introduction of bromine into
groundwater via agricultural irrigation. As discussed by Thomas [17], the C1/Br ratio in
samples with a TDS below 2 g/L could not be used to identify the sources of salt in these
samples.

NO;3; ™ and ClI™

The NO3; ™~ concentration in the groundwater was found to be closely related to human
activities. The NO3~ concentration in 28 groundwater samples was measured, and the
NOs~ concentration in 7 samples met relevant safety standards (20 mg/L) (Standards for
Drinking Water Quality, GB5749-2006) [38] (Figure 7). The NO3 ™~ concentration of saline
water and brine samples of aquifers in the Holocene and Late Pleistocene sediments also
met the safety standards, while only two brackish water samples of aquifers in Holocene
sediments met the safety standards. The 21 groundwater samples that did not meet
the safety standards were all from freshwater and brackish water in Holocene and Late
Pleistocene sediments, which indicated that the freshwater and brackish water in the study
area suffered from serious groundwater nitrate pollution, primarily because agricultural
planting areas were mainly distributed in freshwater and brackish water areas with low
salinity, and the application of agricultural fertilizers represents the main source of nitrates
in shallow groundwater. Fertilizers migrated to deep aquifers with precipitation infiltration
and contaminated deep groundwater.

4.2.4. Hydrogeochemistry

The main water chemical components of the groundwater in the study area can be
intuitively reflected by a Gibbs diagram [39]. This Gibbs diagram can be used not only to
analyze the ion origins in surface water, but also to analyze the ion origins of groundwater.
The Gibbs diagram used TDS versus C1~/(Cl~ + HCO3;™) for anions and TDS versus
Na*/(Na* + Ca?") for cations, which is commonly used to explore the sources of salt
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in groundwater (e.g., rainfall, rock weathering, and evaporation concentration). Taking
Na*/(Na* + Ca?*) and C1~ /(Cl~ + HCO3 ™) as the abscissa axis and the logarithm of TDS
as the ordinate axis, the hydrochemical data of the groundwater in the study area were
projected on the Gibbs diagram. The result is shown in Figure 8. When precipitation
controlled the origin of chemical components in the groundwater, the soluble ions in soil
were introduced into the groundwater due to the leaching of precipitation. Additionally,
the solubility of Na+ was higher than that of other ions, resulting in high Na* /(Na* + Ca?*)
and Cl~/(Cl~ + HCO37) values and low TDS values in the groundwater. Moreover,
the groundwater samples fall at the bottom of the Gibbs diagram. When rock weather-
ing controlled the origin of chemical components in the groundwater, due to long-term
weathering, Ca?* and Mg?* entered the groundwater through filtration. This resulted in
lower Na*/(Na* + Ca?*) and C1~ /(Cl~ + HCO;™) values and medium TDS values in
the groundwater, with the groundwater samples falling in the middle region of the Gibbs
diagram. When evaporation—precipitation or evaporation controlled the origin of chemical
constituents in the groundwater, water evaporated, and Ca?* and Mg2+ emerged from the
solution. This resulted in higher Na*/(Na* + Ca?*) and C1~ /(Cl~ + HCOj; ") values and
higher TDS values for the groundwater. These groundwater samples correspond to the
upper portion of the Gibbs diagram.
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Figure 7. Relationship between NO3 ™ (mg/L) and CI™ (mg/L).

Figure 8 shows TDS versus C1~ /(Cl~ + HCO; ™) for anions and TDS versus Na*/(Na*
+ Ca?*) for cations. The TDS concentrations of freshwater in the Holocene sediments were
all less than 1000 mg/L, indicating that they were all affected by rock weathering. The
TDS concentrations of freshwater in the Late Pleistocene sediments were 100-10,000 mg/L,
indicating that they were affected not only by rock weathering, but also by evaporation
and precipitation. The TDS concentrations of brackish water in the Holocene and Late
Pleistocene sediments were 1000-10,000 mg/L, indicating that they were all affected by
evaporative precipitation. The TDS concentrations of saline water and brine in the Holocene
and Late Pleistocene sediments were greater than 10,000 mg/L, which means that these
concentrations were mainly affected by evaporation. Evaporation increased the water’s
salinity by concentrating Na* and C1~. Meanwhile, TDS had a strong correlation with Na*
and Cl~.
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4.3. Isotopic Characteristics
4.3.1. §'80 and 8°H Isotopes and Recharge Conditions

The global meteoric water line (GMWL) was 52H = 85'80 + 10. The local meteoric
water line (LMWL: 52H = 7.86'80 + 6.3, n = 8, R? = 0.78) was obtained based on the
observed precipitation data for 1986-1990, obtained from the Yantai Station of the Interna-
tional Atomic Energy Agency’s Atmospheric Precipitation Isotope Observation Network
(IAEA/WMO, 2006). Yantai Station had similar climatic and coastal conditions. The local
evaporation line (Evaporation: §°H = 4.45'80 — 23.1) was obtained from Han et al. [17].

The test results for stable isotopes of oxygen and hydrogen showed that the variation
range of 580 in the groundwater samples was —9.2-3.8%o, and the variation range of 5°H
was —66.0-29.1%. (Figure 9). All values were lower than those of four seawater samples
(one local seawater sample and three seawater samples from Han et al. [17]) (the variation
range of 5'80 was —2.3~—1.3%, and §*H was —27~—7%.). According to the stable isotope
data, if the saline water (or brine) in the study area was the residue of seawater evaporation,
the 5'80 and §?H values would be greater than the standard seawater values (the 580 and
§2H values in standard seawater were both 0%.) [40]. However, the actual data presented
lower values than those of the standard seawater and local seawater, distributed above and
below the local atmospheric precipitation line, indicating that the main recharge of water
in the groundwater in the study area mainly came from local precipitation. The burial
depth of the Holocene groundwater was shallow and was significantly affected by the
continuous recharge of precipitation. During the formation process of saltwater in the Late
Pleistocene sediments, the groundwater received recharge from precipitation. However,
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with changes to the depositional environment, after the formation of a closed environment,
the groundwater no longer received recharge from precipitation.
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Figure 9. 5180 (%o) versus 6*H (%o) relation of groundwater in the study area.

There were certain differences in the causes of groundwater salinization during dif-
ferent geological ages. The variation range of §'%0 in the Late Pleistocene groundwater
samples was —9.2-3.8%., and the variation range of 5°H was —66.0—29.1%o. The variation
range of 5'80 in the Holocene groundwater samples was —9-—5.8%o, and the variation
range of 8?H was —66.0-46.0%o. The freshwater and brackish water in the Late Pleistocene
sediments and freshwater in the Holocene sediments were all distributed near LMWL.
Moreover, some brackish water samples in the Holocene groundwater were farther from
the LMWL and closer to the evaporation line, indicating that the buried depth of aquifer in
Holocene sediments was shallow and obviously affected by evaporation.

4.3.1.1. Sr and its Isotopic Characteristics

Figure 10a shows the relationship between the 8Sr/80Sr ratios and Sr?*. It can be seen
in Figure 10a that the variation range of the 87Sr/%Sr ratios of freshwater and brackish
water in the Late Pleistocene sediments was 0.712087-0.713595, and the variation range
of the 8Sr/86Sr ratios of freshwater and brackish water in the Holocene sediments was
0.709337-0.713085. The 87Sr /8Sr ratios of freshwater and brackish water was higher than
that of standard seawater (0.7092). In addition, Sr?* had a relatively low concentration
between 568 and 2512 ug/L. Since seawater had a lower strontium isotope ratio, but higher
strontium content, it can be speculated that the main source of dissolved strontium in these
groundwater samples was not from seawater intrusion. The Cenozoic Quaternary was the
main exposed stratum in the study area, and the weathering of soil may be an important
source of strontium, as reflected in the 8 Sr/80Sr ratio characteristics of the groundwater.
Further analysis found that the 8Sr/86Sr ratios of these groundwater samples were all
greater than 0.710, which was in the range of silicate weathering, indicating that the recharge
of these groundwater samples was probably controlled by silicates. Agriculture and other
human activities may also be potential reasons for these high Sr/8Sr ratios. However,
this contribution was difficult to quantify due to the variability of Sr>* concentrations and
87Gr /86Sr ratios in fertilizers, but further evaluations were difficult because the specific type
of fertilization used in the study area was unknown.
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In general, C1~ did not play an active role during ion exchange and Sr?* /Cl~ was
0.42%. in standard seawater [41]. Therefore, the Sr2* /Cl~ ratios can be used to indicate the
source of groundwater salinity [30,42]. The Sr?* /Cl~ ratio in freshwater and brackish water
was much higher than the Sr?* /Cl~ ratio line in seawater (Figure 10b), which indicated
that the groundwater salinity of the saline—freshwater transition zone did not come from
seawater. The presence of significant amounts of strontium-containing minerals was not
previously reported in this study area. Additionally, strontium in the area is released along
with calcium and usually incorporated into calcite or aragonite matrices. As shown in
Figure 10c, the positive correlation between Ca?* and Sr?* was 0.687, which also confirmed
that Sr>* was mainly the result of carbonate dissolution or precipitation.

5. Conclusions

In this paper, the hydrochemical characteristics and salinity sources of the Quaternary
aquifers at different depths on the southern coast of Laizhou Bay were studied by com-
bining hydrochemistry and isotopic methods. This work provides new insights into the
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hydrodynamic and geochemical relationships between freshwater, seawater, and brine.
The main findings were as follows.

In the saline and freshwater transition zone, the groundwater level in the upper layer
of the monitoring well increased in sequence from south to north. The variation law of
the groundwater level in the middle and deep layers was different from that in the upper
layer, which indicated that the flow direction of Late Pleistocene groundwater was different
than that of Holocene groundwater and that the stratified monitoring of groundwater was
very important.

From south to north, the hydrochemical types of Holocene and Late Pleistocene
sediments in the study area were as follows: HCO3-Ca (freshwater), SO4-Mg and HCOs-
Ca (brackish water), and Cl-Na (saltwater and brine). The correlation analysis of ions
showed that the observed increase in TDS was mainly related to the dissolution of rock
salt and aluminosilicate, with C1~ and Na* contributing the most to TDS. The sources of
Nat, K, Mg2+, and SO42~ were similar, with the dissolution of sulfate rocks found to
be main source. Na* and K* were mainly the result of silicate weathering, rather than
anthropogenic supplementation. The analysis of the Cl1/Br ratios showed that the C1/Br
ratios can determine the source of saline water and brine. Additionally, previous studies
showed that evaporation was the main mechanism that increased the salinity of saline
water and brine. The analysis of the NO;~ /CI™ ratios revealed high concentrations of
nitrate in the freshwater and brackish water areas of the study zone, indicating that these
areas were greatly affected by human activities.

The analysis of the Gibbs diagram showed that the salinity of freshwater in the
Holocene was the result of rock weathering, while the salinity of freshwater in the Late
Pleistocene was not only derived from rock weathering, but was also affected by evapora-
tion and precipitation. The salinity of brackish water in the Holocene and Late Pleistocene
sediments was derived from evaporation and precipitation. The salinity of saline water in
the Holocene and Late Pleistocene sediments and brine in the Late Pleistocene sediments
was mainly affected by evaporation, which was consistent with the results of the Cl/Br
ratio analysis.

The analysis of the '80 /5?H ratio showed that the recharge of the groundwater in
the study area mainly came from precipitation. The study area was mainly dominated
by the intrusion of saline and brine, with evaporation found to play an important role in
the salinization of the groundwater. The analysis of the 8/Sr/80Sr ratio showed that soil
weathering may be an important source of strontium in groundwater and that the recharge
of these groundwater samples was likely controlled by silicates. Agriculture and other
human activities may be other potential reasons for the high 87Sr/86Sr ratio observed in the
present study.
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