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Abstract: In current studies, the physicochemical properties of water, such as total dissolved solids,
salinity, and electrical conductivity, are used mainly to investigate changes in the properties of sur-
face water and groundwater. In our experimental study, we aimed to introduce the physicochemical
properties of water bodies into the field of paleoenvironmental changes. We employed the physico-
chemical property indexes of sediment lixiviums in two research sections of the sea-land interaction
zone in the eastern margin of the Subei Basin (China). Preliminary tests determined that the optimal
solvent for preparing the sediment lixiviums is ultrapure water; the use of this water can prevent
errors caused by soluble solids in the solvent. Using a container with a lid to prepare the sediment
lixiviums could reduce errors caused by evaporation. Furthermore, we determined the appropriate
process and duration for testing the physicochemical properties of sediment lixiviums. The optimal
time for testing the physicochemical properties was 120 h (mixture fully stirred daily) or 168 h (no
stirring). The weight of the sediment, volume of the solvent, and test time should be consistent in
the same research section. Comparing the physicochemical property indexes of sediment lixiviums
with geochemical elements and diatom indicators, we found that these indexes show obvious indi-
cations of transgression, and have an obvious advantage in indicating transgression.

Keywords: sea level fluctuations; soluble substances; coastal environment change; diatom; geo-
chemical elements

1. Introduction

Sea level fluctuations [1,2], hydrological dynamics and structural changes [3-5] are
among the factors that trigger transgression and regression events [6-8] commonly rec-
orded in coastal areas. In conjunction, these factors have an important impact on the evo-
lution of a region’s environment through time. In the past few decades, several research-
ers have conducted studies using micro-paleontology [9-14], geomorphological [15,16],
and geochemical (stable isotopes and trace elements) [17-23] proxies with fruitful re-
search results. However, most of these methods require complicated identification pro-
cesses and professional skills, as well as expensive specialized instruments. Moreover,
some indicators obtained through these proxies are not easily preserved to obtain contin-
uous data because of the sedimentary environment [24]; some geomorphological markers
and/or sedimentary structures will be affected and even destroyed [25]. Obviously, these
factors will have a certain impact on the research results.

The question is, therefore, whether an index could be found that is relatively simple,
fast, and does not require highly professional skills or complicated instruments to test for
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and reveal a transgression event. Considering the significant difference in the content of
various soluble substances (such as various ions and compounds) between seawater and
fresh water, the amount of various soluble substances attached to the sediments in the
process of sediment deposition should also be variable. Consequently, the physicochemi-
cal properties of the lixivium of these sediments should also differ significantly (Sediment
lixivium refers to the mixed liquid of water and sediment formed by soaking the pre-
treated sediment in solution). Based on this concept, we propose a multiparameter water
quality meter for use in paleoenvironment research to measure the physicochemical prop-
erties of sediment lixivium and to reveal these transgression and regression events.

The multiparameter water quality meter is an inexpensive and easy-to-operate port-
able instrument. It can measure the physicochemical properties of water, such as total
dissolved solids (TDS), salinity (SAL), and electrical conductivity (EC), with high preci-
sion (+1%). These properties are currently used mainly to study their changes in various
forms of water, such as surface water and groundwater [26-32]. Sylus [31] discussed the
impact of regional seawater intrusion on water quality through EC and TDS measure-
ments of the coastal aquifers of the Gurpur and Netravathi river basins in the Dakshan
Kannada district in India. Salmani [32] studied TDS and the water flow of the Karoun
River in southwest Iran, and proposed a model to predict the river flow and TDS changes.
Yokoyama [33] studied the sedimentary environment of Lake Biwa (Japan) through EC
and discussed its relationship with sulphate ions and sulphates. In fact, EC is not only
related to sulphate ions and sulphates but also to the solubility of electrolytes in water.
Fang [34,35] used the EC of clay turbid water to study the sediments in the old, drowned
valley plain of the Liaodong Peninsula (Northeast China), and reconstruct changes in the
regional environment. In these studies, in addition to applying the physicochemical prop-
erties of water bodies to the study of surface water and groundwater quality [31,32], some
attempts were made to apply such properties to the study of paleoenvironmental changes
[33-35]. However, the preparation and testing process of the sediment solution was not
described in detail, sample spacing was large, and the resolution was not high. There is
also a lack of research on the direct rebuilding of coastal environment change by TDS,
which reflects the total amount of dissolved solids in water.

In view of the aforementioned discussion, we intended to introduce a multiparame-
ter water quality meter to the field of paleocoastal environmental change research.
Through preliminary experiments, we established an appropriate process for testing the
physicochemical properties of sediment lixivium. According to the testing process, three
physicochemical property indexes (TDS, SAL, and EC) of sediment lixivium of the Gangxi
(GX) and Caoyankou (CYK) sections, located in the eastern margin of the Subei Basin, are
determined. After comparing the test results of sediment lixivium with the indicators of
diatoms and geochemical elements, we discuss the response of the physicochemical prop-
erties of sediment lixivium to changes in the sedimentary environment, as well as the fea-
sibility of using these properties to reflect changes in coastal environment.

2. Regional Setting

The Subei Basin is located on the eastern coast of China in northeastern Jiangsu Prov-
ince. It is the onshore part of the Subei-South Yellow Sea Basin, including the Lixiahe
Plain and the coastal plain (Figure 1). The Subei Basin is a large-scale composite sedimen-
tary basin formed during the Late Mesozoic on the basis of the Yangtze Block [36]. This
basin is a key zone connecting the ocean and land, with significant interaction between
sea and land. The sediments in the Subei Basin comprise deposits left by the cross action
of rivers, lakes, and seas. After long-term deposition, the overall terrain of the Subei Basin
is low and flat, slightly higher in the southwest region and lower in the northeast. The
Lixiahe area has the lowest depression in the entire Subei Basin; the altitude of the center
is less than 2 m. There are dense river networks, developed water systems, and numerous
lakes in Subei Basin. The Huaihe and Yihe rivers and other water systems run through the
Subei Basin and flow into the Yellow Sea in the east. Lakes of various sizes, such as



J. Mar. Sci. Eng. 2021, 9, 719

3 of 15

Hongze, Gaoyou, and Dazong are distributed among these water systems, forming lake
groups.

The Subei Basin is located at mid-latitudes between 32° and 34° north latitude. It has
a subtropical humid monsoon climate, an average annual temperature of 13.4 °C, with the
temperature gradually increasing from the northeast to the southwest. The average an-
nual precipitation is 1000 mm, with more precipitation in the east than in the west and
more in the south than in the north; the annual sunshine hours are 2130-2430 h, with the
highest in summer and the lowest in winter. The factors that influence the atmospheric
circulation in the study area are the same as those in the eastern coastal areas of China,
i.e.,, monsoon circulation. In winter, the northerly wind from the interior of the high-lati-
tude continent prevails and the climate is cold and dry, whereas in summer, the southerly
wind from the low-latitude Pacific Ocean prevails and the climate is hot and humid.
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Figure 1. Location of the study area and sampling sites.

3. Material and Methods
3.1. Sedimentary Profile and Sampling

The research materials were obtained from the GX (33°30'56.907" N, 119°54'00.662"
E) and CYK (33°35'04.776" N, 119°57'49.279" E) sections in the northeast of Jianhu County
(Figure 1). In this section, we will describe the lithology of the sediments in detail; we
collected samples from the bottom to the top at a spacing of 2 cm. We collected 250 and
360 samples from the GX and CYK profiles, respectively.

The depth of the GX section is approximately 5 m, and the altitude is between 0.5 m
and —4.5 m. The sediment composition characteristics of the entire section change signifi-
cantly from bottom to top. The section between 500 and 446 cm depth comprises dark-
grey compact clay silt, with tubular plant residues (reeds) preserved in the sediment. At
depths of 446—426 cm, the sediment is mainly grey-black silty clay. At depths of 426-150
cm, clay silt of various colors with horizontal bedding and vein bedding, or interbedding
of clay silt and silty fine sand, with the sediments containing calcified burrows and marine
shell fragments. The bottom of this layer (426 cm depth) comprises a large number of
shells and oysters. At 150-55 cm, the lithology of sediment is mainly dark-grey to greyish
yellow compact clay silt with a large number of iron manganese nodules. From 55 cm to
0 cm, the sediment is disorderly and has no obvious natural sequence, which is the dis-
turbance layer resulting from human activities (Figure 2).
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Figure 2. Lithological characteristics of GX profile in Subei Basin.

The depth of the CYK profile is approximately 7.2 m, and the altitude is between 1.92
and -5.28 m. The sediment composition of the profile changes significantly from bottom
to top. At depths 720-658 cm, the sediment is grey compact clay silt with obvious sedi-
mentary discontinuities at 658 cm. At depths of 658-345 cm, it is mainly grey to blue-grey
mud silt with silt lamina. Grey mud silt with burrows is found at a depth of 345-240 cm.
At depths of 240-210 cm, the sediment is mainly grey clay silt with burrows. At depths of
210-158 cm, there is grey clay silt with white silt lamina between the layers. At depths of
158-120 cm, the sediment is mainly yellow-brown compact clay silt with rust spots. Be-
tween the depths of 120 cm and 62 c¢m, the sediment is mainly dark-grey to grey-black
clay silt, with the color gradually darkening upward. At depths of 62-0 cm, the sediment
is mainly grey-yellow clay silt, the layer obviously affected by human activities (Figure 3).
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Figure 3. Lithological characteristics of CYK profile in Subei Basin.

3.2. Experimental Methods for Physicochemical Properties of Sediment Lixiviums

No systematic study has been conducted on the physicochemical properties (TDS,
SAL, EC) of sediment lixiviums. Therefore, to obtain relevant stable data, we conducted
several preliminary tests to determine the appropriate process and optimal test time for
measurements (the detailed experimental process was shown in part 4). Subsequently, we
obtained the physicochemical property indexes for the two profiles.



J. Mar. Sci. Eng. 2021, 9, 719

6 of 15

3.3. Geochemical Element (Sr, Sr/Ba) Analysis Method

The sediment sample was first dried at low temperature, after which approximately
10 g was weighed, ground into a powder using an agate mortar, and passed through a
200-mesh fine sieve. Finally, the samples were pressed into pellets using the boric acid
pressing method [37] under high pressure. After completing sample preparation, the sam-
ples were instrument tested. The geochemical element content was assessed using an X-
ray fluorescence spectrometer (PANalytical Co., Almelo, The Netherlands) at the Key La-
boratory of Environmental Evolution and Ecological Construction of Jiangsu Province,
School of Geography, Nanjing Normal University. The measurement error of the instru-
ment was less than 5%.

3.4. Diatom Analysis Method

We selected 26 and 25 samples for diatom identification from the GX and CYK sec-
tions, respectively. Before identification, the sediments were pre-treated with hydrochlo-
ric acid and hydrogen peroxide. Subsequently, the samples were made into slices for ob-
servation under a microscope [38].

4. Test Process of Physicochemical Properties of Sediment Lixivium

Choice of solvent: Water is the most commonly used solvent; moreover, distilled,
deionized, purified, or ultrapure water is used often as a solvent in experiments. The phys-
icochemical properties of the different types of water obviously differ. As regards distilled
water, because of process differences, the lower the number of distillations, the greater the
TDS of the water; the TDS will be close to zero after multiple distillations. Deionized water
uses an anion/cation exchange resin to remove the anions/cations in the water; the TDS of
the water can be reduced to less than 20 mg-L-'. Pure water contains a certain amount of
dissolved solids, and the TDS is usually between 0 and 50 mg-L-. Ultrapure water re-
moves the conductive medium in the water almost completely and removes or reduces
the non-dissociated colloidal substances and organic substances in the water to an ex-
tremely low level; the TDS test result is zero. Accordingly, aiming to minimize the influ-
ence of the solvent on the test results, we selected ultrapure water as solvent to prepare
the sediment lixivium.

Preparation of sediment samples: Sediment shows differences in water content, par-
ticle size, cementation degree, and the like, because of the influence of the sedimentary
environment, sediment source, compaction, and other factors. We intended to eliminate
the influence of the precipitation rate of the attached substances on the sediment in the
solvent, which is caused by the difference in the water content and the degree of cemen-
tation of the sediment. To achieve this, we uniformly dried the samples at a low and con-
stant temperature. Subsequently, we ground them into powder and passed them through
200 mesh sieves. The experimental samples prepared in this manner could precipitate the
attached soluble substances more quickly after being dissolved in the solvent.

Choice of container: Open containers are not suitable for storage during the experi-
ment, as the sediment powder has to remain in the container for an extended time after
dissolving. The solvent will evaporate and reduce, leading to a large error in the measured
results. To minimize the error, a container with a lid should be chosen for the production
of the sediment lixivium and the container should be covered to prevent or reduce evap-
oration.

Preparation of sediment lixivium and determination of the test time: For comparison,
the weight of the sample taken from the same section and the volume of added ultrapure
water should be the same. We weighed 5 g of dried and ground sample with an electronic
balance, placed it in a 150 mL container with a cover, added ultrapure water (100 mL),
and stirred the mixture using a glass rod. Subsequently, we measured the physicochemi-
cal properties. After covering the container tightly and letting it stand for 24 h, we meas-
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ured the physicochemical properties again, and then used a glass rod to fully stir the mix-
ture again. This process was repeated six times. We discovered that the physicochemical
properties tended to be stable (Figure 4). To determine whether stirring the sediment lix-
ivium every day is conducive to accelerating the dissolution of substances, we set up a
reference group for comparative experiments. The samples in the reference group were
stirred fully during the preparation but were not stirred again afterward. These samples
were also measured every 24 h. After seven tests, the results tended to be stable (Figure
2). Based on the test results, we concluded that if the sediment lixivium were stirred fully
every day, the best test time should be 120 h. However, if the sediment lixivium were fully
stirred only when it was prepared and then left unstirred, the best test time should be 168
h. The test instrument was a multiparameter water quality meter (model SX751; Shanghai
Sanxin Instrument Factory, Shanghai, China). During the test, the probe of the instrument
was immersed completely in the upper clarified solution of sediment lixiviums, and each
index was measured three times, after which the average value was calculated.
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Figure 4. Change curve of the physicochemical property indexes of sediment lixivium with and
without stirring with time (different color symbol lines represent the test result of different sediment
lixivium, with the top same color symbol line being the test results under stirring, and the bottom
the test results without stirring. (A): Change curve of TDS of sediment lixivium with time; (B):
Change curve of EC of sediment lixivium with time; (C): Change curve of SAL of sediment lixivium
with time).
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5. Results
5.1. Variation Characteristics in Physicochemical Properties of Sediment Lixivium

The three physicochemical property indexes TDS, EC, and SAL were measured in
sediment lixiviums of the GX and CYK sections, with all showing obvious changes (Figure
5, Table 1). The changes in the three indices indicated that both the GX and CYK profiles
could be divided into three stages. In stage I, the three indices TDS, EC, and SAL were all
in the low-value stage and showed a gradual increasing trend. In stage II, the three indices
all showed high values, and there were certain fluctuations in the CYK section. In stage
111, the three indexes all showed low values. In addition, Figure 5 shows extremely good
consistency among the TDS, EC, and SAL, with the calculated correlations between TDS
and EC, and TDS and SAL all being close to 1 (Figure 6).

Table 1. Changes of physicochemical properties of sediment lixiviums of GX and CYK profiles.

GX Profile CYK Profile
TDS (mg-L-1) EC(us'em?) SAL (gkg") TDS (mgL') EC(us:em?) SAL (g-kg?)
Mean 266.39 392.72 0.19 227.01 336.46 0.16
Max 2020 1.02 778 1117 0.55
Min 51.9 0.02 35.4 54.8 0.02
C.V (%) 75.0 77.0 66.5 65.2 66.5
0 —0
0— —0
- 100 - I 100
100 - 100 i I
200 —| I 200
300 —| - 300
: 200 T oo % --------------------- - 200 | |
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Figure 5. Variation characteristics of physicochemical property indexes of sediment lixivium in GX (a) and CYK (b) pro-

files.
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Figure 6. Correlation between TDS and EC, and TDS and SAL in sediment lixivium study section (blue dotted line is the

trend line).

5.2. Variation Characteristics of Geochemical Elements Sr and Sr/Ba Ratio

The Sr/Ba ratios are also often used to indicate the changes in salinity and distinguish
continental and marine sedimentary environments [39-43]. Sr and Sr/Ba ratios were se-
lected for geochemical analysis (Figure 7, Table 2). The changes in Sr and Sr/Ba indicated
that both the GX and CYK profiles could be divided into three stages. In stage I, the Sr and
Sr/Ba ratios were low with small fluctuations. In stage II, the Sr and Sr/Ba ratios were high,
with obvious fluctuations, and in stage III, the Sr and Sr/Ba ratios became low again with
small fluctuations.

Table 2. Changes of Sr and Sr/Ba of sediment of GX and CYK profiles.

GX Profile CYK Profile
Sr (mg-kg™) Sr/Ba Sr (mg-kg™) Sr/Ba
Mean 126.69 0.27 131.27 0.28
Max 154.90 0.37 171.10 0.40
Min 101.70 0.20 96.40 0.18
C.V (%) 96 14.1 124 17.3

In addition, in stage II of the GX profile, it could be divided into two sub stages ac-
cording to the changes of Sr and Sr/Ba. In stage II-1, Sr and Sr/Ba increased rapidly and
then decreased, and the overall values were low (average values: 119.98 mg-kg™' and 0.26,
respectively); in stage II -2, Sr and Sr/Ba were overall high values (average values: 141.17
mg-kg and 0.32, respectively) with small fluctuations.

5.3. Variation Characteristics of Freshwater—Saltwater Diatom Proportion

The diatom fossils of 26 and 25 samples were identified from GX and CYK profiles,
respectively, and a total of 34 species of diatoms were identified. Among these were eight
freshwater and 26 brackish water diatom species. The changes in the combination of dia-
tom species indicated that the GX and CYK profiles could be divided into multiple diatom
distribution zones from bottom to top (Figures 8 and 9). The distribution zones reflected
a freshwater sedimentary environment, tidal flat-shallow sea sedimentary environment,
and freshwater sedimentary environment, respectively.
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Figure 9. Comparison of lithology, TDS, Sr/Ba, and diatoms of CYK section and sedimentary environment.

6. Discussion
6.1. Reasons for Changes in Physicochemical Properties of Sediment Lixivium in Coastal Areas

The physicochemical properties of water reflect the amount of TDS, size of EC, and
level of SAL in the water. TDS in the water was significantly correlated positively with EC
and SAL (Figure 6). The physicochemical properties were related mainly to the amounts
of soluble substances attached (or adsorbed) by the sediment itself. When sediments are
deposited, the concentration of TDS in the water will differ when the sedimentation envi-
ronment differs (i.e., fresh water and salt water). These soluble substances can change the
total amount of TDS attached to the sediments through adsorption (precipitation), precip-
itation (dissolution), ion exchange, and other methods. When the amount of TDS in the
water is high, the amount of TDS attached to the sediments is also large, and vice versa.
When the dried and ground sediment powder was dissolved in a sufficient amount of
ultrapure water, the soluble solids attached to the sediment were released because of the
extremely low TDS concentration in the ultrapure water, thereby increasing the amount
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of TDS in the solution. The larger the amount of TDS in the water of the original sedimen-
tary environment, the larger would be the amount of TDS released into the ultrapure wa-
ter, and vice versa. Therefore, the water environment of sediment deposition can be re-
constructed according to the dissolved TDS (EC, SAL) in the ultrapure water.

6.2. Physicochemical Properties Index of Sediment Lixivium: A New Index Reflecting the
Changes of Coastal Environment

Different sedimentary characteristics can be formed because of the differences in the
dynamic conditions and the biological species living in the environment, as well as climate
changes and sources of sediment. Therefore, sedimentary characteristics can also be used
to invert the sedimentary environment. The distribution of diatom species in the sedi-
ments is controlled by environmental variables in the area, such as water temperature,
salinity, depth, size of the water body, water depth, pH, and nutrients [44]. Diatoms are
extremely important indicators for reconstructing the environment of ancient coastal ar-
eas [45-52]. The geochemical elements Sr and Ba are both soluble in water and migrate
with water. The concentration of sulfate ion in water increases because of evaporation or
seawater intrusion into the water environment. Then the Ba ions in the water body form
barium sulphate and precipitate first. The solubility of strontium salts (sulphate and car-
bonate) would be slightly higher than that of barium salts, and the strontium salts would
be precipitated after barium sulphate precipitation [53]. The change in the Sr and Sr/Ba
ratio could indicate changes in salinity [39-43].

Sediment lithology, diatom species, geochemical elements and ratios, and physico-
chemical properties of sediment lixivium in the GX and CYK sections of the Subei Basin
corresponded well. Their changing trends indicated that both profiles could be divided
into three stages of sedimentary environments (Figures 8 and 9), implying that these phys-
icochemical property indexes could indicate the evolution of the coastal sedimentary en-
vironment. Furthermore, Figures 8 and 9 show that the physicochemical property indexes
agree well with the geochemical elements and ratios, as well as the diatom species gener-
ally. In particular, the stratigraphic boundary indicator at the beginning of transgression
is highly consistent (the position of the dotted line in the lower part of Figures 8 and 9).
However, some slight differences are detected in the details of the record. The first differ-
ence is that in the process of transgression, some minor fluctuations recorded in the dia-
tom species, and geochemical elements and ratios are not reflected in the physicochemical
property indexes of sediment lixivium. For example, at a depth of 370-300 cm in the GX
profile, the diatom species, geochemical elements, and ratios fluctuated significantly;
however, the physicochemical property indexes of sediment lixivium were not recorded.
This could be ascribed to the rapid deposition rate, loose sediments, and easy infiltration
of the upper salty water when transgression occurred, which obscured the small fluctua-
tion records. The second difference is that at the end of transgression, the boundary line
indicated by the physicochemical property indexes of sediment lixivium was slightly
lower than was the boundary line indicated by the diatom species, geochemical elements,
and the ratios. This could be ascribed to the fact that after transgression, the research sec-
tion was located in a freshwater lake sedimentary environment and, because of the long-
term immersion in fresh water, the soluble solids in the adjacent strata were dissolved and
diluted.

7. Conclusions

Based on a study of the experimental process and change mechanism of TDS, EC,
and SAL of sediment lixivium in the sea-land interaction zone of the Subei Basin, as well
as comparison with geochemical elements and ratios and diatom species, the following
conclusions can be drawn:
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(1) Through preliminary tests, a reasonable method of preparing sediment lixivium and
the appropriate time for determining the physicochemical properties of sediment lix-
ivium were determined. Ultrapure water had to be used in the process to ensure that
the solvent did not contain soluble solids and to reduce the introduction of external
errors. The reasonable time for testing the physicochemical property indexes of the
sediment lixivium was determined as 120 h (fully stirred daily) or 168 h (no stirring)
after the production of sediment lixivium. The physicochemical properties measured
at this time were stable, which could reflect the difference in the water environment
in the sediment deposition to the greatest extent. It should be noted that the test time
for the physicochemical properties of sediment lixivium on the same profile should
be tested simultaneously.

(2) The physicochemical property indexes (TDS, EC, and SAL) of the lixivium of sedi-
ments are extremely sensitive to changes in the water properties of the sedimentary
environment, and could correspond well with geochemical elements and ratios and
diatom species generally, indicating changes in the coastal sedimentary environ-
ment.

(3) Compared with other indexes, the physicochemical property indexes of sediment lix-
ivium have obvious advantages. Large (expensive) instruments or advanced profes-
sional knowledge is not required. The test is simple, highly sensitive, accurate, and
inexpensive. Accordingly, this method could be considered a relatively ideal new
indicator for studying paleoenvironmental changes in coastal areas. Therefore, the
method has broad application prospects.

(4) The physicochemical property indexes of sediment lixivium have many advantages,
but also certain shortcomings. These include the fact that the records of the details
during the transgression process are not obvious and, after the end of the transgres-
sion, the TDS adsorbed on the sediments could be reduced owing to the dilution ef-
fect of fresh water, resulting in a slight decrease in the boundary line that indicates
the end of the transgression.
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