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Abstract  Salinity is a crucial property of water body and is essential for the restoration of
paleoecology and paleoenvironment. However, the theoretical method of application of elemental
geochemical proxies to paleosalinity reconstruction is still underdeveloped. Moreover, accurate
determination and reconstruction of paleosalinity and its variation in an offshore lacustrine basin have
been extremely challenging thus far. This study presents detailed elemental geochemical investigations
from the Zhanhua Sag in the southern Bohai Bay Basin to reconstruct the salinity variation in the
Paleogene Eocene Shahejie Formation (50.8-33.9 Ma). Based on the variation of strontium barium ratio
(Sr/Ba) and boron gallium ratio (B/Ga), we determined three typical salinity types of water body: salty
water (Sr/Ba>0.5, B/Ga>6), brackish water (0.2<Sr/Ba<0.5, 3<B/Ga<6), and fresh water (Sr/Ba<0.2, B/Ga<3),
after eliminating carbonate-sourced strontium (Sr). The salinity values following Couch’s paleosalinometer
ranged from 3.1 to 11.9, reflecting the overall characteristics of oligohaline (0.5<salinity value<$) to
mesohaline (5<salinity value<18) brackish water. All proxies yielded similar trends in paleosalinity
variation, demonstrating a clear trend of rising and then declining from 50.8 Ma to 33.9 Ma. We
considered that the B/Ga ratio had the highest reliability and resolution in determining the salinity types of
water body in the study area. The environmental factors causing paleosalinity variation were also
thoroughly analysed based on the temporal relationship among the salinity types of watermasses,
paleoclimate characteristics from pollen records, and marine transgression events from marine fossils. Our
research established a model of paleoclimatic and eustatic mechanisms to explain paleosalinity variation,
providing reasonable and integral driving forces for the salinity variation of all offshore lacustrine basins.
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1 INTRODUCTION of hydrocarbon generation mechanisms in saline
environments (Edgell, 1996; Ma et al., 2000). This

Paleosalinity proxies are of immense significance  ypderstanding has significantly enhanced the

in reconstructing paleoclimates and restoring  evaluation of resource potential in saline basins such
sedimentary environments (Ye et al., 2016; Wei et al., as the Bohai Bay Basin in China (Jiang et al., 2022).

2021). In recent years, extensive research efforts in Accurate reconstruction of paleosalinity not only
shale oil and gas exploration have shed new light on
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serves as a research foundation for sedimentology
but also plays a vital role in the study of oil and gas
resource formation and distribution (Sun et al.,
2022a). However, historically, research in sedimentary
geochemistry has primarily focused on restoring
paleoenvironmental conditions, such as redox and
primary productivity, while the exploration of
paleosalinity indicators has remained relatively
nascent (Wei et al.,, 2018, 2021). It is therefore
imperative to apply various indicators for paleosalinity
analysis to address this research gap.

While the rock characteristics and paleogeographic
background can provide insights into whether the
water is marine saline or fresh water from terrestrial
enclosed lake basins (Wei and Algeo, 2020), there is
typically little uncertainty in such cases. However,
in the context of ancient sedimentary formations
deposited in coastal terrestrial settings or marginal-
marine, water salinity is influenced by a combination
of regional climate (Ye et al., 2016) and sea level
changes (Wei et al., 2018). As a result, it becomes
crucial to determine the secular variation or long-
term average paleosalinity conditions to understand
the complex dynamics at play. In addition to the
rock assemblage characteristics, fossil assemblages
play a crucial role in paleosalinity analysis (Wei and
Algeo, 2020). Various faunal and floral groups
have been employed, including the abundance of
sporopollen fossils and facies fossils such as
ostracods and dinoflagellates (Wei and Algeo,
2020). However, it’s important to note that fossil-
based techniques are only applicable when there is
fossil deposition and preservation. In many instances,
fossil assemblages can only provide a rough
estimation of salinity levels.

Compared to traditional methods of analysing
mineral composition and fossil facies, geochemical
proxies play an essential role in reconstructing
paleoenvironments. While various element
geochemical proxies of sedimentary rocks have
been used for the paleoenvironmental restoration of
marine and lacustrine systems for a long time, one
of the parameters that is difficult to evaluate is
paleosalinity (Harder, 1970; Zhang et al., 2017; Wei
et al., 2018; Sun et al., 2022b). Since the distribution
of trace elements in different sedimentary
environments was revealed, several methods, such
as the boron (B) content (Walker and Price, 1963;
Walker, 1968), strontium barium ratio (Sr/Ba)
(Wang et al., 1979), boron gallium ratio (B/Ga)
(Qian and Shi, 1982) and carbon and oxygen
isotopes (6"°C and 6'*0) (Degens et al., 1957), have

been proposed successively to reconstruct paleosalinity.
However, with the widespread application of the
aforementioned methods in ancient marine and
lacustrine systems, sedimentologists have found
numerous interferences that occur when directly
using the element concentrations in rocks, such as
the influence of provenance and diagenesis (Ye
et al., 2016; Wei and Algeo, 2020). Furthermore,
substantial efforts have been made to rectify the
detrital background concentrations (inherited B and
carbonate-sourced strontium (Sr)) (Ye et al., 2016;
Wei and Algeo, 2020) and differential authigenic
adsorption (equivalent B content, Adams’
paleosalimeter and Couch’s paleosalimeter) (Price
and Walker, 1963; Adams et al.,, 1965; Couch,
1971). Thus, to date, paleosalinity analysis based on
corrected elemental proxies is a promising approach
and has been widely used by sedimentary scholars
(Wei and Algeo, 2020; Sun et al., 2022b; Wei et al.,
2022).

The Zhanhua Sag, a major hydrocarbon province
with rich, cumulative and proven oil reserves in the
Jiyang Depression, Bohai Bay Basin and containing
dense accumulations of the Eocene lacustrine source
rocks (Shi et al., 2005; Wei et al., 2018), is an ideal
basin to explore paleosalinity variation and its
formation mechanism. Nonetheless, long-term
paleosalinity reconstruction records of the Middle-
Late Eocene from the Zhanhua Sag are scarce due to
the absence of reliable proxies in thick sedimentary
sequences with complex variations in provenance
composition (Cai et al., 2011; Wei and Algeo, 2020).
While Wei et al. (2018) reconstructed the paleosalinity
of the lower sub-member of the 3™ member of the
Eocene Shahejie Formation (Es3%) and suggest that
marine incursions contributed to the increased
salinity in this interval, there is currently a dearth of
comprehensive analysis regarding the salinity of the
entire Eocene Shahejie Formation in the Zhanhua
Sag. Furthermore, research on the influence of
paleoclimate on paleosalinity in this context is
lacking. Therefore, reliable paleosalinity proxies are
essential to further study the temporal variation in
salinity and its driving forces, such as regional
climate evolution, tectonic movement and global sea
level changes during the Middle-Upper Eocene
Shahejie Formation.

This study presents detailed geochemical evidence
of the Zhanhua Sag in the southern Bohai Bay
Basin to reconstruct paleosalinity variation and its
change pattern in the Middle-Late Eocene period
(~50.8-33.9 Ma). We analysed 71 samples from six
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core wells and optimised element geochemical
proxies for paleosalinity analysis, including Sr/Ba
ratio, B/Ga ratio, and Couch’s paleosalimeter. By
eliminating the influence of Sr derived from
carbonate sources, we conducted an analysis of
ancient salinity and examined the impact of material
sources and diagenesis on salinity indicators. In
doing so, we determined the salinity range of the
ancient water bodies within the studied layer,
categorizing them as either fresh water, brackish
water, or salty water. We combined these findings
with the results of pollen-based paleoclimate
reconstructions and the occurrence of marine
invasion events to further understand the driving
forces behind changes in ancient salinity.

2 GEOLOGICAL BACKGROUND

The Bohai Bay Basin is a Meso-Cenozoic
hydrocarbon-bearing rift basin located in the eastern
part of the North China Craton, extending
approximately 440 km in the NW-SE direction and
1 050 km in the NE-SW direction (Liu et al., 2016;
Zhu et al., 2019; Hua et al., 2021). It is bounded by
five primary tectonic units: the Taihang Mountain
uplift to the west, the Yanshan fold belt to the north,
the Jiaodong uplift and Liaodong uplift to the east
and the Luxi uplift to the south, adjacent to the
Tanlu Fault Zone (Liu et al., 2021; Zhu et al., 2022)
(Fig.1a). The Bohai Bay Basin comprises several
NE-trending secondary tectonic basins from west to
east, including the Lingqing Depression, Jizhong
Depression, Huanghua Depression, Jiyang Depression,
Bozhong Depression, Liaodong Bay Depression,
and Liaohe Depression, which collectively form a
complex series of rift basins (Fig.1a). The Jiyang
Depression, which is one of the four major oil-
bearing depressions in the Bohai Bay Basin, is
further subdivided by a series of small sags and
uplifts (Zhang et al., 2020).

The Zhanhua Sag is a WE-trending rift located in
the southeast of the Bohai Bay Basin and northeast
of the Jiyang Depression, with an area of
approximately 3 600 km? (Li et al., 2017; Ning et
al., 2017; Liu et al., 2020b) (Fig.la-b). The
Zhanhua Sag is one of the four major hydrocarbon-
rich sags within the Jiyang Depression, connected to
the Yihezhuang Uplift and Chengdong Uplift in the
north and adjacent to the Chezhen Sag, with the
Gudao Uplift to the east and bound to the south by
the Chenjiazhuang Uplift (Li et al., 2021, 2022). The
sag is a hydrocarbon-rich, half-graben rift in the

Bohai Bay Basin, with a series of well-developed
northeast and east-west-trending faults (Fig.1c). The
potential oil reserves of the sag have been estimated
to be greater than 19.1x10°% t by petroleum explorations
(Lietal, 2017).

The Zhanhua Sag contains typical continental
lacustrine clastic rocks with a total thickness of up
to 10 000 m, including massive mudstone developed
in the Paleogene (Zhu et al., 2019, 2022). The
stratigraphic units in the Zhanhua Sag, from oldest
to youngest, consist of the Kongdian Formation
(Ek), Shahejie Formation (Es), and Dongying
Formation (Ed), which mainly represent lacustrine
facies. The Guantao Formation (Ng), Minghuazhen
Formation (Nm), and Quaternary deposits (Q),
including the Pingyuan Formation (Qp), are
dominantly of fluvial facies (Wei et al., 2018)
(Fig.1d—e). The Shahejie Formation is further
divided into four members: the 4™ member (Es4), 3"
member (Es3), 2" member (Es2), and 1% member
(Esl), from bottom to top. The focus of this study
is the Middle-Upper Eocene Shahejie Formation
(~50.80-33.90 Ma) (Wei et al., 2018), which can be
subdivided into six sub-members from the bottom to
top: the lower sub-member of the 4™ member (Es4"),
the upper sub-member of the 4" member (Es4"), the
lower sub-member of the 3™ member (Es3"), the
middle sub-member of the 3 member (Es3), the
upper sub-member of the 3™ member (Es3") and the
lower sub-member of the 2™ member (Es2")
(Fig.1d). The Middle-Upper Eocene Shahejie
Formation comprises fine-grained clastic deposits
that gradually accumulated under shallow to deep
lakes. It is mainly dominated by a set of dark grey
mudstone in Es3, followed by silty mudstone,
siltstone, sandstone, carbonate rock, evaporite and
oil shale (Fig.1d).

3 MATERIAL AND METHOD

3.1 Sample and experiment

A total of 71 representative mudstone samples
from the Middle-Upper Eocene Shahejie Formation
were collected from six cored wells in different sub-
members. The stratigraphic positions of the samples
did not overlap and had similar source characteristics
(Fig.1c). Within this interval, we analyzed these
mudstone samples involving X-ray diffraction
(XRD), X-ray fluorescence (XRF), and inductively
coupled plasma atomic emission spectroscopy (ICP-
AES) to determine the concentrations of clay minerals,
major elements, and trace elements, respectively.
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Fig.1 Location (a—c), stratigraphic units (d), and main structural units (e) of the Zhanhua Sag
a—c. location map and well locations of the Zhanhua Sag in the Jiyang Depression, Bohai Bay Basin, China; d. stratigraphic column depicting the

lithostratigraphy of the study interval. The present study interval (Middle-Upper Eocene Shahejie Formation) is shown by the dashed red rectangle;
e. structural features of the study area, see cross-section AB in panel c. Nm: Minghuazhen Formation; Q: Quaternary; Ng: Guantao Formation; Ed:
Dongying Formation; Es1-Es4: the 1% to 4" members of the Shahejie Formation.
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The core samples covered all sub-members and sub-
sags in the study area and were obtained by cutting
from fresh surfaces after removing the influence of
mud stains.

Clay mineral compositions were quantitatively
analyzed using XRD with a D8 Discover X-ray
diffractometer at the SINOPEC Exploration and
Production Research Institute of Shengli oilfield in
Dongying, China. Prior to XRD analysis, the
samples were ground into a powder with a particle
size of <5 um using an agate mortar and subsequently
thoroughly dried at a low temperature of 40 °C for
48 h. Next, the dried powder samples were scanned
using a D8 Discover X-ray diffractometer with Cu-
K radiation, operating at 40 kV and 25 mA, with a
range of 3°-70°, a step size of 0.02° and a scan rate
of 10°/min. For each sample, the XRD pattern
includes the natural air-dried (N), glycol-saturated
(EG), and heated (T) diffractograms (Fig.2). The
JADE 5.0 software was used to analyze the XRD
patterns, identify the clay minerals present and
calculate the relative weight percentages for clay
minerals following the industry standard ‘SYT
5163-2010° (National Energy Administration, 2010).

Semi-quantitative results of each clay mineral
were estimated based on the heights and peak areas
of the basal reflections for main clay minerals
following “SYT 5163-2010” (National Energy
Administration, 2010; Ye et al., 2016). The
proportion of illite in illite/smectite mixed layers (I/S)
was estimated based on “SY/T 5163-2010”. In brief,
the rate between the saddle and peak is first
calculated for the peak of I/S from the EG
diffractogram, and the ratio of illite to illite/smectite

800

mixed layers (I/(I/S)) is then determined based on
the peak areas of the glycol-saturated and heated
diffractograms. Similarly, based on the saddle peak
difference and [I/(I/S) ratio, the percentage of
smectite in the I/S can be obtained with an error of
+5%.

As with XRD analysis, researchers at the
SINOPEC Exploration and Production Research
Institute of Shengli Oilfield used ICP-AES and XRF
to determine the contents of trace elements such as
Sr, barium (Ba), B and gallium (Ga) and oxides such
as K,O and CaO, respectively. Tourmaline is a type
of B-rich heavy mineral (normally >5 pum) that
requires elimination as it affects the B content of the
detrital minerals (Ye et al., 2016; Sun et al., 2022a).
Therefore, to thoroughly disperse the minerals and
eliminate the influence of tourmaline-derived B,
the <5 pm fractions of samples were collected by
gravity sedimentation following Stokes’ Law. The
final step of the pre-treatment involved acidifying
approximately 20 mg of a dried powder sample in a
Teflon container using a mixture of HF (40%) and
HNO; (65%). The relative standard deviations
(RSDs) for trace elements and oxides were <5% and
2%, respectively, in duplicate measurements.

3.2 Paleosalinity reconstruction method

The current study aims to restore the salinity
conditions of a paleowater body by employing St/
Ba, B/Ga, and Couch’s paleosalimeter as elemental
geochemical proxies. The ratios of Sr/Ba and B/Ga
were applied to forecast the salinity characteristics
of sediments, using distinct elemental ratio thresholds
obtained from variances in the mobility of various
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elements (Wang et al., 1979; Wei and Algeo, 2020).

One crucial challenge in utilizing the Sr/Ba ratio
as a paleosalinity indicator is the potential
interference of carbonate-sourced Sr, which can
impact the signal from clay components. Pure
carbonate rock sediments typically exhibit higher
levels of Sr, with calcite content ranging from
1 000x10° to 3 000x10° and primary marine aragonite
content ranging from 8 00010 to 10 000x10° (Wei
and Algeo, 2020). Consequently, the presence of
carbonates in the sample may elevate the overall Sr/
Ba ratio in comparison to the clay component. To
address this issue, we carefully assessed the
influence of Sr carbonate and established a
maximum carbonate threshold for studying the St/
Ba ratio within the given interval.

Based on the calibration results of salinity and St/
Ba, B/Ga in the modern sedimentary system (Wei
and Algeo, 2020), multiple indicators were employed
to determine the optimal thresholds for different
salinity levels in water bodies. Regarding the Sr/Ba
ratio in sediment, values below 0.2 indicate the
deposition of fresh water, while ratios ranging from
0.2 to 0.5 suggest brackish water deposition, and
ratios exceeding 0.5 indicate salty water deposition.
As for the B/Ga ratio in sediment, values below 3
indicate the deposition of fresh water, ratios between
3 and 6 suggest brackish water deposition, and
ratios above 6 indicate salty water deposition.

In the paleosalinity reconstruction of this study,
we used Couch’s paleosalimeter to quantitatively
calculate the salinity values of paleowater body.
This method not only considers the adsorption of B
by Illite, but also emphasizes the influence of
kaolinite, montmorillonite, and other clay minerals
(Qian and Shi, 1982). The results of B adsorption by
different clay mineral types demonstrate that illite,
smectite and kaolinite have a B absorption capacity
ratio of 4:2:1. Furthermore, “Kaolinite B” (B,) was
utilized to further refine the B content (Couch,
1971). The B, content in this study was calculated as
follows:

B=B/(4X+2X+X)), M

where, X, X,, and X, denote the relative content (%)
of illite, smectite, and Kkaolinite, respectively.
Moreover, B, was replaced by B'. The paleosalinity
value from Couch’s equation (S,.) was quantitatively
calculated as follows:

1gS,=(1gB—0.11)/1.28. )

4 RESULT

4.1 Carbonate-sourced Sr elimination

The use of adsorbed Sr during the deposition of
clay minerals as a salinity-sensitive element is
complicated by a large interfering term caused by
the mixing of residual Sr from carbonate rocks with
adsorbed Sr in experimental results (Wei and Algeo,
2020). Previous studies have indicated that pure
carbonate rocks tend to contain higher concentrations
of Sr compared to fine-grained clastic rocks, with
concentrations ranging from approximately 1 000%
10 to 3 000%10° in pure calcite and from 8 000x
10 to 10 000x10° in aragonite (Wei and Algeo,
2020). However, inherited Sr in primitive carbonate
minerals (Fig.3a, b, & e) may lead to higher
measured Sr concentrations in some samples. The
higher carbonate content of Sr can easily be
mistaken for adsorbed Sr and used to calculate St/
Ba ratios, ultimately increasing the Sr/Ba ratio in the
sediments. Therefore, it is essential to eliminate all
samples affected by residual Sr in carbonate rocks
and establish carbonate thresholds for the study
intervals (Wei and Algeo, 2020; Sun et al., 2022b).

In this study, the calcium oxide (CaO) content
was used as a proxy for carbonate mineral content.
Based on testing results, a positive correlation was
observed between Sr and CaO (R*=0.84) in the CaO
threshold range >5% (Fig.4a). Thus, we used CaO=
5% as the threshold for eliminating carbonate-
sourced Sr by removing samples with CaO content
below this threshold. Samples were screened
accordingly, and those with CaO content less than
5% were presumed to contain inherited Sr and could
not be used for paleosalinity reconstruction.
Furthermore, some of the samples having <5% CaO
also contain evident carbonate-sourced Sr. These
samples fall into two groups: one group with
(250-700)x10° Sr, and one with>1000x10° Sr.
Samples that simultaneously meet CaO<5% and Sr<
1 000x10° are typical mudstone values unaffected
by carbonate, and it is this group that should be used
for paleosalinity analysis. The Sr/Ba ratio for
samples with Sr content between 250x10° and 700%
10 and CaO<5% falls within the range of 0 to 3.
On the other hand, the St/Ba ratio for samples with
Sr>1 000x10° varies between 3 and 12, providing
additional evidence of a significant presence of Sr
derived from carbonates in the latter group of
samples (Fig.4b).
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4.2 Sr/Ba ratio

We systematically analyzed 71 samples from the
Zhanhua Sag, determining their Sr, Ba, B, Ga, and
other elemental contents. Following the elimination
of carbonate-sourced Sr, we established Sr-Ba cross-
plots for 18 samples using the subset of sub-
members with distinct color regions (Fig.5a). The
study interval demonstrated ranges of Sr and Ba
contents of (213.6-638.1)x10° (n=18), (167.0-1 550.0)x
10° (n=18), respectively. The slope of the line
connecting the sample points to the origin in the
cross-plot represents the Sr/Ba ratios. Accordingly,
we plotted histograms of their minimum, maximum
and average values in different sub-members
(Fig.5b). The elemental ratio histograms (Fig.5b)
indicate that the highest value of Sr/Ba ratios was
observed in Es3*, while the lowest value was found
in Es2" The Sr/Ba ratio of the entire Eocene
Shahejie Formation study interval ranges from 0.16
to 2.37, with an average value of 0.9. Additionally,
the ratios of these two elements displayed a trend of
increasing and then decreasing throughout the
Middle-Upper Eocene Shahejie Formation.

4.3 B/Ga ratio

Given the distinct behaviours of B and Ga during
sedimentation, the B/Ga ratio has become a commonly
employed indicator for ancient salinity levels.
Notably, freshwater sediments exhibit higher Ga
content compared to marine sediments (Potter et al.,
1963), which stands in stark contrast to the
aforementioned enrichment of B in saltier settings.
Hence, marine environments typically feature higher
B/Ga ratios than freshwater environments, making

this ratio widely utilized as a paleosalinity proxy in
numerous studies (Ye et al., 2016; Zhang et al.,
2017; Wei et al., 2018).

In the Middle-Upper Eocene Shahejie Formation,
the B mass fraction spans from 9.8x10° to 89.8x10%,
with an average value of 43.9x10%. Conversely, the Ga
content ranges from 2.1x10°¢ to 16.7x10%, with an
average of 6.7x10°¢ (Fig.6a). Furthermore, the B
content demonstrates an initial increase followed by a
decrease from bottom to top (from Es4" to Es2"). The
B/Ga ratio range for the Middle-Upper Eocene
Shahejie Formation is 2.4-11.6, with an average ratio
of 6.9. It exhibits a similar systematic trend to the St/
Ba ratios, increasing initially and subsequently
declining gradually as indicated by the data from Es4"
(3.2-6.7, average 5.0), Es4V (4.7-11.6, average 7.8),
Es3" (5.1-11.1, average 8.5), Es3™ (2.8-4.0, average
3.3), Es3Y (3.1-4.4, average 3.9), and Es2" (2.4-3.0,
average 2.8) (Fig.6b).

4.4 Couch’s paleosalimeter

The XRD analysis of 71 samples yielded the
relative proportions of different clay mineral
fractions (Table 1; Fig.3). Based on these values and
B content, the “Kaolinite B” and paleosalinity (S,.)
within the study interval were determined using
equations 1 and 2, respectively, according to Couch’s
paleosalimeter. In this study, we assumed that the B
content absorbed by clay minerals aligns with the
findings of Couch, 1971. Therefore, equation 1
employs a 4:2:1 coefficient to represent the relative
amount of B absorbed by illite, smectite and
kaolinite, which is equivalent to the B content
absorbed solely by kaolinite, referred to as the
“Kaolinite B” content.
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Fig.5 Sr versus Ba cross-plots (a) and Sr/Ba histograms (b) in the study interval
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Table 1 Relative content (%) of X-ray diffraction clay minerals in the study area

Well name Depth (m) Sub-member /S (%) 1 (%) K (%) Ch (%) Proportion of S in I/S (%)
Y139 2 055.83 Es2" 63 17 13 7 40
Y139 2 058.37 Es2" 67 15 10 8 45
Y139 2060.23 Es2" 63 21 12 5 40
Y139 2 063.15 Es2t 50 27 11 12 40
Y139 2 066.28 Es2" 60 15 15 10 40
Y139 2070.99 Es2" 64 9 12 15 50
Y139 2072.96 Es2" 72 5 9 14 50
Y139 2075.73 Es2" 74 9 12 5 50

YD341 3035.40 Es3V 64 24 10 2 45
YD341 3038.80 Es3V 77 22 0 1 45
YD341 3040.90 Es3Y 76 9 12 4 45
Y171 3031.25 Es3M 73 13 12 2 45
Y171 3033.80 Es3M 48 35 13 4 50
Y171 3034.50 Es3M 60 23 12 5 50
Y171 3035.21 Es3M 74 11 10 5 50
L67 3243.83 Es3" 76 18 2 4 25
L67 324541 Es3" 49 16 20 15 25
L67 3246.42 Es3" 50 41 4 5 25
Lo67 3272.75 Es3" 72 24 4 0 25
L67 3275.76 Es3" 69 21 6 4 40
L67 3299.73 Es3" 75 20 5 0 40
L67 3300.73 Es3" 70 24 6 0 40
L67 3303.15 Es3" 90 10 0 0 40
L67 3305.80 Es3" 78 12 5 5 50
L67 3306.20 Es3" 73 27 0 0 40
L67 3307.14 Es3" 67 23 5 5 20
Lo67 3309.07 Es3- 76 14 10 0 25
L67 3309.14 Es3" 65 15 10 10 40
L67 3310.01 Es3" 74 21 0 5 35
L67 3310.50 Es3" 68 32 0 0 50
L67 3312.59 Es3t 79 16 3 2 60
L67 3318.57 Es3" 76 15 1 8 60
L67 3340.90 Es3" 60 16 19 5 35
L67 334245 Es3" 54 20 19 7 40

To be continued
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Table 1 Continued

Well name Depth (m) Sub-member /S (%) I(%) K (%) Ch (%) Proportion of S in I/S (%)
L67 3344.85 Es3" 56 23 16 5 30
Lo67 3346.75 Es3* 54 30 10 6 20
L22 1 660.85 Es4V 53 22 11 15 40
L22 1 661.55 Es4V 60 27 6 7 20
L22 1662.01 Es4V 56 32 6 6 55
L22 1662.32 Es4V 53 17 15 15 55
L22 1 663.90 Es4V 69 11 18 2 55
L22 1 666.00 Es4Y 51 35 11 3 55
L22 1 668.00 Es4Y 60 14 12 14 55
L22 1 669.20 Es4V 67 14 12 7 55
L22 1672.30 Es4V 62 18 6 14 55
L22 1676.84 Es4V 45 45 5 5 45
L22 1 682.60 Es4qV 59 20 9 11 45
L22 1 688.00 Es4V 37 35 13 15 45
L22 1 695.45 Es4Y 60 16 12 12 55
L22 1701.00 Es4Y 60 19 9 12 55
L22 1708.70 Es4V 71 8 12 9 55
L22 1711.70 Es4Y 46 32 8 14 50
L22 1713.77 Es4Y 54 18 13 15 50
L22 1719.70 Es4qV 42 24 19 15 25
L22 1729.80 Es4Y 68 22 7 3 50
L22 1734.50 Es4Y 76 6 11 7 50
L22 1748.10 Es4V 80 11 6 3 40
L22 1750.85 Es4Y 77 15 5 3 40
L22 1760.55 Es4Y 60 16 9 15 50
L22 1762.01 Es4Y 78 13 5 4 40
L22 1763.32 Es4V 83 12 5 0 40
L22 1764.90 Es4Y 70 25 5 0 40
L22 1 766.00 Es4Y 77 19 5 0 50
L22 1767.00 Es4Y 73 21 5 0 50
L22 1769.20 Es4Y 73 22 5 0 30
L22 1771.30 Es4V 73 23 2 2 30
L22 1773.50 Es4V 83 7 10 0 30
SG4 2 969.30 Es4" 58 16 11 15 50
SG4 2971.50 Es4" 67 4 11 18 60
SG4 2973.40 Es4* 61 19 15 5 50
SG4 2973.50 Es4" 58 15 17 10 50

1/S: illite/smectite mixed layer, I: illite, K: kaolinite, Ch: chlorite, S: smectite.
Our results indicate that the highest paleosalinity 5 DISCUSSION

value from Couch’s method in the study area was
11.9, the lowest was 3.1 and the mean value was
7.4. We also gathered statistics for the maximum,
minimum and mean values of S, in different sub-
members (Fig.7a). Furthermore, we constructed a
frequency distribution histogram of the number of
S,. occurrences in the Middle-Late Eocene water
body (Fig.7b), with the highest frequency of S,
ranging from 7 to 9, primarily in Es3" and Es4", and
sporadic occurrences in Es3™ and Es4". The lower
frequency of S, was concentrated in Es2", Es3Y,
Es3M, and Es4Y.

5.1 Provenance and diagenesis

The provenance and its variations can have an
impact on the indicators of geochemical elements,
leading to potential uncertainties in paleosalinity
reconstruction (Sun et al., 2022b). Previous research
indicated that the sediment provenance of the
Eocene Shahejie Formation in the Zhanhua Sag
originates from the Chengdong Uplift, Chenjiazhuang
Uplift, and Yihezhuang Uplift (Liu et al., 2016).
However, due to the consistent sedimentary
background in the basin, the provenance components
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of these three uplifts are similar enough (Liu et al.,
2020b) that any changes in elemental geochemical
indicators caused by variations in provenance
components can be disregarded. Nonetheless, it is
important to consider that the nature of the
provenance itself can also influence paleosalinity
indicators. For example, clay minerals contain B,
which can arise from both adsorption during
sedimentation and the weathering of granite
amphibolite to form illite. Previous studies have
demonstrated that the inherited B content of illite is
largely proportional to its illite content (Ye et al.,
2016), necessitating the elimination of inherited B.
The study interval exhibits relatively low potassium
feldspar content, with only 3 out of 71 samples
containing potassium feldspar, and their content
does not exceed 5% of the whole rock composition.
Therefore, any paleosalinity errors resulting from
the presence of inherited B can be disregarded.
Additionally, Ga is predominantly present in clay
minerals and does not undergo significant absorption
from seawater. Consequently, the B/Ga ratio remains
unaffected as Ga implicitly normalizes for variation
in host-rock lithology.

Although diagenesis is known to have minimal
impact on the abundance of Sr, Ba, B, and Ga in
clay minerals (Ye et al.,, 2016; Wei and Algeo,
2020), it can still affect the relative proportion of
clay minerals and thus impact the estimation of B
content adsorbed by clay minerals. Previous
research demonstrated that the most common
transformation during burial is the conversion
of smectite into illite (Chamley, 1994). This
transformation is significant for paleosalinity
reconstructions due to the strong B adsorption
capacity of illite (Walker and Price, 1963; Walker,
1968). The classic diagenetic model suggests that
the content and proportion of illite in I/S increase

gradually with depth (Weaver, 1984). However,
among the 71 samples examined in this study
interval, the relatively stable proportion of illite
in I/S indicates a limited and uniform intensity
of diagenesis, suggesting negligible changes in
diagenesis.

5.2 Discrimination of water body types

The Sr/Ba ratio is a semi-quantitative proxy for
the salinity reconstruction of paleowater body and
has been applied sporadically to lacustrine systems
and marginal marine environments (Chen et al.,
1997, 2000). Unlike Ba, Sr has a higher solubility
and migrates more readily in solution. As the
salinity of the water body increases, Ba precipitates
first as BaSO,, while Sr requires higher salinity to
precipitate as SrSO, (Zhang et al., 2017). Thus,
BaSO, is mainly deposited in shallow waters and the
marine-continental transitional zone, whereas SrSQO,
is deposited in deep-sea sediments (Wang et al.,
1979). Therefore, the Sr/Ba ratio can accurately
characterise the water body salinity and its media
properties. Previous studies have shown that the St/
Ba ratio of terrestrial fresh water is less than 0.2,
brackish water ranges from 0.2 to 0.5 and salty
water is generally higher than 0.5 (Wei and Algeo,
2020). The Sr/Ba ratios of Es3, Es3%, Es4", and
Es4" all indicate characteristics different from fresh
water, as shown by the distribution intervals of
salinity proxies for all samples (Fig.5a) and the
mean values for each sub-member (Figs.5b & 8a).
Although all four sub-members indicate a saline
environment, the salinity of water body during the
depositional period of Es3" and Es4" is significantly
lower than the other two sub-members. Furthermore,
as sedimentation progressed in the basin, the Sr/Ba
ratios in Es3Y and Es3™ typically fall within the
range of 0.2 to 0.7, showing a brackish character
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with a mixture of salty and fresh water, especially in
Es3", which exhibits a transitional type with a
maximum value close to brackish water and a
minimum value of fresh water. Up to Es2", the Sr/Ba
ratio proxy exhibits the total freshwater characteristics
of the environment (Fig.8a), which may indicate a
trans-humidification of the closed lake basin climate
or a marine regression event in the open basin.

The B/Ga ratio is a reliable indicator of
paleosalinity recovery in deep-time mud shale
formations. This is because B and Ga are both B
group elements in the periodic table with identical
valences (+3) and similar abundances but divergent
concentrations and geochemical behaviours in fresh
water and marine systems (Liu et al., 2020a; Wei et
al., 2022). Investigations of modern and ancient
aqueous systems have confirmed a strong positive
relationship between water body salinity types and
B and Ga contents. B/Ga ratio ranges of <3, 3-6,
and >6 are associated with mudstones and shales
from fresh water, brackish water and salty water,
respectively (Wei and Algeo, 2020). In the study
area, most samples recorded salty water conditions
from Es4V to Es3" (mean >6), brackish salinity from
Es3" to the Es3" (mean ~4) and a freshwater
environment in Es2" (mean <3). These salinity
conditions were determined using predetermined
thresholds for B/Ga ratios, indicating a generally
reduced salinity condition (Figs.6b & 8b).
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According to the salinity value, the types of
water body are divided into fresh water (<0.5),
brackish water (0.5-30) and salty water (>30).
Brackish water can be further divided into three
subtypes: oligohaline (0.5-5), mesohaline (5-18),
and polyhaline (>18) (Zhang et al., 2017). In the
Middle-Late Eocene of the Zhanhua Sag, the
paleosalinity values using Couch’s paleosalimeter
were determined to be in the brackish water range. A
detailed analysis demonstrates that the paleosalinity
values obtained using Couch’s method were divided
into mesohaline brackish water from Es4" to Es3"
and oligohaline brackish water from Es3“ to Es2"
(Fig.8c).

5.3 Evaluation of paleosalinity proxies

The three paleosalinity proxies mentioned above
indicate a high degree of consistency in paleosalinity
variation during the Middle-Late Eocene (Figs.8-9).
Notably, the Sr/Ba and B/Ga ratios demonstrate
greater sensitivity in reflecting the significant
increase in salinity from Es4" to Es4". However,
further evaluation is necessary to confirm the
presence of this event and validate the credibility of
the proxies. Previous paleosalinity studies in the
region have reported an increase in salinity during
this period (Li and Xiao, 1988; Zhang et al., 2020),
supporting the reliability of the elemental ratio
proxies in this study. Of all the paleosalinity proxies
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Fig.8 The distribution of mean paleosalinity proxies for each sub-member in the Middle-Upper Eocene Shahejie

Formation of the Zhanhua Sag
a. Sr/Ba; b. B/Ga; c. Spc.
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discussed above, Couch’s salinometer is generally
considered the most accurate by sedimentologists as
it accounts for the variability in B sorption by
different clay minerals (Ye et al., 2016; Zhang et al.,
2017). While Couch’s salinometer is capable of
quantifying salinity values, it is susceptible to
diagenesis disturbances. When Sr/Ba ratio is
applied, it is necessary to eliminate the carbonate-
sourced Sr, which will result in the deletion of
carbonate-containing sample points and reduce the
resolution of paleosalinity prediction. In contrast,
the B/Ga ratio is often more sensitive to changes in
salinity and has higher resolution. This method can
implicitly normalize for wvariation in host-rock
lithology.

The evolutionary profiles of paleosalinity proxies

revealed that the B/Ga ratio is the most significant
parameter for distinguishing the salinity types of
water body in the study area (Fig.9). From the
evolutionary profile, it becomes evident that the B/
Ga ratio provides enhanced resolution for
paleosalinity prediction compared to the Sr/Ba ratio,
as it allows for a greater number of samples to be
analyzed within the same layer thickness. Moreover,
the B/Ga ratio exhibits higher sensitivity to the
salinity range of water bodies compared to Couch’s
paleosalinity meter. This is particularly evident in
the accurate prediction of fresh water in Es2" using
the B/Ga ratio. However, it should be noted that the
range of variation in Couch’s paleosalinity meter is
relatively limited, as all samples fall within the
brackish water category. The reconstruction outcomes
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represent the paleosalinity types of the study
intervals, indicating the existence of three paleosalinity
types, namely fresh water (Es2%), brackish water
(Es3Y, Es3Y, and Es4') and salty water (Es3" and
Es4v). there was a single salinity transition from
marine to low-brackish or freshwater at around
40-38 Ma. It is of considerable significance to
highlight that, at the turn of the Es3" and Es3"
sedimentary periods, an unmistakable salinity
transition occurs. This transition involves a noteworthy
shift from salty water to low-brackish or freshwater
conditions. Its occurrence potentially signifies
notable changes in the driving forces that influence
salinity within the specific context of East Asia,
including factors like eustatic sea level changes,
climatic fluctuations, and the ongoing tectonic
evolution of the region.

5.4 Paleoclimatic and eustatic implication

The primary factor controlling the salinity of
watermasses in terrestrial lakes is whether the lake
basin is closed. In closed lake basins, the balance of
regional precipitation and evaporation typically
determines the salinity of lake water. Therefore, it is
considered a sensitive proxy for the climate in arid
and semi-arid regions (Ye et al., 2016). Under stable
tectonic conditions, high-salinity lake water is
mostly associated with low precipitation or high
evaporation under arid climatic conditions, whereas
low-salinity lake water is often associated with high
precipitation and low evaporation produced by a
relatively wet climate. Therefore, climatic conditions
significantly influence the salinity of watermasses in
closed lake basins, which is mostly associated with
the global climatic context and regional topographic
rainfall generated by tectonic movements. Conversely,
the salinity of watermasses in open offshore lake
basins fluctuates due to frequent marine intrusion.
Using seawater promotes the stratification of the
water column and increases the salinity difference in
the vertical direction of the watermass (Erbacher et
al., 2001; Wei et al., 2018). Following marine
intrusion, the effects of regional precipitation and
evaporation on salinity become weak to negligible
at higher lake levels.

The influence of climatic factors on the salinity
of closed watermasses in the Middle Eocene should
not be underestimated. Evidence from both
terrestrial  fossils and elemental geochemical
characteristics suggests the presence of a closed
lacustrine facies prior to the upper sub-member of
the 4™ member (Li and Xiao, 1988; Yao and Millero,

1996; Wang et al, 2015; Wei et al., 2018).
Conversely, stable, and continuous red beds,
evaporites, sporopollenin fossils of Ephedra and a
high paleoclimatic index indicate relatively arid
climatic conditions (Fig.10) in the lower sub-
member of the 4™ member of the Shahejie
Formation (Walker, 1967, 1974; Cao et al., 2011;
Chen et al., 2021). In addition to the influence of
global climate change, the reduction in regional
precipitation and the increase in evapotranspiration
have created favourable conditions for the formation
of an arid climate.

Paleogeographic reconstructions suggest that the
Bohai Bay Basin was intermittently connected to the
seawater of the Pacific Ocean since the Cretaceous
Period (Hou et al, 2000; Wei et al., 2021).
Therefore, it is inadequate to establish the
mechanisms causing paleosalinity variation solely
from the perspective of paleoclimatic evolution.
Although extensive evidence of marine transgression
in paleontology, facies minerals, and elemental
geochemistry has been reported (He and Yu, 1982;
Li and Xiao, 1988), the period and location of
marine transgression events remain highly debated.
The most probable location is the northeastern
margin of the basin, which is bound by the Tanlu
Fault Zone (Cao et al., 2015).

The marine fossils indicate marine transgression
events during the depositional period of Es4" and
Es3" (Fig.10). The tectonic low sill between the
Liaodong Uplift and the Jiaodong Uplift is a low-
lying zone where the Eocene Bohai Bay lacustrine
system is interconnected with the Pacific Ocean
(Wang et al., 2015; Zhao et al., 2018). Consequently,
the pre-existing terrestrial lacustrine system was
linked to the ocean whenever the global sea level
rose by several tens of metres (Wei et al., 2021).
Reports of global sea level rise (Haq et al., 1987,
Miller et al., 2005) support our hypothesis. As
mentioned in the introduction, the model developed
by Wei et al. (2018) established a mechanism of
marine transgression on salinity, without discussing
the significance of coupled climatic and eustatic
evolutionary mechanisms on the salinity variation of
the Middle-Late Eocene watermasses.

Our study postulated that the salinity of the
watermass in the Zhanhua Sag undergoes a
transition from freshwater to brackish water during
the depositional period of Es4“ (after ~50.8 Ma).
This change in salinity is likely due to the arid
climate in the basin, leading to the gradual drying up
of salt lakes and increased evaporation compared to
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precipitation (Fig.11a). The disruption of the lake
basin by frequent marine incursion events (Wei et
al., 2018) during the depositional period of Es4Y
(before ~42.47 Ma), caused by global sea level rise
(Haq et al., 1987; Miller et al., 2005), provides an
explanation for the unusually high salinity values
(Fig.10). Until the depositional period of Es3" (after
~42.47 Ma), large-scale marine transgression replaced
intermittent marine incursion events, introducing
seawater, and maintaining the presence of salt in the
lake basin. Notably, the seawater injected into the
lake basin provided a brine source for evaporites
and reduced the drought threshold of the climate for
the formation of gypsum rocks. The climate during
this period was semi-arid and more humid than Es4"
(Fig.10). Thus, marine transgression events should
be considered as the primary factor controlling the
high salinity of salty water in Es4" and Es3", rather
than climate. The rise in sea level effectively fuelled
the salinity surge and injected marine ecology into
the original terrestrial lake basin (Fig.11b).
Subsequently, the continued decline in global sea

level marked the end of the marine transgression.
While intermittent sea level rises can sporadically
trigger transgressive events and contribute to the
presence of salts, the salinity of the lake is primarily
influenced by semi-arid climate, leading to the
formation of brackish water (Fig.11c). Until the sea
level drops far below the marginal sill, the lake was
completely isolated from the ocean, presenting an
independent lake ecology and watermass salinity
pattern. At this stage, the humid climate encourages
the salinity of the watermasses to transform into
freshwater (Fig.11d).

The climatic and eustatic mechanisms model can
provide a systematic theoretical pattern for
paleosalinity variation in all offshore basins. It is
evident that regional climate evolution is an
important causal factor in the basin salinity variation
when the offshore basin is completely unaffected by
marine incursions (patterns presented in Fig.11a—d).
This paper focuses on regional climate change and
its influence on watermass salinity through the
equilibrium relationship between evaporation and
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Fig.11 Models of climatic and eustatic mechanisms for paleosalinity variation during the Eocene Shahejie Formation in

Zhanhua Sag
The black arrow represents the ascending and descending directions, (a), (c), and (d) are mainly affected by climate, (b) is mainly controlled by
eustasy.

precipitation. However, when the offshore basin is paleoclimate and eustasy often occur simultaneously.
affected by marine transgression, the salinity of the Therefore, it is necessary to extensively explore the
watermass fluctuates due to the injection and main driving forces affecting the salinity variation
withdrawal of seawater. Notably, variations in  when applying this model.
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6 CONCLUSION

The paleosalinity in the Middle-Upper Eocene
Shahejie Formation in the Zhanhua Sag was
reconstructed using multiple-element geochemistry
proxies. The findings reveal the characteristics of
paleosalinity variation in the study area. The
conclusions of this study are as follows.

The Sr/Ba, B/Ga, and Couch’s paleosalimeter
can effectively differentiate between water body
with varying paleosalinity. Sr/Ba and B/Ga ratios
indicate salty water deposition from Es4" to Es3",
brackish water deposition during Es3™ and Es3Y and
freshwater deposition during Es2". The salinity
values of Couch’s method ranges from 3.1 to 11.9,
reflecting the overall characteristics of oligohaline
to mesohaline brackish water.

We investigated the temporal variation in
paleosalinity during the Middle-Upper Eocene Shahejie
Formation in the Zhanhua Sag, Jiyang Depression,
Bohai Bay Basin. All three paleosalinity proxies
showed very similar variation trends, specifically
the Sr/Ba and B/Ga ratios, after eliminating the
effects of carbonate-sourced Sr. These ratios
exhibited a clear upward and then downward trend
from the deposition periods of Es4" to Es2". Among
the five paleosalinity proxies, the B/Ga ratio had the
highest reliability and resolution in determining the
salinity types of water body in the study area. The
threshold  value-based result reflected three
paleosalinity types of water body in the study
interval: brackish water, salty water, and fresh water.

In the paleoenvironmental reconstruction of
offshore lacustrine basins, it is essential to determine
the main environmental driving forces through a
comprehensive analysis of salinity, climate and
eustasy. Unlike closed lacustrine basins, the paleosalinity
variation of offshore lacustrine basins is not solely
controlled by regional drought and humidity but also
depends on the coupling effect of regional climate and
eustasy. Therefore, only considering changes in
regional climate cannot accurately explain the
salinity variation of all offshore lacustrine basins at
any time. For example, the joint action of sea level
rise and regional climate drought can exacerbate the
surge of salinity, and an increase in water salinity
can also occur under humid climate conditions
during the marine transgression period. Therefore,
changes in climate and eustasy alone cannot indicate
paleosalinity variation. Conversely, only the
paleosalinity variation of offshore lacustrine basins
cannot be used to indicate paleoclimatic change.
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