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ARTICLE INFO ABSTRACT

Associate editor: Eva Stueeken Organic carbon burial in ancient lacustrine settings is a crucial source of petroleum resources. Unlike the marine
environment, the dynamics of organic carbon burial in the terrestrial realm are more complex due to the
interplay of global and regional climate-tectonic factors. There appears to be a potential linkage between
seawater incursion events (SWIEs) and the generation of lacustrine source rocks. However, reliable proxies to
reconstruct the frequency and extent of SWIEs are currently lacking. Here, we explore the potential of rhenium-
platinum group elements (Re-PGE) system as a novel proxy for determining SWIEs in the Nenjiang Formation of
the lacustrine Songliao Basin in China that is noted for its high-quality source rock. By comparing marine and
non-marine intervals, we validate the utility of Re-PGE fractionation patterns and osmium (Os) isotope com-
positions. Moreover, the Re/Ir ratios demonstrate two main episodes of quantitative seawater-lake water ex-
change. The comparison of variable indicators shows that the Re-PGE system is more sensitive to the changes in
water sources, thus providing detailed information of frequency and exchange amount. The inverse variation
between seawater contribution and total organic carbon content further implies that the massive sulfate influx
from SWIEs facilitated bacterial sulfate reduction in the sediment pile, which had the effect of recycling nutrients
(e.g., phosphorous) back into the water column. The SWIEs-triggered eutrophication induced a positive feedback
loop between productivity and hypoxia, creating ideal conditions for the preservation of organic carbon. Our
data reveals the detailed mechanism of SWIEs-triggered organic carbon burial and emphasizes the significant
role of SWIEs in generating economically important hydrocarbon reservoirs.
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1. Introduction

Organic carbon burial is widely regarded as a significant mechanism
in regulating the long-term global atmospheric-oceanic CO2-O, balance
(Holland, 1978; Berner, 1990, 2006; Henry et al., 2024). Historically,
marine organic carbon burial has been intimately linked to global
environmental changes (Berner, 2003, 2006). For instance, large
quantities of organic carbon were deposited in sedimentary basins along
continental margins during the greenhouse period associated with ocean
anoxic events (OAE) (Jenkyns, 1980; Kleme and Ulmishek, 1991).
Lacustrine organic carbon burial could also play a critical role in global
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carbon sequestration, particularly during OAEs, and lead to the preser-
vation of thick organic-rich mudstones or shales that serve as petroleum
resources (Xu et al., 2017; Zou et al., 2019). However, the dynamics of
organic carbon burial in lacustrine settings are more complex due to the
interplay of global and regional factors (Carroll and Bohacs, 1999), with
global climate change influencing lacustrine organic carbon burial rates
(Xu et al., 2017).

Recently, numerous case studies have shown that marine signals can
be detected in lacustrine source rock intervals (Xia et al. 2019). A
compiled analysis of the temporal distribution of lacustrine basins and
the volume of source rocks in China since the Permian reveals that a
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substantial portion (~2/3) of lacustrine source rocks were deposited
contemporaneously with possible records of seawater incursion events
(SWIEs) (Fig. 1; detailed information is provided in the Supplementary
Information). SWIEs have also been observed globally, including South
America, North America, and Africa (Roberts et al., 2017; Shiers et al.,
2017; Cui et al., 2023). Given their frequency, it is important to recon-
struct the detailed SWIE processes to elucidate the mechanisms of
organic carbon burial.

Geochemical proxies, paleontology records, and relative water-level
reconstructions are commonly used to identify SWIEs. However, these
methods cannot provide in-depth information regarding the frequency
and volume of the incursions. For instance, paleosalinity proxies like B/
Ga, Sr/Ba, and S/TOC can effectively identify SWIEs but have residence
times that are too long (106—107 yr) to detect the detailed processes of
SWIEs (Wei and Algeo, 2020). Additionally, changes in paleosalinity
indicators can occur due to evaporation without involving SWIEs. Other
geochemical indicators, such as S isotopes and elemental proxies, reflect
the distinct geochemical cycles of marine and lacustrine systems (Cao
et al., 2016; Xu et al., 2023). Nevertheless, isotope offsets and element
enrichments are typically heterogeneous at basin scale due to local
environmental variations, complicating the reconstruction of detailed
processes (Cao et al., 2016). Paleontological evidence derived from
microfossils and biomarkers can sometimes offer insights but is strongly
affected by preservation conditions and ecological evolution, making it
challenging to estimate the frequency and extent of SWIEs (Hu et al.,
2015; Xi et al., 2016).

In this study, we propose a new proxy based on the geochemical
behavior of rhenium and platinum group elements (Re-PGE) to track
changes in water sources within fine-grained mudstone systems. We
systematically analyze and compare the Re-PGE contents and Os isotope
ratios (*80s/1880s, Os;) in the Nenjiang Formation mudstones from the
SK-1n and SK-1s drill cores in the Songliao Basin of China, where SWIEs
have been well documented. Utilizing the Re-PGE system, we quantify
the seawater contribution during SWIEs and explore the possible
mechanisms underpinning SWIE-related lacustrine organic carbon
burial.

2. Materials and methods
2.1. Geological background and sampling

The Songliao Basin, located in Northeast China, is one of the largest
terrestrial inland basins developed during the Mesozoic, with ~2 km
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thick and an almost complete sequence of Cretaceous terrestrial strata
(Wang et al., 2013). During the deposition of the Nenjiang Formation,
the basin experienced a significant rise in lake level, reaching its
maximum depositional area (Fig. 2, Feng et al., 2010). Concurrently,
sea-level may have been over 200 m higher than present levels
(Ridgwell, 2005). The Nenjiang Formation Member I is the principal
source rock for the Daging Oil field in the Songliao Basin, where multiple
SWIEs have been recorded (Wang et al., 2013). This includes marine
fossil records such as foraminifera, calcareous nannofossils, brackish
dinoflagellates, and other marine and brackish-water fossils, as well as
marine algal biomarkers (Hu et al., 2015; Xi et al., 2016). In addition,
sulfur isotopes display an extraordinary negative excursion, implying a
substantial increase in sulfate content in the Songliao Basin due to SWIEs
(Cao et al., 2016; Xu et al., 2023). A high-precision stratigraphic chro-
nological framework based on CA-ID-TIMS U-Pb zircon ages (83.069 +
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Fig. 2. Geological map of the Songliao Basin in Northeast China and locations
of the SK1-n and SK1-s core (after Feng et al. 2010; Wang et al. 2013).
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Fig. 1. Temporal distribution of lacustrine source rock volume in China and global sea level change (after Ridgwell, 2005). The blue triangle points out the possible

evidence of SWIEs; detailed information is shown in the Supplementary Materials.
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0.044 Ma), coupled to a high-resolution astronomical time scale, in-
dicates a global correlation between the Nenjiang Formation and other
Cretaceous strata (Table S1) (Wu et al., 2014, 2022; Wang et al., 2016).
In this study, 48 mudstone samples were collected from the Nenjiang
Formation Member I and II of two drill cores, SK-1n and SK-1s, which are
separated by 77.35 km. The samples were recovered from the interna-
tional continental drilling project coring campaign in 2009 (Fig. 2). Out
of these, 22 samples were analyzed for Re-PGE. Six 6 samples from
Member II were collected at 10-m intervals, while 16 samples from
Member I (SWIE interval) were collected with increased sampling den-
sity based on biomarker content from Hu et al. (2015). The mudstone
samples were powdered without using any iron equipment for the
analysis of major elements, total organic carbon (TOC) content, PGE
abundance, and Re-Os isotope analysis (Table S1 and Table S2).

2.2. Major element analysis

For the major element analysis of mudstone samples, about 50 mg of
sample powder was dissolved in 250 mg lithium metaborate at 990 °C
for 20 min and then diluted to 100 mL by MQ water before element
analysis using an Inductively Coupled Plasma Optical Emission Spec-
trometry (ICP-OES) at the China University of Geosciences, Beijing
(Table S1). The relative accuracy of all elements was better than 5 %.

2.3. Total organic carbon (TOC) analysis

About 2 g of powders for each sample were treated with 2 M HCl to
ensure the complete removal of carbonate. The carbonate-free samples
were then rinsed with deionized water multiple times until a near-
neutral pH value was reached. After centrifugation, the decarbonated
sample residue was oven dried at 70 °C before analysis. Subsequently,
the TOC contents were analyzed using an Elementar Macro Cube
element analyzer at the China University of Geosciences, Beijing
(Table S2). The relative uncertainty was better than 0.5 % based on the
replicate analyses of an internal standard.
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2.4. Platinum group element abundance and Re-Os isotope analysis

About 0.2-0.5 g of powders for each sample were weighed together
with a mixed PGE spike (99Ru, 106Pd, 185Re, 19005, 1911y and 194Pt), then
sealed along with inverse aqua regia in Carius tubes and subsequently
heated to 240 °C for 24 h. The digested solution was then extracted for
Os using CCly. Iridium, Ru, Pt, Pd and Re were first purified by an AG50-
X8 resin to remove matrix elements (Li et al., 2014). The LN resin was
then used to separate Zr and Hf (Chu et al., 2015). The analysis of Re-
PGE abundances, except for Os, was performed on a secondary elec-
tron multiplier (SEM) on a Thermo Element 2/XR ICP-MS, while Os
isotope ratios were measured on a Thermo Triton Plus N-TIMS (negative
thermal ionization mass spectrometer) using SEM in peak-jumping
mode at the China University of Geosciences, Beijing. The Re-PGE
abundance data are shown in Table S1 and the uncertainties of Re-
PGE contents are reported as standard errors (2SE), based on 100 cy-
cles conducted by the mass spectrometer for each sample.

Paired initial 1870s/1%80s isotope ratios (Os;) were calculated using
the '87Re decay constant (Smoliar et al., 1996; A = 1.666 x 1071 yr‘l)
and the ages determined according to the floating astronomical time
scale (Table S1) (Wu et al., 2014, 2022). The Re-PGE patterns were
normalized to the values of the UCC (Fig. 3) (Chen et al., 2016). The
standard reference materials BHVO-2 and SBC-1 were analyzed along-
side the samples to monitor the chemical procedure, with results in
agreement with the recommended values (Chu, 2021; Wang et al.,
2022). Total blanks are lower than 1 % of Os, Pt, Pd and Re, except for Ir
generally less than 6 % with some samples having extremely low Ir up to
15 % (Table S3-4). It should be noted that inverse aqua regia digestions
of mudstones may leach non-hydrogenous Os (and presumably other
non-hydrogenous PGEs) from the detrital component of the samples,
potentially obscuring primary paleoenvironmental signals (Kendall
et al., 2006). To evaluate the potential influence of the detrital compo-
nent, the regressions between Re-PGE (including Re-PGE contents and
Osy) and Ti and Al contents were conducted, as the majority of Ti and Al
in sedimentary rocks are derived from detrital input. The poor linear
correlation of Re-PGE with Ti or Al (all R? < 0.15) shows that the Re-PGE
abundances and Os isotope compositions of the samples essentially are
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Fig. 3. Upper continental crust normalized Re-PGE patterns of the Nenjiang Formation. The dash line delineates the average seawater concentrations (data from

Ravizza, 2001) multiplied by 1000).

170



Z. Qin et al.
authigenic signals (Fig. 4).
3. Results

For the samples of the Nenjiang Formation, the Re-PGE data of two
samples were excluded due to their low TOC contents (<1 %), probably
failing to capture the authigenic signal (Baioumy et al., 2011). Subse-
quently, the Re-PGE patterns were normalized to UCC values, and based
on these results, the samples were categorized into two types (Chen
et al., 2016) (Table S1 and Fig. 3). Type I shows flat Re-PGE patterns
with all Re-PGE enrichment factors relative to UCC around 1. Type II is
characterized by being rich in Re but depleted in Ir (Fig. 3). The initial
18705,/1880s (Os;) values fluctuate in Member I from 0.48 to 0.74 and rise
slightly in Member II from 0.64 to 0.82 (Table S1). The TOC contents of
Type I remain stable, ranging from 1.03 to 1.78, and display a good
linear relationship with Re concentrations (Fig. 5A, R2 = 0.93). For
samples of Type II, TOC contents fluctuate from 0.38 to 7.91 (Table S2).

4. Discussion
4.1. Principle of the Re-PGE system in tracing the water source

4.1.1. Rhenium-platinum group elements

The distinct differences in Re-PGE patterns (Re, Pd, Pt, Ir, Os contents
and Re-Os isotope system) between marine and terrestrial environments
makes it possible to trace past SWIEs. For instance, the marine sedi-
mentary Re-PGE pattern is characterized by Re enrichment and Ir
depletion (Fig. 3), whereas the terrestrial Re-PGE pattern displays a flat
distribution with no enrichment (Re-PGEy¢c¢c ~ 1) (Baioumy et al., 2011;
Chen et al., 2016). In addition, these elements do not have long resi-
dence times in the marine system (PGEs ~ 10* yr and Re ~ 10° yr)
(Miller et al., 2011; Sharma, 2019), allowing them to respond rapidly to
seawater-lake water exchange, unlike salinity and sulfur-related proxies,
which have residence times > 10° yr (Wright and Colling, 1995).
Notably, Re and Ir, the characteristic elements of the two patterns, show
linear trends in response to salinity changes based on investigations of
modern estuaries (Anbar et al., 1996; Rahaman and Singh, 2010). This
indicates that both Re and Ir remain immobile during salinity change (i.
e., linear mixing), enabling their use in quantifying the mixing fraction
of water sources. In contrast, Os, Pt, and Pd are sensitive to salinity
changes (Levasseur et al., 2000; Cobelo-Garcia et al., 2008). Therefore,
the distinct geochemical cycling of Re-PGE in different water sources is
faithfully recorded in organic-rich sedimentary rocks, offering valuable
insights into changes in water sources. Importantly, Re-PGE elements
are not significantly mobilized during late-stage diagenesis or meta-
morphism, including coal formation. As a result, they do not cause
order-of-magnitude changes that would alter the overall pattern
(Baioumy et al., 2011). Furthermore, Re-PGE patterns of the sedimen-
tary sources are not affected by changes in weathering intensity, as the
Re-PGE pattern of the input source (i.e., UCC) remains constant; ex-
ceptions include meteorite impacts and large igneous province eruptions
(Peucker-Ehrenbrink and Jahn, 2001; Chen et al., 2016).

4.1.2. Osmium isotopes

Osmium isotopes are similarly valuable for discerning water sources.
Modern seawater has a highly radiogenic Os; composition of 1.06 (see
review of Sharma, 2019). The sedimentary Os; ratio is primarily deter-
mined by the balance between high Os; (~1.4) end-members, resulting
from continental weathering (Levasseur et al., 1999) and low Os; end-
members (~0.12) from magmatic and cosmic inputs (Turekian, 1982;
Peucker-Ehrenbrink, 1996; Sharma et al., 2007). Lacustrine systems
may receive less hydrothermal inputs from mid-oceanic ridge volca-
nism, so their Os isotope compositions are likely to be more radiogenic
than those of oceans (Cumming et al., 2012). In addition, Os concen-
tration in seawater is marginally higher than that in lakes (Baioumy
et al.,, 2011), meaning that SWIEs may supply lower Os; and raise Os
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contents to some extent. However, it should be noted that the Os content
and Os; are sensitive to local geology and weathering fluxes (Rooney
et al., 2016). Given this uncertainty in the Os cycle in lacustrine systems,
Os isotopes serve as a supplementary set of indicators for changes in
water sources instead of an absolute indicator (Jones et al., 2018).

4.2. Reconstruction of SWIEs: a case study on the Songliao Basin

4.2.1. Re-PGE patterns of marine vs. lacustrine sedimentary rocks

In the SWIEs interval of the Nenjiang Formation, there are two
distinct types of Re-PGE patterns (Fig. 3). Type I occurs in the non-
marine Nenjiang Formation Member II and exhibits UCC-like Re-PGE
patterns (Baioumy et al., 2011; Chen et al., 2016). By contrast, Type I is
from Member I, which corresponds to the SWIEs interval based on ma-
rine biomarkers (Fig. 6A, Hu et al., 2015). The Type II samples are
slightly enriched in Re and depleted in Ir, indicating a mixture of marine
and terrestrial sources. Based on findings from modern case studies, the
discrepancy between Type I and Type II is best explained as differences
in water sources, specifically the variation in seawater contribution to
the lacustrine basin (Baioumy et al., 2011). The Re-PGE pattern (Type II)
within the SWIEs interval is distinguishable from the non-marine one,
proving the reliability of the Re-PGE pattern in tracing SWIEs.

4.2.2. Estimation of seawater contribution during seawater incursion

To estimate the seawater contribution, a suitable proxy is required to
characterize the discrepancies in Re-PGE patterns. In this study, we
select the Re/Ir ratio due to the distinct depletion of Ir, which is a
prominent feature of the marine Re-PGE pattern. While other PGEs (Os,
Pt, Pd) exhibit hydrogenous enrichment in marine sediments, they do
not represent the Re-PGE pattern as effectively as Ir. However, their
relatively higher concentrations compared to Ir help reduce significant
uncertainties associated with blank corrections for Ir. Therefore, it is
valuable to discuss the advantages and disadvantages of using Ir versus
other PGEs as denominators in this context.

Regarding the immobile behavior of Re and Ir during seawater-lake
water exchange (Anbar et al., 1996; Rahaman and Singh, 2010), sedi-
mentary Re/Ir ratios appear to be well-suited for assessing seawater
contributions during water mixing. In addition to the characteristic
depletion of Ir in the marine Re-PGE pattern, it has no affinity to any
specific deposition process. As such, the accumulation of Ir is typically
used to evaluate deposition rates or discriminate condensation (Anbar
et al., 1996; Bruns et al., 1996). Thus, using Ir as a denominator can
minimize the impact of changes in input flux or sedimentation rates on
Re enrichment. In contrast, other PGEs like Pt and Pd, which have high
affinities for Fe-Mn oxides and organic carbon, respectively, are less
effective in this regard (Sharma, 2019). To represent the degree of Re
enrichment relative to average PGEs, we use a method analogous to that
applied for rare earth elements, employing the average Pt and Pd con-
tents as the denominator, i.e., 2Re/(Pt + Pd) (Fig. 6 E). The trends of Re/
Ir and 2Re/(Pt + Pd) are nearly identical, except for a deviation around
the 1051 to 1056 m interval. Specifically, the Re/Ir ratio peaks at 1061
m, while the 2Re/(Pt + Pd) peak occurs at 1051 m. During this interval,
Re/TOC, which represents changes in Re availability, also peaks at 1061
m. The highest Re reservoir size and depleted Ir content are more likely
linked to seawater contribution with similar characteristics. Therefore,
despite some significant procedural blank issues, the Re/Ir ratio appears
to be more suitable than 2Re/(Pt 4 Pd) based on theoretical and case
study results.

To confirm whether Re/Ir variation results from water mixing, three
criteria are applied. Firstly, the Re-PGE pattern should be consistent
with the mixing of marine and terrestrial sources, as demonstrated
above. Secondly, given susceptibility of Re to redox conditions, the Re-
TOC plot should be examined for reservoir changes to rule out redox
effects (Tripathy et al., 2015). Non-marine samples (Type I) show a
strong linear relationship (R? = 0.93, n = 6) in the Re-TOC plot, indi-
cating a stable lacustrine Re reservoir (Fig. 5A). By contrast, the Re/TOC
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in the SWIEs interval fluctuates, suggesting that seawater primarily
contributes to the Re reservoir rather than changes in redox conditions.
Thirdly, Os content and Os; variations should correspond with expected
changes, i.e., a slight increase in Os content and decrease in Os; (Fig. 5B),
corresponding to the Re/Ir peaks (Fig. 6C and D). As no evidence for
enhanced hydrothermal or cosmic inputs during this period was
observed, the additional non-radiogenic Os was, by inference, from

seawater. Thus, a straightforward mixing model can be carried out to
estimate the proportion of seawater inflow into the Songliao Basin.

To estimate the contribution of seawater during SWIEs, we applied a
two end-member mixing model to calculate the possible proportion of
the intruded seawater to the volume of Songliao basin. Thus, the
seawater contribution (Ksw) to the lacustrine basin volume can be
expressed as:
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R R
Kew — (I_re) sample (I_:3 )lacustrine
SW = Rey  _/Rey

Ir /marine 7( Ir )lacustrine

where (8¢). . represents the Re/Ir ratio of the mudstone sample,

(% )lacustrine T€Presents the Re/Ir ratio of the lacustrine sedimentary rock

sample, and ( represents the Re/Ir ratio of the marine sedi-

% )marine
mentary rock sample. (%)
of the Nenjiang Formation Member II as a representative of lacustrine
mudstone Re/Ir with the value range between 12.98 and 28.78
(Table S1); (B2) e Values were selected from the marine sedimentary
samples as per Baioumy et al. (2012), with the value range between
6400 and 16,000. Using a Monte Carlo method, the parameters
mentioned above were randomly selected 10,000 times to simulate the
value of Kgw and estimate the possible amount of seawater that intruded
into the Songliao Basin.

The results reveal two main episodes within the SWIEs interval, with
seawater contributing < 5 % of the basin volume (Fig. 7A). Likewise, the
Os isotopes reported by Jones et al. (2018) in the Qingshankou For-
mation of the Songliao Basin are inconsistent with coeval seawater,
suggesting that significant SWIEs in this formation were unlikely.
However, this does not exclude scenarios like those in the Nenjiang
Formation, where limited exchange between seawater and lake water
could occur. In such cases, Os isotope ratios would be only slightly
reduced rather than fully mixed with seawater. This estimation corre-
lates well with the anti-phase relationship between lake and sea level
presented by Zhang et al. (2022). Indeed, such a small seawater
contribution is insufficient to significantly impact lake levels. This
finding underscores the validity of the Re-PGE system in detecting subtle
changes in water source from marine to terrestrial systems.

values were selected from the samples

4.2.3. Supporting evidence for SWIEs: similarities and differences
Several indicators support the occurrence of SWIEs in the Nenjiang
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Formation Member I. At a depth of 1124 m, a decrease in the MTTCI
(a-methyltrimethyltridecyl chromans/ total methyltrimethyltridecyl
chromans) index shows increasing salinity change in the Songliao Basin,
consistent with the first Re/Ir peak (Wang et al., 2011). This change is
also accompanied by a shift towards more oxygenated conditions as
indicated by redox proxies (Pr/Ph, ratio of pristane to phytane), which
may have been caused by the influx of Op-rich seawater (Fig. 7A-C;
Wang et al., 2011). Hence, the coupled changes in Re/Ir, MTTCI and Pr/
Ph mark the initiation of SWIE at depth of 1124 m, dated to 85.15 Ma
(Wu et al., 2022). However, due to the long residence time (>106 yr) of
dissolved marine ions, such as Na*, CI~, Mg?*, K, Ca*" and SOZ",
relatively high salinity persists up to a depth of 1036 m, dated to 83.59
Ma (Wright and Colling et al., 1995). Within the same drill core, a
negative 5°4S excursion is observed only at the depth of 1100 m, which is
inconsistent with changes observed in other indicators (Fig. 7 D; Xu
et al., 2023). This lag in response may be due to the degradation of
organic carbon takes place preferentially via aerobic respiration, i.e.,
heterotrophic bacteria that use O, are more competitive compared to
bacteria that use sulfate (i.e., sulfate reduction) (Konhauser, 2007). In
comparison, Re/Ir, MTTCI, and Pr/Ph are closely connected to the car-
bon cycle and can respond rapidly to perturbations. Therefore, detecting
seawater incursions is more sensitive using proxies that reflect
geochemical signal mixing rather than those responding to perturba-
tions in geochemical cycling.

Following the first seawater incursion, the MTTCI and Pr/Ph indices
remain stable and even show some lag towards the end of SWIEs (Fig. 7;
Wang et al., 2011). Due to the extremely long residence time of these
substances, they persist in the basin long enough so that their signals are
not refreshed by subsequent seawater inflows. Consequently, their
response is less pronounced due to dilution by the existing signal,
making them less discernible in subsequent saltwater intrusions. In
contrast, the residence time of Re-PGE is much shorter (10*-10° yr), and
can even be further reduced by enhanced scavenging in anoxic basins

Seawater s : Sulfate reduction rate/
contribution (%) Salinity Oxygenation Sulfate reservoir size
- —> - — >+ - — + - — 4
83 I T T 1 [ OI T T T 1 I T 1 [ T T 1
| » ¢ (B) (C) "o (D)
° Q- o
¢ © A o
" ° q. *.",
[ T
[o} [} i
| ° o !
- . : ‘
o oo & \
> o o
:J/ % ° o ° .;'
g
2 - ¢ o € J2
<C i o » é
I p—o—! _— o o
e °©
g
85 i 8
P O g0
1ot
U L 1 | J L I | | I I | | J L | | I
0 2 4 6 1 0.8 06 04 0.2 00 1 2 3 -40 -20 0 20
Percentage (%) MTTCI Pr/Ph 8 **S (%o)

Fig. 7. Comparison of different proxies from Nenjiang Formation Member I during seawater incursion events interval. (A) Estimated seawater contribution to basin
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(Miller et al., 2011; Sharma, 2019). This characteristic renders Re-PGE
proxies more sensitive to seawater incursion, thus providing higher
resolution than the aforementioned proxies.

4.3. Lacustrine organic carbon burial dynamic boosted by seawater
incursions

Numerous case studies suggest that SWIEs may have a positive effect
on lacustrine organic carbon burial, although the underlying mechanism
(s) remains unclear (Wang et al., 2013; Wei et al., 2018; Xia et al., 2019).
High-resolution reconstruction of SWIEs using Re-PGE enables the
exploration of the lacustrine organic burial dynamics in response to
these events. The burial of lacustrine organic carbon is governed by the
balance between primary productivity and its export of organic carbon
(i.e., dead biomass) with bottom water preservation conditions, i.e.,
redox. Changes in the Pr/Ph ratio indicate that the bottom water
remained anoxic during SWIEs (Fig. 7C; Wang et al., 2011). Bottom
water anoxia favors organic carbon burial compared to bottom water
oxygenation. Thus, like today, primary productivity emerges as an
important controlling factor for organic carbon burial. Nutrient in-
dicators, such as P/Al and Ba/Al, from the coeval intervals support a
eutrophic state in the Songliao paleo-lake, as would be expected from
increased productivity (Liu et al., 2022).

Several pathways can lead to lake eutrophication, including
enhanced continental weathering or volcanic fluxes, additional nutrient
supply from seawater, and internal nutrient recycling. However,
enhanced terrestrial weathering flux, which would typically result in
more radiogenic Os isotopes, does not align with observed Os; variations
in the Nenjiang Formation Member I. Similarly, volcanic inputs would
cause an order-of-magnitude increase in Os input, which is not observed
(Turgeon and Creaser, 2008). Regarding nutrient supply from seawater,
previous studies inferred that elevated organic carbon burial during
SWIEs resulted from increased primary productivity caused by salinity
stratification (Wang et al., 2013; Wei et al., 2018; Xia et al., 2019).
Nevertheless, the inverse relationship between TOC contents and Re/Ir
ratios indicates that SWIEs did not directly contribute to primary pro-
ductivity or organic matter input (Fig. 6 A, B and D). In summary,
eutrophication in the Songliao Basin was not driven by external nutrient
inputs.

The concurrent decrease in TOC and Re/Ir peaks reveals a third
scenario: internal nutrient releasing from organic matter remineraliza-
tion (Fig. 6). Numerous investigations in analogous settings with
seawater incursions have demonstrated that the influx of oxidants, such
as dissolved O,, SO;~ and NOj, increases during the initial stages of
seawater incursion, thereby enhancing remineralization (Weston et al.,
2006, 2011; Neubauer et al., 2013; Herbert et al., 2018). At the first
stage of a SWIE, bottom organic matter would be consumed by dissolved
O, brought into the depositional environment by seawater. Once Oz was
consumed, sulfate reduction took place (see discussion above). In this
scenario, internal nutrients are released via organic matter reminerali-
zation, promoting lacustrine primary productivity (Wetzel, 2001;
Weissman et al., 2021). Indeed, it has recently been proposed that the
increased hydrogen sulfide (H2S) generated via sulfate reduction pref-
erentially strips P from buried organic carbon (Poulton 2017; Alcott
et al.,, 2019). Along those lines, multiple-S isotope modeling has
confirmed that sulfate concentrations increased by 12-46 times during
SWIEs, intensifying redox stratification in the bottom waters through
enhanced sulfate reduction (Cao et al., 2016; Xu et al., 2023). Eventu-
ally, increased organic export coupled to anaerobic respiration led to
conditions less efficient at total organic matter degradation.

As discussed above, we posit that SWIE-driven eutrophication es-
tablishes a positive feedback loop between productivity and hypoxia,
fostering ideal conditions for the preservation of organic matter.
Although many studies have demonstrated a strong correlation between
organic carbon burial and the Re cycle, it is important to recognize that
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semi-enclosed basins, such as those influenced by seawater incursion,
are not significant sinks for Re (<0.079 ng~cm_2~yr_l) compared to
anoxic-suboxic marine settings (0.45-1.93 ng-cm’z‘yr’l) (Sheen et al.,
2018). This discrepancy may be attributed to the limited availability of
Re in lacustrine settings, which complicates the direct association be-
tween Re and carbon burial. If the organic carbon burial mechanism was
induced by SWIEs, as presented in this study, and played an equal role in
other lacustrine basins, SWIEs could represent a new determining factor
in the lacustrine organic carbon burial, warranting further detailed in-
vestigations. During the approximately 2-million-year depositional
period of the Nenjiang Formation source rocks, ca. 3500 Gt of organic
carbon was buried, representing a significant organic carbon sink in the
regional carbon cycle (Wang et al., 2013; Xu et al., 2017; Zou et al.,
2019). As shown by the compilation of spatiotemporal lacustrine dis-
tributions and the volume of major organic-rich sedimentary rock units
in China, lacustrine source rocks from nearly two thirds of basins record
evidence pointing to SWIEs (Fig. 1). Given the absence of significant
regional tectonic activities or global climate changes (e.g., OAE3; ca. 87
Ma) during the deposition of the Nenjiang Formation Member I to
Member II (approximately 83-85 Ma; Wu et al., 2014, 2022; Wang et al.,
2016), SWIEs emerge as an alternative factor, beyond global and
regional climate-tectonic changes, in promoting lacustrine organic car-
bon burial and creating economically important hydrocarbon reservoirs.

5. Conclusions

This study demonstrates the potential of the Re-PGE system in
tracking changes in lake-seawater sources. The case study of the Son-
gliao basin shows that marine Re-PGE signals are consistent with pre-
viously established SWIEs, indicating their suitability and higher
resolution for application in geological samples. Using the optimized
proxy, the Re/Ir ratio, we successfully identified two peaks of SWIEs and
quantitatively estimated seawater contributions. The inverse relation-
ship between seawater contribution and organic carbon burial suggests
that sulfate input led to lake eutrophication. This, in turn, induced a
positive feedback loop between productivity and hypoxia, creating ideal
conditions for the preservation of organic matter. Hence, SWIEs repre-
sent another significant factor, beyond global and regional climate-
tectonic changes, in promoting the formation of economically impor-
tant hydrocarbon reservoirs in lacustrine settings.
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