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The Baiyun sag of the Pearl River Mouth Basin has become a focus for deepwater
exploration with the highest hydrocarbon potential in northern South China Sea.
The Eocene organic-rich mudstones are the main source rocks in the Baiyun sag,
and the evolution of their depositional environment remains unclear. Based on the
core and geochemical data, we investigated the depositional environments of the
Eocene Wenchang and Enping sediments in the Baiyuan sag and revealed the
sedimentary environment influences on the formation of the source rocks in the
study area. The results indicate that the sediments of the Wenchang and Enping
formations were deposited in dysoxic to oxic environments. Moreover, according
to the concentrations of salinity-sensitive trace elements, and §°C (-10.9%. to
-7.2%., average -8.58%,) and 80 (-18.4%. to -14.5%., average -17.1%.) values of
carbonate cement in the sandstone samples, the Wenchang and Enping
formations were in fresh water to brackish water conditions during their
deposition, with increasing salinity from bottom to top, which suggests that
the two formations were mainly deposited in lacustrine environment and the
Enping formation experienced a relatively extensive lake transgression. The
vertical variations of geochemical characteristics suggest that the Wenchang
and Enping formations were deposited under a semi-arid/warm condition and
all Eocene sediments experienced mild to moderate chemical weathering,
relatively large detrital input and stable paleowater depth. Both primary
productivity and preservation conditions played essential roles in controlling
the enrichment of organic matters in the Baiyun sag, and the preservation
conditions resulted from the restricted water setting. The present work provide
a comprehensive analysis of depositional environments based on the abundance
of high-resolution geochemical data. The results obtained reveal the dominated
factors controlling organic matter enrichment in the Baiyun Sag of the Pearl River
Mouth Basin. Those findings are not only significant for understanding the region'’s
paleogeography, but also provide guidance for future profitable oil and gas
exploration in the northern South China Sea and other similar areas.
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1 Introduction

The South China Sea (SCS) is the largest and deepest marginal
sea in the western Pacific Ocean (Sun et al., 2012). At the northern
continental margin of SCS, there are multiple extensional basins,
including the Pear] River Mouth Basin (PRMB) (Xie et al., 2014).
The Baiyun sag in the center of PRMB is a key exploration area in the
basin. Over the past three decades, several significant gas fields like
LW3-1 were discovered in the Baiyun sag, confirming it as the most
promising target of deepwater oil exploration in northern SCS (Mi
et al,, 2018; Xu et al, 2021). Many researchers have studied the
source rocks in the Baiyun sag from the perspective of provenance,
geological structure, sequence stratigraphy, depositional system,
geochemical characteristics, and pressure distribution/evolution
(Xie et al., 2014; Shao et al., 2016; Chen et al., 2018; He et al,,
2018; Kong et al., 2018; Lin et al.,, 2018; Zhao et al.,, 2018; Fu et al.,
2019; Ma et al., 2019; He et al., 2020; Yuan et al.,, 2021; Jiang et al.,
2022). The study on depositional system mainly focuses on the
provenance and sequence stratigraphy of medium-scale and large-
scale progradational braided deltas, beach bars, fan deltas and deep-
water fan system (Pang et al., 2007; Lin et al., 2018; Ma et al., 2019;
Wang et al,, 2019; Zeng et al., 2019). At present, the depositional
environment during the Enping Formation of the Baiyun sag in the
PRMB remains a topic of debate: 1) A restricted marine depositional
environment for the Baiyun and Liwan sags during the Enping
Formation (Miao et al,, 2013); 2) The Baiyun sag was a relatively
closed terestrial rifted lake basin with fresh water environment
during this time (Zeng et al., 2019; Shi et al., 2020). The reason
for the lack of study and controversial research on the sedimentary
environment is the limited availability of deep water samples. In this
study, we investigated the depositional environment using elemental
geochemistry of the sediments from the Eocene Wenchang and
Enping formations in the Baiyun sag, with an aim to provide
valuable reference to the prediction of high-quality source rocks
(terrestrial organic matter and mixed organic matter) and thus
support future petroleum exploration and development in the
northern SCS.

High-quality source rocks provide materials for the formation of
medium-large reservoirs and also record the evolution of
paleoenvironment (Zhao et al., 2021). Paleoenvironment can be
determined by analysis of lithofacies and elemental geochemistry of
the source rocks (Vincent et al, 2006; Ma et al., 2016). The
paleoenvironment can be accurately and efficiently reconstructed
from major elements, trace elements, and their ratios (Moradi et al.,
2016). Many scholars used the concentrations and/or ratios of
elements to investigate the paleoredox (U, Mo, Ni, V, Cr, Co, Fe,
Cu, Zn and Re), paleosalinity (Sr, Ba, B and Ga), paleoclimate
(C-value), paleoweathering (chemical index of alteration, CIA;
chemical index of weathering, CIW; plagioclase index of
alteration, PIA) and paleoproductivity (Ba and P) (Nesbitt and
Young, 1982; Cao et al, 2012; Algeo and Li, 2020; Wei and
Algeo, 2020a; Bennett et al, 2020; Liu et al, 2020). Clearly,
elemental geochemistry can be embraced to determine the
depositional conditions and organic matter enrichment of source
In addition,

environmental factors controlling the distribution of rare Earth

rocks. paleoclimate and paleoredox are the

element (REE) in fine-grained sediments (Tanaka et al, 2007;
Zanin et al., 2010; Bai et al., 2015; Wang Z. et al., 2018).
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In this paper, the elemental geochemistry of the Eocene
Wenchang and Enping sediments in the Baiyun sag is analyzed
by X-ray diffraction (XRD) and inductively coupled plasma-mass
(ICP-MS). On this basis, the

paleoclimate, paleoweathering, and

spectrometry
paleosalinity,

paleoredox,

paleoproductivity are discussed, and the principal mechanisms
of organic matter enrichment and the depositional environment
are discussed.

2 Geological setting

PRMB is the largest basin in the continental margin of
northern South China Sea. It was formed by rifting of the
South China Block during the Paleogene and subsequent
subsidence during the Neogene. The Baiyun sag is located in
the deepwater area of the Zhu II Depression of PRMB. It is
adjacent to the Panyu Uplift to the north, the Dongsha Uplift to
the northeast, the South Uplift to the south, and the Yunkai Low
Uplift to the west (Figure 1) (Ma et al., 2019). As the largest and
deepest sag in the basin, the Baiyun sag covers an area of over
20,000 km?, with a water depth of 200-3000 m (Chen et al.,
2015).

The Baiyun sag experienced two major tectonic stages during the
Cenozoic: rifting in the Eocene and post-rifting in the early
Oligocene to Quaternary (Figure 2) (Jiang et al, 2022). The
Eocene strata comprise, from bottom to top, Wenchang (E,w)
and Enping (E,e) (Figure 2) (He et al, 2018; Kong et al,, 2018).
During the deposition of the lower and middle members of the
Enping Formation, a number of small-to medium-scale braided
deltas, fan deltas, and beach bars depositd in the Baiyun sag,
however, the sediments deposited in three stages large-scale
progradational braided delta during the upper Enping Formation
in this area (Zeng et al.,, 2019). The sediments from the Eocene
Wenchang and Enping formations in the Baiyun sag mainly derived
from felsic source rock (Ma et al.,, 2019). The provenance of the
Wenchang Formation were mainly provided by the intrabasinal
uplift regions (Ma et al, 2019), Dong River and Bei River
transported sediments into the Baiyun Sag during the upper
Enping Formation (Ma et al, 2019; Wang et al, 2019; Zeng
et al.,, 2019).

3 Samples and methods
3.1 Samples

A total of 14 cutting samples were collected from Wenchang and
Enping formations of wells PY27, PY33, BY13, LH29, and LW21
(Table 1 and Table 2). The samples were washed with distilled water
to remove possible contaminations and then air-dried. The
mudstone samples were crushed to 200 mesh powder by using a
mill with tungsten carbide rolls; a part of powder was dried in an
oven, weighed and then used for testing the major and trace
elements. Geochemical data of other samples are cited from Li
et al. (2020). For the data in the figures of this study, the samples of
Wenchang Formation are in green colour and Enping Formation are
in blue colour.
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FIGURE 1

Tectonic units of the Pearl River Mouth Basin, and the sampling locations in the Baiyun sag (modified from Zhu & Mi, 2010).

3.2 Methods

Major elements were determined using a fully automated
sequential wavelength dispersive X-ray fluorescence spectrometer
(AXIOS, PANalytical B.V., Netherlands), at the Key Laboratory of
Desert and Desertification, Northwest Institute of Eco-Environment
and Resources, Chinese Academy of Sciences (CAS), according to the
procedure provided by He et al. (2016). First, 4 g powdered samples
were weighed and pressed into a 32-mm-diameter pellet at 30-t
pressure. Then, the pellet was stored in desiccator to be analyzed by
using a Super Sharp Tube. The estimated accuracy of analysis is >1%.

Trace elements and rare Earth elements (REEs) were determined
using ICP-MS (Thermo-elemental, USA) at the Key Laboratory of
Tibetan Environment Changes and Land Surface Process, CAS,
according to the procedure provided by Ma et al. (2019). The samples
were completely digested in pressurized acid using a mixture of HNO;
and HF. The minimum detection limit of the instrument is less than
1 ppb. The relative error is +6%. The REEs were normalized to chondrite.
The Eu/Eu* anomaly was determined by OEu=Eu/Eu*=2xEuy/
(Smy+Gdy). The Ce/Ce* anomaly was determined by &Ce=Ce/
Ce*=2xCen/(Lan+Pry) (Taylor and McLennan, 1985; Ma et al., 2017).

Element enrichment factors (EFs) were calculated according to
Xep=[(X/Al) gampie/ (X/ADpaas], where X and Al represent weight
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percent of elements X and Al, and the subscripts of sample and PAAS
denote the sample under study and the Post-Archean Australian Shale
(PAAS) standard (Taylor and McLennan, 1985), respectively.

The carbon and oxygen isotope (8"°C and §'*0) compositions of
carbonate cements of sandstone samples were analyzed using a
Thermo Finnigan MAT252 mass spectrometer at the Key
Laboratory of Petroleum Resources, Gansu Province. The
samples were then allowed to react with 100% orthophosphate at
a temperature of 90°C, and then the CO, generated from the
samples was collected, dried and purified. The values of the
carbon and oxygen isotopes analyses were reported relative to the
Pee Dee Belemnite (PDB) standard. Isotopic results of the samples
are presented in the usual § notation as the per mil (%o), 8= (Rgample/
Rstandara-1) x1000%o, where R is either the isotopic carbon or oxygen
ratio, (**C/*C) or (**0/'0), respectively.

4 Results
4.1 Major elements

The major element contents are listed in Table 1 and the
Supplementary Data from Li et al. (2020). The studied samples
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FIGURE 2

Chronology and lithostratigraphy in the Pearl River Mouth Basin. (modified after Kong et al., 2018).

are found with different contents of major elements. The SiO, and
Al O; contents are high, being 45.1%-84.99% (avg. 63.01) and
4.34%-24.13% (avg. 16.94), respectively, which may be attributed
to the large amount of detrital quartz and clay minerals. The total
iron (Fe,O5") content ranges from 1.02% to 23.49% (avg. 5.51),
which may relate to the abundance of iron oxide heavy minerals and
partly to Fe-containing clay minerals. The MgO and CaO contents
show wide ranges, with the former related to the presence of
dolomitic materials (mainly ferrodolomite), and the latter mainly
attributable to carbonate cement, rock fragments and diagenesis of
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plagioclase. Almost all samples exhibit much more K,O than Na,O,
reflecting probably the relative abundance of potassium feldspar. On
the log (SiO,/Al,03) versus log (Na,O/K,0) diagram (Pettijohn
etal., 1972, 1987) (Figure 3A), the samples are mostly plotted in the
greywacke, litharenite and arkose areas, and a few in the subarkose
area. On the log (SiO,/ALO;) versus log (Fe,03/K,0) diagram
(Herron, 1988) (Figure 3B), most of the samples are tightly
clustered in the shale and wacke areas, with a low SiO,/Al,Os,
while the other samples are plotted in the Fe-shale, Fe-sand,
litharenite, arkose, sublitharenite and subarkose areas. According
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TABLE 1 Major element compositions of the Eocene mudstones from the well of PY27, PY33, BY13, LH29, and LW21 in the Baiyun sag.
Formation

Well name
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to the stratigraphic column of the borehole, the lithology of the
samples in this study mainly includes mudstone, sandstone, siltstone
and few silty mudstone.

4.2 Trace elements

The trace element concentrations of the samples are listed in
Table 2 and the Supplementary Data from Li et al. (2020).

4.2.1 Transition trace elements (TTEs) (Cu, Zn, Ni,
Co, Sc, V, Cr)

Transition trace elements such as Ni, Co, Sc, V and Cr exhibit
similar behaviors in magmatic process, but fractionate
independently due to weathering (Feng and Kerrich, 1990). They
were measured separately in this study. Strong positive correlation is
found among Sc, V, Cr, Co, and Ni. The Sc and Co contents retain
around the PAAS (Post-Archean Australian Shale) and UCC
(Upper Continent Crust) values, but stay at the lower levels. The
samples have lower Zn content than the PAAS and UCC values,
except for two samples that have very high Zn content. Majority of
the samples demonstrate a Cu content lower than the PAAS value
but similar to the UCC value. The V and Cr contents are generally
lower than the PAAS and UCC values.

4.2.2 Large-ion lithophile elements (LILEs) (Cs, U,
th, Sr, Ba, Rb, Pb)

Large-ion lithophile elements such as Cs, Th and Rb are variable
in abundance relative to PAAS and UCC. The average Cs and Th
contents are lower than the PAAS and UCC values. The average Rb
content is higher than PAAS and UCC values. The U content is
generally similar to the PAAS and UCC values. The Ba content is
about two orders of magnitude higher than the PAAS and UCC
values for three samples from the Enping formation and three
samples from the Wenchang formation. The samples (except for
one) have Pb content higher than the PAAS and UCC values. Sr, Ba
and Rb are probably common in alkali feldspar (e.g., Gotze, 1998).
Additionally, most samples reveal a significant Sr depletion relative
to UCC, consistent with the relative Ca depletion, which implies that
plagioclase minerals in the source rocks of these samples were
decomposed due to weathering (Gao and Wedepohl, 1995).

4.2.3 High field-strength elements (HFSEs) (Nb, ta,
Zr, Hf, Y)

High field-strength elements such as Zr, Nb, Hf and Y are
preferentially partitioned into melts during crystallization and
anatexis (Feng and Kerrich, 1990); therefore, they tend to be
enriched in felsic rocks rather than mafic rocks. Most of the
samples exhibit similar Nb, Ta, Hf and Y. The Zr content varies
in a broad range, and a high Zr content may indicate recycled or
fractionated sediments (McLennan et al., 1993). Hf is closely related
to Zr, and both elements are controlled by zircon, which is
fractionated by sorting due to resistance to weathering and high
specific gravity (El-Bialy, 2013). The average Hf concentration for
the samples is lower than PAAS and UCC, while the average Nb and
Y concentrations are lower than PAAS but higher than UCC.

As shown in the Supplementary Data (S1) in this study, the
vertical distributions of Ugp, Vgp, Crgp, Cogp, Nigp, Cugp, Zngp
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TABLE 2 Results of trace elements contents of the Eocene mudstones from the well of PY27, PY33, BY13, LH29, and LW21 in the Baiyun sag.
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Well name PY27 PY33 PY33 PY33 BY13 LH29 LH29 LW21 LW21 LW21 LW21 Lw21 Lw21
Formation Enping Enping Enping Enping Enping Enping Enping Enping Enping Enping Wenchang Wenchang Wenchang Wenchang
Depth 46286 m  42932m  4295m  509Tm 2653 m  3110-3119m  3740-3149m  3586-3589 m  3646-3649 m  3667-3669 m  3763-3766 m  3865-3868 m  3949-3952 m

Li 27.85 2189 1589 4450 168.8 61.89 70.09 7084 9249 8297 86.11 3275 2878 2443
Be 3.53 3.80 6.91 548 3.39 1.96 195 3.06 2.90 3.15 273 2.38 2.20 2.62
Sc 13.13 1457 16.25 14.98 10.88 1149 12.97 1243 1191 13.04 13.67 13.13 12.67 11.93
Ti 4642 4921 5920 5164 3426 3092 3715 3273 2972 3548 3594 4661 4712 3519
v 98.51 1049 111 1065 87.13 80.94 876 107.2 1015 938 90.09 8931 8445 70.07
Cr 43.57 69.53 74.09 62.49 15.98 52.95 55.51 66.03 52.62 50.45 40.52 40.27 36.52 30.54
Co 17.41 8.91 5.39 10.21 10.62 10.11 10.52 10.96 8.73 11.36 10.98 11.91 13.00 8.91
Ni 13.20 2143 17.17 19.73 6.98 3621 3113 37.93 30.07 27.60 30.55 2134 17.27 15.73
Cu 18.49 2551 21.09 28.90 272 2161 2145 3284 3014 2037 2299 15.97 15.90 15.15
Zn 4758 85.86 9163 8167 1183 92.00 185.7 108.4 7691 8163 1239 1011 87.94 105.8
Ga 21.27 23.94 29.72 24.14 28.31 15.86 18.20 21.35 20.62 21.78 22.42 20.30 19.43 20.19
As 4.60 5.95 6.46 7.40 198 9.14 7.63 12.18 973 11.90 690 9.74 10.94 14,57
Rb 2259 2175 3122 2913 176.4 1059 111.0 187.1 177.8 1725 167.4 1646 1493 1823
sr 83.93 103.0 1358 1264 163.9 3102 307.9 2413 117.2 1039 151 65.44 5244 9742
Y 28.97 41.88 30.27 42.02 10.05 16.54 18.96 22.77 22.43 23.48 21.08 24.89 22.96 2591
Zr 443.1 238.2 2209 290.2 156.6 103.5 1474 112.1 90.72 116.2 103.6 4282 279.8 2024
Nb 16.71 2220 2652 2237 8.61 9.50 11.50 14.39 12.26 14,59 13.25 16.09 16.08 16.27
Mo 158 076 0.82 0.46 117 282 234 112 073 120 140 1.07 124 1.60
cd 0.08 004 0.09 021 012 016 026 014 010 0.06 010 0.07 0.10 013
Sn 415 7.07 831 636 129 2.80 2.89 499 446 475 3.87 3.59 3.11 372
Cs 15.37 3230 3939 3232 2076 11.85 9.94 2371 2296 21.61 13.50 7.70 6.56 9.16
Ba 596.4 484.8 1159 501.6 7288 486.3 558.7 1348. 7173 1121 1006 1148 763.6 2836
La 4215 4973 57.18 57.68 3151 2410 29.99 3835 35.84 4284 38.70 47.97 4139 4342
Ce 81.05 9736 1034 1144 5871 53.16 66.06 81.49 76.04 88.51 8033 97.99 81.86 89.40
Pr 9.05 10.66 10.89 12.64 558 5.50 679 8.37 803 9.51 8.47 10.61 9.12 9.50
Nd 3363 4027 38.80 4732 2012 2071 2532 3114 2974 3510 3158 39.50 3377 3516
Sm 6.26 8.14 6.36 9.42 343 404 493 5.85 573 658 5.80 7.46 625 674
Eu 126 129 120 1.80 095 083 099 107 1.05 L6 1.06 128 124 120

(Continued on following page)
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TABLE 2 (Continued) Results of trace elements contents of the Eocene mudstones from the well of PY27, PY33, BY13, LH29, and LW21 in the Baiyun sag.

Well name PY27 PY33 PY33 PY33 BY13 LH29 LH29 Lw21 Lw21 Lw21 Lw21 Lw21 LW21 Lw21
Formation Enping Enping Enping Enping Enping Enping Enping Enping Enping Enping Wenchang Wenchang Wenchang Wenchang
Depth 46286 m  42932m  4295m  509Tm 2653 m  3110-3119m  3140-3149m  3586-3589 m  3646-3649 m  3667-3669 m  3763-3766 m  3865-3868 m  3949-3952m  4048-4050 m
Tb 0.77 118 0.90 126 035 054 0.67 076 074 078 074 0.89 0.80 0.89
Dy 484 7.14 521 7.50 197 320 375 436 430 451 414 496 444 5.00
Ho 1.02 144 1.03 148 037 0.62 0.70 084 083 088 079 0.94 0.83 0.96
Er 3.20 429 3.06 438 1.03 181 204 244 241 2.57 226 272 245 274
Tm 0.50 0.63 0.45 0.63 0.15 0.26 0.29 0.35 0.36 0.38 0.33 0.41 0.36 0.40
Yb 3.60 426 2.99 430 1.04 177 208 238 237 2.56 2.22 291 249 276
Lu 0.55 0.62 0.44 0.63 0.16 0.26 0.30 034 035 037 032 044 0.38 0.40
Hf 1115 646 593 7.64 425 285 4.00 311 267 327 292 10.70 7.31 532
Ta 138 2.04 2.29 193 0.58 0.75 0.87 122 1.02 1.20 101 123 122 122
] 1.03 115 154 132 0.90 053 055 1.03 091 083 084 0.85 0.76 095
Pb 2378 3593 3855 32.80 30.09 2114 2230 39.15 37.41 3456 3226 2575 2213 4201
Bi 0.46 1.09 129 095 0.32 042 043 082 077 078 063 0.50 0.50 0.54
Th 17.01 2843 3201 2613 13,51 12.13 13.96 2027 19.21 2069 18.89 22.09 17.16 19.59
U 5.07 6.66 7.38 7.10 5.15 273 3.09 3.61 3.82 327 3.12 431 3.55 3.79
SREE 22191 276.05 268.48 313.85 138.10 136.96 167.19 205.44 195.10 22445 20268 249.04 213.64 230.28
YLREE/YHREE 357 3.02 435 345 676 379 405 425 404 451 452 463 434 413
(La/Sm)y 423 3.84 525 385 578 375 382 413 3.93 410 420 405 416 405
La/Yb 11.72 11.68 19.12 13.43 30.33 13.59 14.42 16.09 15.10 16.72 17.42 16.50 16.60 15.71
(La/Yb)y 7.90 7.87 12.89 9.05 2045 9.16 9.72 10.85 10.18 11.27 11.74 1113 1119 10.59
(Gd/Yb)x 114 136 157 158 209 164 167 167 166 165 176 168 171 1.70
SEu 0.67 0.50 0.57 0.61 092 0.65 0.64 059 0.59 059 059 0.57 0.64 0.57
8Ce 0.95 097 0.94 0.98 0.99 107 107 1.05 1.04 101 1.02 1.00 0.97 102
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Al,O3) vs. log(Fe,03/K,0) diagram (B); after Herron, 1988), the data of well 1, 3, 5,7, 9 and 11 are from Li et al. (2020), the samples of Wenchang Formation
are in green colour and Enping Formation are in blue colour and the following figures are the same.

Mogr and Mngg are as follows: Ugg (0.73-2.45, avg. 1.38), Vgg
(0.27-0.74, avg. 0.51), Crgg (0.09-5.61, avg. 0.52), Cogg (0.18-7.07,
avg. 1.01), Nigg (0.09-7.88, avg. 0.63), Cugr (0.28-12.81, avg. 0.82),
Zngr (0.46-35.3, avg. 2.23), Mogr (0.4-184, avg. 6.3), Mngg
(0.08-7.98, avg. 0.73). It can be seen that Mo is strongly
enriched, U and Zn are moderately enriched, and Co is weakly
enriched.

4.3 Rare Earth elements (REEs)

The XREE ranges from 42.03 to 327.77 ppm (avg. 202.38 ppm)
(Table 2). The XLREE/ZHREE ratio is 1.15-4.87 (avg. 3.85) for the
Wenchang samples and 3-6.76 (avg. 3.97) for the Enping samples
(Table 2). The chondrite-normalized REE patterns of the samples
from Wells PY27, PY33, BY13, LH29 and LW21 exhibit enrichment
of LREE ((La/Sm)x=3.75-5.78; La/Yb=11.68-30.33; (La/
Yb)n=7.87-20.45) and almost flat distribution of HREE ((Gd/
Yb)n=1.14-2.09 or avg. 1.63) (Figure 4). The Eu/Eu* anomaly
generally varies from 0.5 to 0.92 (averaging 0.629) (Table 2). The
Ce/Ce* anomaly varies from 0.94 to 1.07 (average 1.01) (Table 2).
The REE patterns of other samples from Wells 1, 3,5,7,9 and 11 are
described by Li et al. (2020).

5 Discussion
5.1 Paleoredox

Trace elements are sensitive to redox in sediments and
controlled by the redox conditions during deposition, so their
contents or ratios can be used to reconstruct the paleoredox
environment (Jones and Manning, 1994; Deng et al., 2019; Zhang
et al., 2020, Zhang et al., 2021 X;; Qadrouh et al., 2021; Hou et al,,
2022; Wu et al,, 2022). By studying the REE, Shields and Stille (2001)
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noted that diagenesis could change the Ce anomaly and lead to a
stronger positive correlation between Ce/Ce*y and Eu/Eu*y as well
as between Ce/Ce*y and ZREE, and a negative correlation between
Ce/Ce*y and Dyy/Smy. Correlation results show that the samples
from the Baiyun sag have a relatively poor correlation between Ce/
Ce*y and Eu/Eu*y (R? of 0.0235), between Ce/Ce*y and ZREE (R? of
0.0123) and between Ce/Ce*y and Dyy/Smy (R* of 0.0306), which
indicate the sediments in the Baiyun sag are in the stage of early
diagenesis. Therefore, the influence of diagenesis on REE
distribution can be ignored. The dissolution and precipitation
amounts of U, Mo, Ni, V, Cr, Co, Fe, Cu, and Zn are variable in
different redox environments (Jomes and Manning, 1994;
Tribovillard et al., 2006; Zeng et al.,, 2015). U**, V', Mo®', and
Fe®" easily migrate in oxic seawater, whereas U**, V**, Mo*", and Fe**
easily precipitate under reducing conditions (Pan et al., 2020). The
enrichment of Mo requires the presence of H,S and the Fe-Mn
(oxyhydr) oxides shuttle can accelerate this process (Perkins and
Mason, 2015; Zhu et al,, 2022). Hallberg (1976) believed that the
(Cu+Mo)/Zn ratio is >2 in reducing environment and <2 in oxic
environment. The basis of this parameter is that for sediment
(H,S  present), the
precipitation of Cu is more favourable than Zn due to the

deposited in anoxic environments
solubility products of their sulphides (Jones and Manning, 1994).
The (Cu+Mo)/Zn ratio is 0.01-1.28 (avg. 0.3) for the Enping
samples and 0.06-0.59 (avg. 0.25) for the Wenchang samples,
indicating that the mudstones in the study area were mainly
deposited under oxic conditions.

Ni and Cr are stable under various redox conditions, while V can
precipitate under reduction conditions and dissolve under oxidation
condition (Hatch and Leventhal, 1992; Arthur and Sageman, 1994).
Under euxinic conditions, Cr will be reduced and exported to the
sediments as insoluble Cr,O5; or Cr(OH); in euxinic conditions
(Algeo and Rowe, 2012; Yan et al., 2021). In an oxic environment, V
is present mainly as V (V) in vanadate oxyanions (HVO,> and
H,VO,"), while under anoxic/euxinic conditions, V (V) is reduced
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to V(IV) by reaction with H,S, humic acid, or fulvic acids, and
precipitate in the sediments as an insoluble oxide (V,0;) or
hydroxide (VO(OH),, V(OH);) phase (Perkins and Mason, 2015;
Pan et al., 2020; Yan et al., 2021). Moreover, these H,S and acids are
derived mainly from the evolution of organic matter (Pan et al,
2020). Both Ni and V can be fixed in sediments by the formation of
tetrapyrrole complexes and is a common constituent in crude oils
(Jones and Manning, 1994; Perkins and Mason, 2015). Therefore,
the ratios of V/(V+Ni), V/Cr, Ni/Co are effective indicators of redox
conditions (Jones and Manning, 1994; Tribovillard et al., 2006).
Previous studies proposed different criteria for V/(V+Ni), according
to Hatch and Leventhal (1992) and Wu et al. (2022), a high V/
(V+Ni) value (>0.84) reflects water column stratification and
indicate anoxic bottom water, and this value range from 0.54 to
0.72 reflects a dysoxic environment with weak stratification of the
water column, while a low value (0.46-0.60) reflects an oxic
environment. In this study, V/(V+Ni) <0.6 indicates an oxygen-
rich environment, V/(V+Ni) of 0.6-0.84 reflects an oxygen-poor
environment with weak water stratification, and V/(V+Ni)
>0.84 indicates an anaerobic reduction environment with water
stratification (Zhang et al., 2020). V/Cr <2 indicates an oxygen-rich
environment, V/Cr of 2-4.25 indicates an oxygen-poor weak
reducing environment, and V/Cr >4.25 indicates a strong
reduction environment (Zhang X. et al., 2021). Moreover,
Ni/Co <5.0 reflects an oxidizing environment, Ni/Co of
5.0-7.0 reflects a suboxic to dysoxic environment, and Ni/
Co >7.0
Manning, 1994). As shown in S1 in this study, and Figures 5, 6,
the V/(V+Ni) ratio is 0.71-0.91 (avg. 0.82) and 0.15-0.93 (avg. 0.68) for
the Wenchang and Enping samples, respectively, which suggests that

reflects a reducing environment (Jones and
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the oxidability of the water body was stronger during the deposition of
the Enping formation than that of the Wenchang formation.

The V/Cr ratio is 0.94-5.05 (avg. 2.39) for the Wenchang
samples and 0.12-6.6 (avg. 1.56) for the Enping samples (S1),
suggesting that both formations were deposited in an oxygen to
oxygen-poor environment. The Ni/Co ratios of the Wenchang and
Enping samples are 0.04-3.33 (avg. 1.31) and 0.22-10.43 (avg. 2.31)
(S1), respectively, indicating an oxidizing environment.

Both Th and U are oxychalcophile lithophile elements. U exists
as dissolved U°* in oxidized water, and the dissolved U®" in reduced
water is often reduced to insoluble U**, forming autogenous U
minerals (Langmuir, 1978; Calvert and Pedersen, 1993; Jones and
Manning, 1994; Kimura and Watanabe, 2001; Cao et al., 2021). In
contrast, Th exists as soluble Th** regardless of highly reducing
conditions or oxidizing environments and has usually a detrital
origin associated with clay minerals (Zhang L. et al., 2021). U/Th can
reflect redox conditions—the lower the value, the stronger the
reducibility. U/Th <0.27 reflects an oxic environment, U/Th of
0.27-0.50 reflects a dysoxic condition, and U/Th >0.50 reflects an
anoxic environment (Wignall and Twitchett, 1996). Figure 5,
Figure 6 and S1 show that the U/Th ratios of the Wenchang and
Enping samples are 0.15-0.32 (avg. 0.21) and 0.13-0.38 (avg. 0.22),
respectively, suggesting an oxic environment. Moreover, (Cu+Mo)/
Zn, V/(V+Ni), V/Cr and Ni/Co were also combined with U/Th to
understand the depositional environment of the Wenchang and
Enping formations. In Figures 7A-D, all (but a few) samples are
plotted in a dysoxic-oxic environment, which is consistent with the
results derived from the ratios of redox-sensitive trace metals. The
same findings can be obtained from the diagrams of Ni/Co-V/Cr
(Figure 7E) and Ni/Co-Mo (Figure 7F), which suggests a dysoxic to
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oxic environment. Moreover, the paleoredox indices vary obviously
in the vertical direction (Figure 5, Figure 6), and the ratios of V/
(V+Ni), V/Cr and U/Th tend to decrease upward in the target
intervals (Figure 5, Figure 6), implying a gradual evolution from
weak oxidizing condition to strong oxidizing condition.

Some proxies, such as Ugg, Vg, Crgp, Cogp, Nigp, Cugg, Zngg,
Mogg, Mngg, can be used to establish the specific redox thresholds
and variations for sediments and/or sedimentary rocks, but they
should be normalized and calibrated depending upon formations
(Algeo and Maynard, 2004; Tribovillard et al., 2006; Algeo and Li,
2020; Liu et al,, 2022). The enrichment factors (EFs) of elements
shown in Figure 5, Figure 6 and Sl are calculated by: Xgp=(X/
ADgampie/ (X/Al)standard>» Where Xgr represents the enrichment factor
of trace metal, and “standard” refers to PAAS. In practices,
EF <1 represents depleted concentrations, EF >3 represents
detectable enrichment over average crustal concentrations, and
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EF >10 represents moderate-strong enrichment (Tribovillard
et al,, 2006; Li L. et al., 2019). Additionally, the Ugg-Mogr plot
(Algeo and Tribovillard, 2009; Li L. et al, 2019) is used for
determining the redox degree, and it can also be used for
identifying the water retention degree. For the Wenchang and
Enping samples, Ugg is 0.92-2.16 (avg. 1.34) and 0.73-2.45 (avg.
1.42), respectively, and Mogg is 0.43-5.62 (avg. 1.12) and 0.4-184
(avg. 10.85), respectively (S1). All samples, except those from Well 1,
show Mogg of 0.4-5.62 (avg. 1.26), close to UCC. On the Ugg—Mogg
plot (Figure 8A), most samples show lower Mo/U values and fall into
the range below 1 times the seawater (1xSW) and near the 0.3xSW
line, reflecting predominantly suboxic conditions and less basin
restriction.

Pr and Ph are important indicators of paleoenvironment. Pr/
Ph <0.80 and Pr/Ph >3.00 indicate anoxic environment and oxic
environment, respectively (Peters et al., 2005; Hakimi et al., 2011; Xu
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Bivariate plots of trace element ratios used as proxies to infer paleoredox conditions: (A) U/Th vs. (Cu +Mo)/Zn (adopted from Wang C. et al., 2018);
(B) U/Th vs. V/(V + Ni); (C) U/Th vs. V/Cr; (D) U/Th vs. Ni/Co [(B—D) adopted from Ross and Bustin, 2009]; (E) Ni/Co vs. V/Cr; (F) Ni/Co vs. Mo. [(E,F)

adopted from Qadrouh et al.,, 2021].

et al., 2016; Makeen et al., 2019; Xie et al., 2021; Wu et al., 2022). A
few oil samples from the southwestern of the Baiyun sag reveal low
Pr/Ph ratios (0.89-1.99) (Fu et al., 2019), and other oil samples from
the Panyu uplift and the Baiyun sag mostly have the Pr/Ph ratios
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ranging from 3.14 to 8.06 (Wang C. etal., 2018; Fu et al., 2019, 2020),
indicating that the parent material of crude oil in the Baiyun sag is
mainly terrigenous humus organic material in an oxidizing
environment. The Pr/n-C,,-Ph/n-C,g plot is also widely used to
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indicate the redox conditions (Peters et al., 2005; Xu et al., 2016;
Makeen et al., 2019; Xie et al., 2021). It can be inferred from
Figure 8B that the source rock in the Baiyun sag was deposited
in an oxic environment with the major contribution of terrigenous
organic matter.

5.2 Paleosalinity

Salinity affects the water stratification in a lacustrine or marine
basin and has a marked influence on the development of source
rocks. The paleowater salinity is usually determined according to the
differential accumulation of elements. Ba can precipitate after
combining with other elements. Ba is less soluble, while Ba®" is
prone to combine with SO,* to generate BaSO, which will
precipitate (Sun et al., 2013; Song et al,, 2017; Li L. et al., 2019;
Zhang et al., 2020). Ba will precipitate at the bottom of water body
when the salinity rises to a certain level, Sr can migrate more easily
than Ba, and Sr will precipitate only when the salinity is very high (Xi
etal, 2011; Fu et al., 2016; Wang Z. et al., 2018; Zhang et al., 2020).
Usually, ratios of Sr/Ba>1 show saline water conditions, from 1.0 to
0.5 represent brackish-environments, and <0.5 indicate freshwater
conditions (Meng et al., 2012; Deng et al., 2019; Sajid et al., 2020;
Zhang et al., 2020; Zhang X. et al., 2021). Sedimentary Sr and Ba are
easily remobilized during burial diagenesis. Sr may be released
through diagenetic reaction of Sr bearing minerals, dehydration
of clay minerals, or by degradation of organic host phases (Wei and
Algeo, 2020a). The key issue of Sr/Ba ratios as paleosalinity proxy is
potential alteration of the clay fraction signal by carbonate-hosted
S, so it is significant to exclude the influence of carbonate-hosted Sr
and then establish a maximum carbonate threshold (Wei and Algeo,
2020a; Zhang L. et al, 2021). To determine the Sr/Ba value, the
carbonate-hosted Sr in sediments should be measured based on the
CaO content (5%) (Wei and Algeo, 2020a; Zhang L. et al., 2021; Liu
et al., 2022). Most of the samples contain CaO <5% and with no
obvious relationships on the Sr/Ba-CaO plot (Figure 9). Thus, the
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presence of Sr in the samples is thought to have originated from clay-
fraction instead of carbonate-hosted Sr, except for few samples with
high CaO content. The Sr/Ba value is 0.02-0.44 (avg. of 0.08) for the
Wenchang samples, and 0.01-0.72 (avg. 0.22) for the Enping
samples, indicating that the Engping formation was deposited in
fresh water environment (salt water environment occasionally)
(especially for Well 11).

Rb/K is also an effective index for determining the salinity of
paleowater (Zhang et al., 2020; Zhang X. et al., 2021). From fresh
water to salt water, the content of kaolinite decreases, while the
content of illite increases. Illite has the highest adsorption capacity
for K and also a good adsorption capacity for other alkali metal ions
(AMIs) such as Rb and Cs, while kaolinite has a poor adsorption
capacity for AMIs and the lowest adsorption capacity for K (Zhang
X. et al., 2021). Since the contents of Rb and K are not at the same
order of magnitude, Rb multiplied by 1000 is used for calculation.
Rb*1000/K <4 indicates fresh water environment, Rb*1000/K of
four to six indicates brackish water environment, and Rb*1000/K
>6 indicates marine water environment (Sajid et al., 2020; Zhang X.
etal,2021; Liu et al,, 2022). Rb/K is determined to be 3.52-5.49 (avg.
4.4) for the Wenchang samples and 2.77-6.18 (avg. 4.82) for the
Enping samples, suggesting that the Eocene strata in the Baiyun sag
were deposited in a fresh-brackish water environment with an
upward increase in salinity. The Sr/Ba-Rb*1000/K plot shows
that most of the samples fall in the areas of fresh water and a
few samples in the areas of brackish water, indicating the dominance
of fresh water environment (Figure 10A). The Sr/Ba and Rb*1000/K
values increase from the bottom to the top in wells 3 and 7,
indicating that the Eocene strata in the Baiyun sag were
deposited in a fresh-brackish water environment with an upward
increase in salinity (Figures 5, 6), which may suggest the increased
inflow of seawater into the lake.

Marine sedimentary rocks have higher B and lower Ga contents
than those derived from fresh water environments. Hence, higher B/
Ga to higher salinity. Generally, B/
Ga >5 indicates salt water environment, B/Ga of 2.five to five

value corresponds
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indicates brackish water environment, and B/Ga <2.5 indicates fresh
water environment (Wei et al., 2018; Deng et al., 2019). B/Ga is
determined to be 0.36-1.24 (avg. 0.68) for the Wenchang samples
and 0.78-2.02 (avg. 1.33) for the Enping samples, both lower than
2.5, indicative of fresh water environment. This finding is supported
by the V/Ni-Sr/Ba plot (Figure 10B). Clay minerals can absorb
boron from water and fix it. Quantity of boron absorbed is related to
the concentration of boron in water (Walker, 1968; Zhang et al.,
2017). The absorption is unidirectional, once fixed in clay minerals,
boron can’t be desorbed as its concentration decreases (Liu et al.,
2015; Li et al, 2017). Therefore, the B content can indicate
paleosalinity. “Equivalent boron” was proposed to quantitatively
estimate the paleosalinity by the formula: Equivalent Boron =
(11.8*T*8.5)/(K*1.7*(11.8-K)), where T is the B concentration in
ppm and K is the K,O concentration in wt% (Walker, 1968). The
equivalent-boron ranges of 300-400, 200-300 and <200 ppm are
indicative of marine water, brackish water, and fresh water
1974). The
equivalent-boron range is determined to be 27.19-97.39 (avg.
50.88) and 78.89-146.88 (avg. 111.14) for the Wenchang and
Enping samples, respectively, indicating fresh water environment.

environments, respectively (Degens and Ross,

As the salinity of sedimentary water increases, the §°C and §'°0O
values of carbonate cement increase, so C and O isotopes can also be
used to estimate the paleosalinity and can also provide more reliable
data than major and trace element analyses when rocks of different
origins are involved (Keith and Weber, 1964; Dai et al, 2009;
Deininger et al., 2012; Yan and Zheng, 2015; Li L. et al.,, 2019).
The 8“C values of the sandstone samples vary from -10.9%o to
-7.2%o (average -8.58%o) while §'°O range between -18.4%o and
-14.5%o (average -17.1%o). Previous research (Guo and Wang, 1999)
has shown that §"°C<0%o and 8'*0>-10% indicate that the
carbonate cements in the sandstones related to sulfate reduction
in early diagenesis, while the §"°C values higher than 0%o reflect the
carbonate cements related to biogas generated by methane bacteria,
and the values of §"*C <0%o and §'*0<-10% indicate that oxidation
of organic matter has as an important role in the occurrence of
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carbonate cements in the sandstone reservoirs. Therefore, carbonate
cements of the sandstones in the Baiyun sag should be related to the
oxidation of organic matter. Based on the isotope compositions of
marine limestones and fresh water limestones formed since the
Jurassic, the isotope coefficient Z is obtained by the formula: Z =
2.048 (8"°C+50) + 0.498 (8'*0+50), where Z is the paleosalinity in
%o (Keith and Weber, 1964). Usually, Z >120%o indicates marine (or
continental saline lake) environment, and Z <120%o indicates
continental fresh water environment (Keith and Weber, 1964;
Zhang et al., 2020). In this study, Z is determined to be 96.51%o—
104.51%0 (avg. 101.24%o) for the Engping samples (Table 3),
indicating continental fresh water environment. It is thus inferred
that the Eocene strata in the Baiyun sag were deposited in a
environment, with the paleosalinity
increasing from the Wenchang formation to the Enping

fresh-brackish  water

formation (Figure 5, Figure 6).

5.3 Paleoclimate

Paleoclimate can be recorded by the distribution, composition
and relative concentration of some trace elements (e.g., Fe, Mn, Cr,
Ni, V, Co, Ca, Mg, Sr, Ba, K, Na, Cu and Rb) in mudstones (Worash,
2002). The C-value is used as an indicator of paleoclimate (warm
and humid or hot and arid), which is defined as follows:
C-value=X(Fe+Mn+Cr+Ni+V+Co)/Z(Ca+Mg+Sr+Ba+K+Na)
(Zhao et al,, 2007; Cao et al,, 2012). This value is based on the
hypothesis that Fe, Mn, Cr, Ni, V, and Co are enriched under humid
circumstances. However, in an arid environment, as water alkalinity
increases due to evaporation, saline minerals precipitate; as a result,
Ca, Mg, K, Na, Sr and Ba are enriched (Zhao et al., 2007; Cao et al,,
2012; Tao et al, 2017; Deng et al, 2019). Generally, C value
>0.8 indicates humid climate, 0.2<C value<0.8 indicates semi-
humid to semi-arid climate, and C value <0.2 indicates arid
climate (Awan et al, 2020). In this study, the C-value is
determined to be 0.13-0.95 (avg. 0.56) and 0.14-5.73 (avg. 0.84)
for the Wenchang and Engping samples, respectively, and most of
the samples have the C-values ranging from 0.2 to 0.8, suggesting a
semi-humid to semi-arid climate (Figure 11). Sr/Cu is proposed as a
geochemical indicator of paleoclimate (Lerman, 1978). Generally,
Sr/Cu <10 indicates warm and humid climate, and Sr/Cu
’10 indicates hot and dry climate (Lerman, 1978; Jia et al., 2013b;
Fuetal., 2016; Tao et al., 2017; Zhang et al., 2020). The Sr/Cu ratios
of the Wenchang and Enping samples suggest that the Eocene strata
in the Baiyun sag were deposited in a warm and humid climate. Sr/
Rb is also used to reflect the paleoclimate. Rb remains stable in
weathering process, similar to Cu, while Sr often precipitates in
warm and humid climate. The Rb/Sr ratio is variable depending
upon the climate: high Rb/Sr ratios reflect cold climate, and low Rb/
Sr ratios reflect warm climate (Chen et al., 2001; Bai et al., 2015;
Zhang X. et al., 2021). The Rb/Sr ratios of the Wenchang and Enping
samples show an opposite trend to Sr/Cu and C-value (Figure 5,
Figure 6), suggesting humid climate. Heavy precipitation and
flourishing vegetation in a warm and humid climate could
provide abundant organic matters for the source rocks (Meng
et al, 2012). This assumption is verified by the
AL O3;+K,0+Na,0-58i0, plot (Figure 12A) and the K,0O/
Al,O3;-Ga/Rb plot (Figure 12B), which suggest that the samples
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TABLE 3 §'*C and §'%0 values of carbonate cement for the sandstone samples for Enping formations in the Baiyun sag.

Well name Formation Depth m) 8"Cppg(%) 830 ppp(%) Z value
PY27 Enping 414275 8.1 -18.1 101.7
PY27 Enping 414876 -109 17 96.51
PY27 Enping 4629.6 76 -182 102.67
PY27 Enping 463025 72 -18.4 103.39
PY27 Enping 463043 8.1 18 101.75
PY33 Enping 4298.1 7.6 -145 104.51
PY33 Enping 4300.6 107 177 96.57
PY33 Enping 4302.01 -84 146 102.83

have largely experienced semi-arid/warm climatic conditions. It is
thus inferred that the Eocene strata in the Baiyun sag were deposited
in a transitional (semi-arid to semi-humid) climate, with a gradually
increasing temperature during the early deposition of the Wenchang
formation (Figure 5, Figure 6).

5.4 Paleoweathering

be reconstructed from various

geochemical parameters. The chemical index of alteration (CIA)

Paleoweathering can
is proposed to estimate the intensity of weathering depending
upon the transformation of feldspar into clay minerals (Nesbitt
and Young, 1982, 1984). CIA is defined as: CIA=[(AL,O3)/
(CaO0*+Na,0+K,0+Al,05)]x100 (in molecular proportions),
where Cao* represents CaO associated with the silicate fraction
of the sample. When Cao*<Na,0, Cao* is directly used; otherwise,
Ca0*=Na,O (McLennan et al.,, 1983; Oyebanjo et al., 2018; Chi
et al., 2021). CIA of 50-60 indicates incipient weathering, CIA of
60-80 indicates intermediate weathering, and CIA >80 indicates
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extreme weathering (Fedo et al., 1995). In this study, CIA is
determined to be 56.73-82.71 (avg. 70.31) for the Wenchang
samples and 37.55-81.68 (avg. 66.76) for the Enping samples
(S1; Figure 13), mostly higher than UCC (UCC=48; Rudnick
and Gao, 2003) but lower than PAAS (70-75; McLennan et al,,
1993). It is thus inferred from CIA values that the Eocene strata in
the Baiyun sag undergone mild to moderate chemical weathering.
As shown in the Al,0;-(CaO*+Na,0) -K,0O (A-CN-K) triangle
(Figure 14A), majority of the Wenchang and Enping samples
exhibits the values parallel to the A-CN line and between the
weathering trend lines of granodiorite and granite (Figure 14A),
implying that they undergone mild to moderate weathering. The
degree of chemical weathering can also be estimated by using the
chemical index of weathering (CIW) (Harnois, 1988), which is
similar to CIA except for the exclusion of K,O and hence not
sensitive to post-depositional K-enrichment. CIW is defined as:
CIW=[AL04/(Al,05+Ca0*+Na,0)]x100. CIW 80
unweathered potassic granite and 100 for fresh K-feldspar
(Fedo et al, 1995). In this study, CIW is determined to be
63.67-93.29 (avg. 83.53) for the Wenchang samples and

is for
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46.85-96.11 (avg. 79.49) for the Enping samples, indicating
moderate chemical weathering. The plagioclase index of
alteration (PIA) is another indicator of chemical weathering,
which precludes the influence of K-metasomatism (Fedo et al.,
1995).  PIA is defined as: PIA=100x(Al,05-K,0)/
(Al;,05+Ca0*+Na,0-K,0). PIA for the Wenchang and
Engping samples is 51.44-80.99 (avg. 64.74) and 22.07-78.59
(avg. 60.09), chemical

respectively, revealing moderate
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weathering (S1). These results support the early conclusion that
the study area experienced mild to moderate chemical weathering
as indicated by the A-CN-K diagram.

Moreover, the index of compositional variability (ICV) is
proposed to measure the compositional maturity of mudstone, and
it is defined as: ICV=(Fe,03+K,0+Na,0+CaO+MgO+MnO+TiO,)/
Al,O3), where Fe,0'; = total iron and CaO includes all sources of Ca
(Cox et al., 1995). Generally, immature sediments containing a high
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CIA vs. ICV diagram for the mudstone samples in the Baiyun sag (after Nesbitt and Young, 1984; Cox et al., 1995).

proportion of silicates other than clays show high ICV values, whereas
mature sediments, depleted in silicates other than clay commonly
show low ICV values (Ma et al., 2022). Therefore, ICV >0.84 reflects
rock-forming minerals such as plagioclase, K-feldspar, amphibole,
and pyroxene, indicative of first-cycle deposits (Van de Kamp and
Leake, 1985), and ICV <0.84 is indicative of weathered detrital
minerals (Cox et al., 1995) and recycling processes (Madhavaraju
et al, 2016). The Enping samples exhibit higher ICV values
(0.46-6.09, avg. 1.14) than the Wenchang samples (0.41-2.58, avg.
0.77). There are more sandstone samples in Enping Formation than in
Wenchang Formation, and mudstones have experienced stronger
weathering than sandstones, this is why the weathering indexes of
Enping Formation are lower.

The relationship between Th/Sc and Zr/Sc can be used to deduce
mineral selection, sediment recycling, and whether the source rocks
are mantle or crustal-derived (McLennan et al., 2003; Zaid, 2015;
Gonzélez et al.,, 2017). Zr/Sc and Th/Sc of the samples in this study
are 3.51-33.75 (avg. 9.62) and 0.63-3.05 (avg. 1.68), respectively. On
the Zr/Sc-Th/Sc plot (Figure 14B), the samples are plotted in the
region subparallel to Trend one and above UCC, implying a greater
contribution of felsic sources, which suggests slight to moderate
recycling.

5.5 Paleoproductivity

Paleoproductivity plays an important role in the formation and
distribution of effective source rocks, and it is mainly controlled by
the supply of nutrient elements including the remains of aquatic
organisms and the clasts of terrestrial plants (Zhang X. et al., 2021).
The trace elements (e.g. Ba, P, Cu, Zn and Ni) are usually used to
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reconstruct the paleoproductivity (Holland, 1978; Algeo et al., 2011;
Chi and Liu, 2020; Zhang X. et al., 2021; Liu et al., 2022). Ba content
is a good geochemical indicator for paleoproductivity: higher Ba
content is correlated with higher productivity (Paytan and Griffith,
2007; Yeasmin et al., 2017; Li Y. et al., 2019). Ba/Al can also be used
to quantify the paleoproductivity (Chen et al, 2016). Ba/Al is
determined to be 26.37-1544.53 (avg. 352.27) and 19.52-3302.74
(avg. 273.69) for the Wenchang and Enping samples, respectively.
The average value of Ba/Al for samples from wells except 3 and 9 is
lower than that (100-200) of cores from the modern continental
margin of Central California (Dean et al., 1997), indicating medium
to high productivity. Moreover, the excess barium (Ba,;) is a useful
indicator for primary productivity reconstruction. Bay; is calculated
as follows: Ba,=Bay,,—Bag,mXAlgam/Alpaas, where Bag,,, and Alg,,,
represent the Ba and Al concentrations of the samples, respectively,
and Alpaas represents the average concentration of Alin PAAS. Bay
values >1000 ppm, of 200-1000 ppm, and <200 ppm indicate high,
medium, and low paleoproductivity, respectively (Yi et al., 2007).
Bay is 237.09-12202.32 (avg. 2705.21) for the Wenchang samples
and 169.87-24946.78 (avg. 1915.84) for the Enping samples. Except
for samples from Well three and Well 9, the Ba,, values of the
samples from other wells are almost lower than 1000, suggesting
medium to high productivity (Figure 15A). P is a nutrient necessary
for the growth of plankton, and it can be used to estimate ancient
bioproductivity (Holland, 1978; Tyrrell, 1999; Hou et al.,, 2022).
Therefore, P concentration is widely used to analyse the
paleoproductivity, and P/Ti is effective for offsetting the effect of
terrigenous clastic input on the results (Latimer and Filippelli, 2002;
Algeo et al.,, 2011; Zhang X. et al,, 2021). The average P/Ti ratio
>0.01 indicate high productivity of the lake and it increases with
increasing paleoproductivity (Dean et al., 1997; Li et al., 2017). The
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P/Ti values of the Wenchang and Enping samples are 0.0418-0.1559
(avg. 0.0933) and 0.028-0.3768 (avg. 0.1011), respectively, indicating
high paleoproductivity (S1). Overall, the Ba and P concentrations of
the samples indicate that the paleoproductivities of source rocks in
both the Wenchang and Enping formations are medium to high.

5.6 Terrigenous clastic input

Al, Zr and Ti are highly resistant accessory elements and less
sensitive to weathering or diagenetic processes (Murphy et al., 20005
Calvert and Pedersen, 2007; Ross and Bustin, 2009; Wei and Algeo,
2020b). They are useful indicators of detrital influx (Zhang L. et al.,
20215 Lietal, 2021; Song et al., 2021; Xin et al., 2021). Besides, Th/Al
is a key indicator to reveal the intensity of terrigenous clastic input.
The Ti, Zr and Al, O3 profiles for Well 3 show similar patterns, with a
relatively stable trend that is associated with the chemical weathering
intensity or water depth (Figure 5). Detrital proxies of the samples
from Well 7 suggest that the terrigenous flux varies significantly
from the Wenchang formation to the Enping formation and
increases upward (Figure 6).

5.7 Evolution of depositional environment
and organic matter enrichment model

Three organic matter enrichment models have been recognized,
namely, the preservation model, production model, and production-
preservation co-action model (Calvert and Fontugne, 2001; Mort
et al., 2007; Zhu et al,, 2022). Cd/Mo and CoxMn are proposed as
effective proxies to distinguish upwelling and hydrographic
restricted settings (Sweere et al., 2016; Wu et al., 2022; Zhu et al,,
2022). Generally, sediments in upwelling systems are characterized
by Mn and Co depletion, while sediments in restricted basins show
elevating Mn and Co values (Sweere et al., 2016). The principle of the
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Cd/Mo proxy lies in the different behaviors of Cd and Mo in
seawater. Cd has a close link to primary productivity and
displays a nutrient-like profile in water column while Mo
behaves conservatively (Conway and John, 2015; Zhu et al,
2022). Thus, low CoxMn (<0.4) or low MngpxCogr (<0.5) are
typical for coastal upwelling settings, while high CoxMn (>0.4)
and high CogpxMngg (>2) for restricted settings like the Black Sea
(Zhu et al., 2022). The CoxMn values of the Wenchang and Enping
samples cover a wide range (0.07-8.13, avg. 0.94), with the average
higher than 0.4 (Figure 15B). According to the Co*Mn-Cd/Mo plot
(Figure 15B), the samples in this study were formed in restricted
water conditions, and their organic matter enrichment was mainly
controlled by preservation conditions.

Climate during the deposition phase can influence the lake water
environment (ie., depth, salinity, stratification, and aquatic
biomass), and the evolution of depositional environment controls
the input, deposition and preservation of organic matters (Meng
et al., 2012; Li et al,, 2016; Shen et al., 2017; Li L. et al.,, 2019, 2021;
Zhang et al,, 2020; Xin et al., 2021; Hou et al.,, 2022). According to the
geochemical analyses, the Eocene strata in the Baiyun sag were
deposited in a semi-arid to semi-humid climate and oxic-suboxic
fresh water environment with relatively large detrital input and
stable water depth. During the deposition of the Wenchang and
Enping formations, the Baiyun sag mainly developed braided river
deltas, beach bars and fan deltas (Zeng et al.,, 2019). Apparently, the
Wenchang formation has a relatively low salinity compared to the
Enping formation, and considerable variations from fresh water to
brackish in the Enping formation (Figure 5, Figure 6). A closed water
system existed during the deposition of the Wenchang formation,
and the sea level rose during the deposition of the Enping formation,
making the seawater flow over the Liwan sag to the Baiyun sag. The
restricted basin was more connected with the ocean and evolved into
a semi-restricted basin. Brackish water may cause water
stratification and produce a strongly anoxic environment with
excellent preservation conditions. Therefore, it is believed that
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(A) Plots of Ba-xs (ppm) vs. P/AL (%) of the mudstone samples in the Bayun Sag; (B) Co*Mn-Cd/Mo joint chart. The position of the lines is roughly the

boundaries amongst various settings (adopted from Sweere et al., 2016).

both primary productivity and preservation conditions played
essential roles in controlling the enrichment of organic matters in
the Baiyun sag, and the latter was resulted from the restricted water
setting.

6 Conclusion

The paleoenvironment of the Eocene mudstones in the Baiyun
sag of the Pearl River Mouth Basin was reconstructed through
geochemistry analysis. The conclusions that are obtained as follows:

1) The concentrations and ratios of redox-sensitive trace elements (e.g.
U/Th-(Cu+Mo)/Zn, U/Th-V/(V+Ni), U/Th-V/Cr, U/Th-Ni/Co,
Ni/Co-V/Cr, Ni/Co-Mo and Ugp-Mogp) reveal that oxic to
suboxic conditions were prevailing in the Baiyun sag during the
deposition of the Eocene, which is evidenced by biomarkers (e.g. Pr/
Ph ratios). The Pr/n-C17-Ph/n-C18 plot indicates that the Eocene
strata in the Baiyuan sag were deposited under oxic conditions, with
terrigenous organic matters as the major contributor.

According to the indices of Sr/Ba, Rb/K, B/Ga and equivalent
boron, and the Sr/Ba-Rb/K and V/Ni-Sr/Ba plots, the Eocene
strata in the Baiyuan sag were deposited in fresh water to

2)

brackish water environment, with increasing salinity from
bottom to top. In addition, §"°C and §'®O values of carbonate
cement for the Enping samples suggest fresh-brackish water
lacustrine facies.

Representative climate-sensitive major and trace element indices
(Sr/Cu, Rb/Sr, C-value, AlLO3+K,0+Na,0-Si0,, K,0/ALO;-
Ga/Rb) imply that the mudstones in the Baiyun sag were
deposited in semi-arid/warm climate.

4) The Eocene mudstones in the Baiyun sag undergone mild to
moderate chemical weathering, which is verified by the CIA,
CIW, and PIA indices and the A-CN-K diagram. The study area
is believed to have been slightly affected by sedimentary
recycling.

Frontiers in Earth Science

18

5) Both primary productivity and preservation conditions played
essential roles in controlling the enrichment of organic matters in
the Baiyun sag, and the latter was resulted from the restricted
water setting.
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