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ABSTRACT: The intense collision between marine and terrestrial T hacsaprepiation [——re S
agents results in the dual-source (marine and terrigenous) character- LI
istics of marine source rocks. Our research quantitatively assessed oo
terrestrial organic matter and revealed the crucial role of terrestrial """ rwslbrie e '.m““' =
organic materials in the organic matter enrichment of lower Miocene s %% *- :

to upper Oligocene marine source rocks in the Qiongdognnan Basin.
The quantitative assessment was achieved using partial least-squares
analysis with eight biomarker parameters associated with n-alkanes, 5
isoprenoids, bicadinanes, taraxerane, tricyclic terpanes, and gamma-
cerane. Differential unloading of terrestrial organic materials based on
sedimentary facies of the delta-marginal sea system were observed :
through oleanane and bicadinane contents. It should be noted that S el
the diagnostic ratio of oleanane was excluded from the quantitative
analysis due to the dual influence from differential unloading and contact with seawater of the terrestrial organic materials.
Calculation results show that the terrestrial organic matter was highest in the delta front at 70%, followed by prodelta at 59% and
inner shallow marine at 57%. From the late Oligocene to the early Miocene, the proportion of terrestrial organic matter in marine
source rocks continuously increased, with the highest average value observed in the second member of the Sanya Formation at 69%
and the lowest occurring in the third member of the Lingshui Formation at 46%. Increasing terrestrial organic material inputs and
preservation driven by the East Asian summer monsoon provided first-order control of the accumulation of organic carbon in the
Qiongdongnan Basin during late Oligocene to early Miocene, rather than the bioproductivity of marine algae. The redox conditions
of the water column determine the enrichment extent of organic matter.
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. INTRODUCTION matter in the marine source rocks.”” The determination of the
The delta plays an important role in Source-to-Sink in the terrigenous organic matter proportion can provide deeper
Qiongdongnan Basin, as the intensive interactions between insights into migration patterns of terrestrial organic materials
marine and terrestrial geological agents in delta-marginal sea and track the fate of organic carbon in delta-marginal sea

systems result in a mixed geochemical characteristic of marme
and terrestrial organic matter in marine source rocks.'”

Terrigenous organic matter preserved in marine sediment acts
as a valuable recorder of paleovegetation and paleoclimatic

systems, making it worthwhile to pay more attention.””"'' The
proportion of terrestrial organic matter can be evaluated through
carbon, hydrogen, and nitrogen isotopes, as well as the C/N

. 12-17 A

variations in the source areas.’ Tracing their fates in delta- ratio and sporopollen. However, the application of these
marginal sea systems can help understanding the enrlchment approaches is quite limited in petroleum exploration due to the
mechanisms of organic matter in marine source rocks."® The complexity of the measurements. Our research quantified

occurrence of high contents of oleanane-type terpanes and
bicadinanes in the Qiongdongnan Basin confirmed the
angiosperm sources.” However, multiphased tectonic activities,
variable depositional environments, and transitions in paleo-
climates disturbed the dlstrlbutlon of terrigenous organic matter
in the Qiongdongnan Basin.”® Previous scholars mainly focused
on the molecular geochemical characteristics and paleovegeta-
tion reconstruction in the Qiongdongnan Basin, giving little
attention to the quantitative evaluation of terrigenous organic

terrigenous organic matter using biomarkers for the first time,
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Figure 1. (a) Geological location and (b) subdivision of tectonic units of the Qiongdongnan Basin modified after Xu.” The critical wells are marked

with red circles.

providing new insights into the controlling factors of organic
carbon enrichment in the Qiongdongnan Basin.

In this study, systematic organic geochemical analyses were
conducted on marine source rocks from the late Oligocene to
early Miocene in the Qiongdongnan Basin. We screened eight
saturated hydrocarbon biomarker parameters and attempted to
establish a quantitative assessment method for terrigenous
organic matter in marine source rocks. Based on the calculation
results, the spatiotemporal signatures of terrigenous organic
matter were quantitatively characterized. Finally, we advanced a
new terrigenous organic matter enrichment model in the
Qiongdongnan Basin.

2. REGIONAL SETTING

The Qiongdongnan Basin is an extensional sedimentary basin
developed on the background of a Cenozoic fault depression and
quasi-passive continental margin in the northern of the South
China Sea with an area of about 80 000 km®.® It can be divided
into the Northern Depression, Central Depression, and
Southern Depression based on the tectonic framework (Figure
1b). The Northern Depression includes the Songdong, Songxi,
Yabei, and Ya’nan Sags, while the Central Depression contains

the Changchang, Baodao, Songnan, Lingshui, and Ledong Sags.
Due to the rapid deposition rate, the Cenozoic sediments in the
basin exceed 12 000 m, including the Lingtou (T100—T80),
Yacheng (T80—T70), Lingshui (T70—T60), Sanya (T60—
T50), Meishan (T50—T40), Huangliu (T40—T30), Yinggehai
(T30—T20), and Ledong (T20—) Formations from bottom to
top. 151

The Qiongdongnan Basin underwent a transgression process
from the late Oligocene to the middle Miocene, with the
sedimentary facies predominantly characterized as deltaic,
littoral, shallow marine, and bathyal.” Three types of source
rocks were determined in the past, including the Eocene
lacustrine, the Oligocene marine-continental transitional coal
measure, and the Oligocene to Miocene marine source
rocks.”"'? Tt should be noted that the Oligocene to Miocene
marine source rocks in this study include marine terrigenous
shales (deposited in the delta front and prodelta, marine—
terrestrial transitional setting) and marine shales (deposited in
the shallow marine, marine setting). They have received
increasing attention in deep-water petroleum exploration.””

Our target strata (red rectangle in Figure 2) in this study are
composed of the second member of the Sanya Formation
(Ns,), the first member of the Lingshui Formation (E,l,), the
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Figure 2. Generalized stratigraphic column of the Qiongdongnan Basin. The age constraints for the studied strata are from Wu." Copyright 2023
American Chemical Society. The global sea level curve was adapted from Xie.”' Copyright 2008 Elsevier Ltd. The East Asian summer monsoon
(EASM) intensity is summarized based on Tada>® (Copyright 2016 Springer Nature) and Ding® (Copyright 2021 Elsevier Ltd.), with the width of the

black shape representing the relative intensity of the EASM.

second member of the Lingshui Formation (E,l,), and the third
member of the Lingshui Formation (E;l;). Shallow marine
dominates the late Oligocene of the studied area (Figure 3b),
while bathyal first occurs in the early Miocene due to the
continuous transgression from 28.4 to 10.5 Ma (Figure 2 and
Figure 3a). The lithology of our studied samples mainly
comprises glutenite, gristone, medium sandstone, fine sand-
stone, siltstone, pelitic siltstone, silty mudstone, and mudstone/
shale. Parts of our target members were influenced by the East
Asian summer monsoon (EASM), which has been prevalent
since 24.9 Ma ago and continues to the present.”’

3. MATERIALS AND METHODS

The total organic carbon (TOC) and rock pyrolysis data of 692
shale samples obtained from 37 wells (sample data are presented
in the Supporting Information), saturated hydrocarbon
biomarker data of 60 shale samples obtained from 10 wells
that are influenced by deltas (BD1, BD2, BD3, BD4, BDS, BD6,
BD7 ST1, ST2, and YC1), and vitrinite reflectance (VR %) data
of 61 shale samples obtained from 7 wells (BD2, BD3, BD4,
BDS, BD7, ST1, and ST2) were involved in this research. The
lithological composition of target strata was also statistically
analyzed based on the cuttings logging records. It should be

22905

mentioned that partial data were supported by the Hainan
branch of China National Offshore Oil Corporation
(CNOOC).

3.1. TOC and Rock Pyrolysis Analysis. The TOC analysis
was performed at the Hainan branch of CNOOC using a LECO
CS744 analyzer, preceded by crushing the shale samples to 100
mesh and treating them with HCI to remove carbonate rocks.
Rock pyrolysis was performed on a Rock-Eval VI analyzer to
obtain parameters such as free hydrocarbon (S;), pyrolyzed
hydrocarbon (S,), and peak temperature of S, (T). The
analytical precision for TOC is 0.01 wt %, while that of S1 and S2
is 0.01 mg/g rock.

3.2. Vitrinite Reflectance Measurement. Chloroform,
HCI, and HF were used to eliminate soluble organic matter,
carbonate, and silicate rocks for the preparation of kerogen. The
vitrinite reflectance measurement of kerogen was conducted at
the Hainan branch of CNOOC using an Axio Scope Al-
MSP200 microphotometer following the industry standard SY/
T 5124-2012. The analytical precision is 0.01%.

3.3. Sporopollen Analysis. Analysis and identification of
sporopollen were carried out on a total of 52 shales from well W1
in accord with the industry standard (SY/T 5§915-2000) at the
Hainan branch of CNOOC. Carbonates and silicates were

https://doi.org/10.1021/acsomega.4c01777
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Figure 3. Distributions of sedimentary facies of (a) the second member of the Sanya Formation and (b) the second member of the Lingshui
Formation.

eliminated using 10% hydrochloric acid and 40% hydrofluoric 400X magnification. Parallel samples accounted for 5% of the

acid, respectively. We utilized a heavy liquid (HBr, K, and Zn) total number of samples, and their color grade index difference

with a specific gravity of 2.0 to separate pollen from the was less than 0.25.

remaining inorganic fraction. Sporopollen were distinguished 3.4. GC-MS Analysis. Saturated fractions were obtained

and counted on a binocular microscope (Leica DM4000B) at from 60 critical shales by Soxhlet extraction and column
22906 https://doi.org/10.1021/acsomega.4c01777
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Table 1. Petrographic, Pyrolysis, And Geochemical Data for the Studied Formations®”

member TOC (wt %) S, + S, (mg/gofrock) HI (mg/g of TOC)

Ns,  0.17-1.61 0.05—4.4
0.68 (227) 1.09 (226)
Ed, 0.17-2.32 0.08-5.19
0.63 (92) 1.14 (92)
Eil, 0.16—1.69 0.02-5.18
0.56 (163) 0.89 (162)
Edl, 0.16—1.37 0.02-6.75
0.51 (210) 0.65 (209)

13-392
139 (226)
16—447
137 (92)
2-343
107 (162)
6-340

94 (209)

Toax (°C) VR, (%)  mudstone/shale (%)
412—457 0.51-1.07 62
434 (225)  0.68 (18)
415—-477 0.61-0.78 42
439 (90)  0.66 (16)
406—463 0.63—1.15 44
437 (136)  0.78 (20)
401-464 0.72—-0.91 30
437 (179)  0.79 (11)

silty mudstone (%)

13

13

10

10

sandstones (%)

25
45
46

60

“Note: taking the TOC values of the Nis, as an example, 0.17—1.61 represents the minimum-maximum value, and 0.68 (227) represents the
average value (sample numbers). Sandstone contains glutenite, gritstone, medium sandstone, fine sandstone, and siltstone.
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Figure 5. (a) Organic matter type classification based on T, versus HI of a total of 630 shales. (b) VR,—depth profile of 61 shale samples obtained

from 7 wells. The meanings of stratigraphic unit abbreviations are shown in Figure 2.

chromatography. Biomarker analysis of saturated fractions was
performed on an Agilent 7890A gas chromatograph coupled to a

5975C mass spectrometer and equipped with an HP-SMS (60 m

X 0.25 mm X 0.25 um) fused silica capillary column at China
University of Geosciences, Beijing. Helium was used as the

22907

carrier gas, with a constant flow rate of 1.5 mL/min. The GC
operating conditions were as follows: the inlet temperature was
set to 300 °C, and the oven was heated from 40 to 300 °C at a

programed rate of 3 °C/min and then held for 30 min. The

https://doi.org/10.1021/acsomega.4c01777
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electron ionization energy of the MS ion source was 70 eV. The

signal-to-noise ratio of MS was over 400.
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4. RESULTS

4.1. Bulk Geochemical Parameters. Both TOC and S, +
S, are typical parameters indicating organic matter abundance.
The third member of the Lingshui Formation had the lowest
TOC and S, + S,, with average values of 0.51% and 0.65 mg/g of
rock, respectively. Shales from the second member of the Sanya
Formation showed the highest TOC (0.17—1.61%, average
0.68%), while the first member of the Lingshui Formation has
the highest S, + S, (0.08—5.19 mg/g rock, average 1.14 mg/g
rock). It is obvious that there is an increasing trend in TOC from
the third member of the Lingshui Formation to the second
member of the Sanya Formation roughly, as shown in Figure 4
and Table 1.

The hydrogen index (HI), commonly employed as an
indicator of organic matter type, reflects the potential of
hydrocarbon generation and is defined as the ratio of S; + S, to
TOC. Samples from the third Lingshui Formation had the
lowest HI (6—340 mg/g of TOC, average 94 mg/g of TOC),
while the highest value (16 to 447 mg/g of TOC, 137 mg/g of
TOC) was observed in the first member of the Lingshui
Formation.

The T, of these shales varied from 401 to 477 °C, and there
were no remarkable differences in average values among the four
target members. The vitrinite reflectance (VR,%) of most
analyzed samples fell in the range of 0.51—1.15%, with the
majority being in the low to moderately mature stage (Figure
Sb). According to the typical HI versus T,,,, plate (Figure Sa),
these samples were mainly classified as type IL,—III organic
matter, with only a small number of samples falling within the
zone of type II;.

4.2. Sporopollen Composition. A total of 85 fossil taxa
were identified in samples from well W1, including 20 taxa of
pteridophytes, 9 taxa of gymnosperms, and 56 taxa of
angiosperms. The pollen of angiosperms accounted for 14—
65%, with an average of 38.3%; the main taxa included
Quercoidites (microhenrici and minutus), Juglanspollenites, and
Momipites coryloide, while Alnipollenites, Caryapollenites, Ulmi-
pollenites sp., Liquidambarpollenites, Cupuliferoipollenites, Dicol-
popollis kockelii, Ilexpollenites, Tricolporopollenites spp., and
Tricolpopollenites spp. were commonly observed. Pteridophyte
spores made up a significant proportion of these fossil taxa,
ranging from 6.6% to 52.8%, with an average of 30.5%. The
majority of pteridophyte taxa were Polypodiaceoisporites spp. (0—
40%, average 19.9%), Polypodiisporites (0—21.8%, average
5.9%), Triletes spp. (0—13.9%, average 13.4%), and Stenochlaena
palustris (0—8.2%, average 2.8%). The relative content of
gymnosperm taxa varied greatly from 7.9% to 73.1% with an
average of 21.5%, and they were dominated by Pinuspollenites
(4.3—71.8%, average 19.9%), followed by Tsugaepollenites (0—
5.2%, average 1.0%).

Based on the ecological adaptations of different vegetation
reported in previous research,” these genera and families of
angiosperms could be classified into tropical/subtropical broad-
leaved taxa and temperate taxa. The tropical/subtropical broad-
leaved taxa in well W1 were mainly comprised of Juglanspollen-
ites, Caryapollenites, Alnipollenites, Momipites coryloides, and
Ulmipollenites sp., while the temperate taxa consisted of
Liquidambarpollenites, Cupuliferoipollenites, Quercoidites (micro-
henrici and minutus), Dicolpopollis kockelii, Ilexpollenites,
Tricolporopollenites spp., and Tricolpopollenites spp. Both
Pinuspollenites and Tsugaepollenites in gymnosperms belonged
to mountainous conifers taxa. Samples in the first and second

members of the Lingshui Formation were characterized by a low
content of pteridophytes, a low content of tropical/subtropical
broad-leveled taxa, and a high content of temperate taxa,
suggesting a relatively cool and dry climate. On the contrary,
these shales in the second member of the Sanya Formation were
dominated by tropical/subtropical broad-leveled taxa and
pteridophytes, while the proportion of temperate taxa and
Pinuspollenites decreased sharply (Figure 6), implying a warm
and humid climate during 23—18.3 Ma.

4.3. n-Alkanes and Isoprenoids. The unimodal distribu-
tion pattern dominates the n-alkane distribution, but there is a
wide range for the main peak carbon of these samples (Figure 7).
Shales from the second member of the Sanya Formation was
predominantly characterized by a relatively high abundance of n-
C,s) n-Cy;, and n-C,, (Figure 7a). The main peak positions
shifted toward low-carbon-number (<25) n-alkanes in the
Lingshui Formation compared with the second member of the
Sanya Formation (Figure 7), but no remarkable main peaks were
observed in the first member of the Lingshui Formation. Low-
carbon-number n-alkanes (the main peak below n-C,;) were
relatively abundant in the third member of the Lingshui
Formation (Figure 7d). Normally, long-chain n-alkanes with
1-C,y, n-Cyg, or n-C3; predominance indicate terrigenous plants,
with n-Cys, n-C,, or n-C,9 predominance mainly derived from
algae sources.”””> n-C,;, n-C,3, and n-Cys are associated more
with aquatic macrophytes.”* The carbon preference index (CPI,
definition in Table 2) was used to determine the organic matter
sources and thermal maturity, since a value approaching 1.0
indicates the input of marine microorganisms and/or recycled
organic matter, suggesting a mature thermal stage.”*® The CPI
of these samples ranged from 0.93 to 1.37, with a mean value of
1.09. Shales from the Lingshui Formation showed a similar CPI
value (<1.1) with minor variations. As for the shallowest buried
shales from the second member of the Sanya Formation, the
average CPI value was 1.15, with two samples reaching 1.33 and
1.37.

The average chain length of n-alkanes (ACL, definition in the
note of Table 2) is lower in marine organic matter (14—24)
while higher in terrigenous organic matter (21—39).”” The
terrigenous to aquatic ratio (TAR, definition in the note of Table
2) was also proposed to reflect the source composition of
sediments.”® From bottom to top of our target members, the
average TAR increased from 0.97 to 3.57, while the average ACL
increased from 23.1 to 25.64, reflecting the stepwise growing
input of terrestrial higher plants. The P, (definition in the note
of Table 2) is used to evaluate the nonemergent aquatic
macrophyte input relative to that from the emergent aquatic and
terrestrial plants.”* Low P, values were observed in the studied
shales, ranging from 0.32 to 0.91 (average 0.57). Among them,
samples from the third Lingshui Formation showed the highest
P, value at 0.67. The variation trend of P, across different target
members was the opposite of that of ACL and TAR, also
suggesting a gradual increase in the contribution of terrestrial
higher plants from the third member of the Lingshui Formation
to the second member of the Sanya Formation.

The pristane/phytane (Pr/Ph) ratio lies in a wide range
(1.31—6.00, average 3.41), and there was considerable variation
in the average values among different formations. Shales in the
third member of the Lingshui Formation exhibited the lowest
average Pr/Ph at 2.12, while the highest average value of 4.15
was observed in the second member of the Sanya Formation. Pr/
n-C,, in these samples ranged from 0.77 to 8.6, with an average
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Figure 8. Partial mass chromatogram at m/z 217 showing the distributions of the steroids in typical samples from (a) the second member of Sanya
Formation, (b) the first member of the Lingshui Formation, (c) the second member of the Lingshui Formation, and (d) the third member of the
Lingshui Formation. Peaks d1—d12 are C,,—C,, diasteranes, peaks 7—9 are the mixtures of diasteranes and C,; regular steranes, peaks 10—12 are Cy,
regular steranes, and peaks 13—15 are Cyg regular steranes. Compounds W and T are bicadinanes.

of 2.89, while Ph/n-Cg ranged from 0.17 to 1.14, with an
average of 0.56.

4.4. Steroids. The regular distribution pattern of steranes
serves as a commonly used biological sources indicator.””*
Both complete regular and rearranged steranes were detected in
these samples (Figure 8). The C,,/C,o aaa 20R steranes ranged
from to 0.29 to 1.55 with an average 0.78. Most of samples in the
first and second members of the Lingshui Formations, and the
second member of the Sanya Formation exhibited a prevalence
pattern of C,y over C,, regular steranes (Figure 8a—c),
indicating the main contribution of terrigenous organic
matter.”” However, a slight prevalence of C,; over C,g regular
steranes was observed in the third member of the Lingshui
Formation, implying the important source of aquatic organisms
(Figure 8d).

The isomerization degree of steranes is a widely applied
maturity-related parameter.”’ The Cy-aaa 20S/(20S+20R)
ratios of the 60 samples have not reached equilibrium (0.26 to
0.47, average 0.38), corroborating the measured maturity of
VR % presented in Figure Sb.

4.5.Terpenoids. Abundant terpenoids were identified in the
m/z 191 and 412 mass chromatograms, including tricyclic
terpanes, C,,—Cj;s hopanes, bicadinanes, oleanane and its
derivatives (X, Y, Z, and Z1), rearranged oleananes, taraxerane,
and gammacerane.

The tricyclic terpanes (TTs) primarily contained Co—
CyTT, with the main peaks being C,, or C,;TT (Figure 9).
This distribution pattern reflected algal sources, specifically
associated more on Tasmania algae.”” The TT/C;oH ratio was
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used to characterize the relative abundance of tricyclic terpanes
in this research, ranging from 0.11 to 3.54 with an average of
0.74. While the abundances of tricyclic terpanes in the second
member of the Sanya Formation and the first and second
members of the Lingshui Formations were similar (Figure 9a—
c), there was a significantly higher TT/C;,H ratio in the third
member of the Lingshui Formation (average 1.22) (Figure 9d).

Hopanes are believed to derive from bacteriohopaneterol in
prokaryotic organisms.”® The distribution of hopanes in the
studied shales was dominated by C,,—Cs;, hopanes, with a
decreasing trend of Cs;,—Cs5 homohopanes (Figure 9). The
maturity parameter Ts/(Ts + Tm) ranged from 0.25 to 0.61,
with an average of 0.43. Another maturity indicator, C;; aff
hopane-225/(22S + 22R), ranged from 0.34 to 0.62, with an
average of 0.55. Thermal maturation was determined to be from
a low to moderately mature stage through hopane parameters,
with minor differences among members, consistent with the
characteristics of CPI, sterane isomerization parameters, and
measured VR, %.

Oleanane-type terpanes are comprised of oleanane, rear-
ranged oleanane, des-A-oleanane, X, Y, Z, and Z1, serving as
credible angiosperm indicators in tertiary sediments, and they
can be identified in the m/z 191 mass chromatogram.’* ™’
Oleanane was detected in most samples with great fluctuations,
and the oleanane/C;,H ratio ranged from 0.07 to 1.34, with an
average of 0.33. The highest average value of oleanane/C;,H
(0.63) occurred in the second member of the Sanya Formation
(Figure 9a). Des-A-oleanane was thought to be derived from the
corresponding triterpanes.”” The highest average value of des-A-
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Figure 9. Partial mass chromatograms at m/z 191 and m/z 412 showing the distributions of the terpanes in typical samples from (a) the second
member of Sanya Formation, (b) the first member of the Lingshui Formation, (c) the second member of the Lingshui Formation, and (d) the third
member of the Lingshui Formation. Compounds I, II, and I1I are determined to be rearranged oleananes.*® Copyright 2010 Elsevier Ltd. Compounds
X,Y, Z, and Z1 are triterpanes and derived from oleananes.”’ Copyright 2010 Elsevier Ltd. Compounds W, T, T1, and R are bicadinanes.

oleanane/C;,H occurred in the second member of the Sanya
Formation. X, Y, Z, and Z1 compounds are derived from the
oleanane through the cleavage of rings A and B. They were
identified as C,;, C,; triterpanes, and C,, tetraterpanes, and were
initially reported in the Niger Basin.”” Although X, Y, Z, and Z1
could be recognized in the m/z 191 mass chromatogram for
most samples, their abundances were generally low. Both
rearranged oleananes and oleanane originate from function-
alized oleanane triterpenoids but follow different diagenetic
pathways.***® Rearranged oleananes were identified in the m/z
412 mass chromatogram, since compound III normally coelutes
with C,, @8 hopane in the m/z 191 mass chromatogram (Figure
9). The relative abundances of rearranged oleananes (J, II, and
IIT) were usually low in the majority of these samples and were
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mainly controlled by the depositional environment rather than
maturity.39 As a result of the low content of X, Y, Z, Z1, and
rearranged oleananes, oleanane/C;,H was used to reflect the
abundance of oleanane-type terpanes in this Article.

Bicadinanes are another typical triterpane detected in the
Qiongdongnan Basin, mainly originating from Dammer resins of
the Dipterocarpaceae angiosperm family.*” Four isomers of
bicadinanes (W, T, R, and R1) were identified in the m/z 412
mass chromatogram (Figure 9). Because of the predominance of
compound T in all bicadinanes, the T/C;,H ratio was used to
access the relative concentration of total bicadinanes. The T/
C3oH ratio in these shale samples varied widely, ranging from
0.01 to 3.46, with an average of 0.67.
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Other nonhopanoid triterpanes such as taraxerane and
gammacerane were also detected. Angiosperm, especially
mangrove vegetation, was thought to be the biological precursor
of high-content taraxerane.’' The taraxerane/C;H in the
studied shales ranged from 0 to 0.25, with an average of 0.06.
Gammacerane is an indicator of water column stratification and
salinity.”” The distribution of gammacerane in these shales
ranged from 0.29, with an average of 0.11.

5. DISCUSSIONS

5.1. Depositional Environment and Source Type. From
oxidation to reduction, the redox conditions of the water column
are usually divided into oxic, suboxic, subanoxic, anoxic, and
euxinic in this Article. The depositional environment of shales in
this study is primarily assessed by commonly used Pr/Ph, where
a ratio greater than 3.0 reflects oxidized depositional environ-
ments and that less than 0.8 reflects reduced environments.*®
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The distribution of Pr/Ph in Figure 10 shows slight differences
in the depositional environments among these members. The
majority of our studied samples were deposited under oxic to
suboxic conditions, whereas a minority of samples from the
second and third members of the Lingshui Formation fall within
the subanoxic zone. The plot of Pr/n-C,, versus Ph/n-C g is also
an effective tool for determining organic matter type.”” " As
shown in Figure 10a, most of the samples are located in the
terrigenous type III zone, indicating a predominant contribution
from terrigenous organic matter. This feature is further
supported by the wide occurrence of oleanane-type terpanes
and bicadinanes. However, some shales from the third member
of the Lingshui Formation are classified in the mixed type II/III
zone, suggesting a significant contribution from marine organic
materials. C,, steroids are considered to be primarily derived
from Rhodophyta.*® The relatively higher C,,/C,y aaa 20R
sterane (average 0.91) in samples from the third member of the
Lingshui Formation matches the distributions of n-alkanes
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(Figure 7d) and tricyclic terpanes (Figure 9d), implying the
increasing input of marine algae.

Generally, our studied shales were primarily deposited under
oxic to suboxic conditions, while minor samples were deposited
under subanoxic condition. Moreover, from bottom to top of
our target strata, the oxidation of the water column is generally
enhanced. Influenced by the delta-marginal sea system, the
organic materials preserved in these marine source rocks are
contributed by both terrestrial higher plants and marine algae,
with terrestrial organic matter being the major component. It
should be mentioned that samples in the third member of the
Lingshui Formation received more marine algae materials than
the others.

5.2. Determination of Efficient Source Biomarker
Parameters. We attempt to develop a method for calculating
the proportion of terrestrial and marine organic sources using
biomarker parameters and partial least-squares (PLS) analysis.
The PLS analysis can overcome the multicollinearity of
independent variables and remove the disturbance caused by
the multiple interpretations of biomarkers.*” Multiple biomarker
proxies are employed to eliminate the errors of individual
biomarkers.

The screening of source proxies is a critical step. Parameters
such as ACL, TAR, and P, from n-alkanes reveal the general
composition of organic matter, while oleanane, bicadinanes, and
taraxerane are specific to angiosperms.””*" The Pr/Ph ratio is
controlled by both the organic matter source and the
depositional environment.”® TT/C;oH can serve as an indicator
of marine organic source input, since the tricyclic terpanes
dominated by C,;TT are related more with the algae source.*
Owing to their linear correlation with TOC, the ACL, P,, TAR,
Pr/Ph, and TT/C5,H indicators can effectively characterize the
relative intensity of terrestrial or marine organic material inputs
(Figure 11a—d and f). It is noteworthy that there is a negative
correlation between TT/C;H and TOC (Figure 11f), which
seems to reflect the limiting effect of the algae input on organic
matter enrichment. The detection of gammacerane suggests
water stratification, where weak hydrodynamic conditions in a
stratified water column are favorable for both algae growth and
organic matter preservation in the Qiongdongnan Basin.” In the
study area, most samples show low gammacerane/C;,H values,
with no apparent correlation observed with the TOC (Figure
11e). This may imply that the beneficial effect of slight water
stratification on organic matter preservation counteracts the
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negative effect of increased algal productivity on organic matter
enrichment. Despite the poor correlation between gammacer-
ane/C;H and TOC, we propose that the abundance of
gammacerane can still represent the contribution of marine
organic material to a certain extent.

Oleanane, bicadinane T, and taraxerane are typical bio-
markers derived from angiosperms.”>***' The beautiful positive
linear correlation between oleanane/C;yH and taraxerane/C;,H
in Figure 12b suggests that they may share common biological
precursors. The relative abundances of oleanane and bicadi-
nanes were typically used to characterize the inputs of terrestrial
organic materials in the past, theoretically showing a positive
correlation with TOC. It is surprising that there is a very poor
correlation between oleanane/C5,H and TOC (Figure 11h) in
the samples studied. As shown in Figure 12a, we observed two
distinct trends between oleanane/C;,H and T/C;,H. Samples
from the delta front show higher and more variable oleanane/
CyH but lower T/C3H (mostly below 1.0). Conversely,
samples from the prodelta and inner shallow marine display
relatively lower oleanane/C;,H (typically below 0.5) but higher
and wide-ranged T/C;H (up to 3.5).

Murray*® proposed that contact with seawater may enhance
the expression of oleananes in sediments during early diagenesis,
but this perspective fails to fully explain the phenomenon where
samples from the delta front (closer to the shore, with less
contact with seawater) exhibit higher oleanane content. As a
matter of fact, the spatial differences in the unload zone of
terrigenous organic materials should be responsible for the
interesting distributions of oleanane and bicadinanes in Figure
12a. The unloading of terrestrial organic materials in the delta-
marginal sea system is a continuous process, with the delta front,
prodelta, and inner shallow marine all being important
depositional zones.'”*’ f-Amyrin, the precursor of oleanane,
can be found in all plant sections but is enriched in the lignin of
roots” and will convert into vitrinite during diagenesis. On the
other hand, bicadinane is mainly derived from the resin of the
Dipterocarpaceae (tropical rainforest species of Southeast
Asia)* and will transform into exinite. The kerogen macerals
in sediments are strongly influenced by the sedimentary facies in
the delta-marginal sea system; shales deposited near the ocean
typically show a higher exinite, while those closer to the land
tend to contain higher vitrinite.! Therefore, the biological
precursors of oleanane (woody debris) are more likely to be
deposited in the delta front, while those of bicadinanes (resinous
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gammacerane/C3,H, and (h) TT/CyH (h). The definitions of these biomarker parameters are given in the footnote of Table 2.

debris) are prone to be buried in the prodelta and inner shallow
marine. We suggest that the relationship between oleanane and
bicadinane may serve as a potential sedimentological indicator
of tertiary terrestrial organic materials in the delta-marginal
marine system of Southeast Asia.

The differential unloading of terrestrial higher plant debris
during the migration enhances the oleanane/C3H in shales
from the delta front, while the contact with seawater increases
the oleanane/C;,H in these samples from the prodelta and inner
shallow marine. It is worth mentioning that oleanane/C;,H is
not a suitable proxy to reflect the input of terrestrial organic
materials. The collective effect of seawater and differential
unloading of terrestrial organic materials weakens the
correlation between the oleanane content and TOC.

Although there is a good correlation between oleanane/C;,H
and taraxerane/C;,H (Figure 12b), the synthetic pathways of
oleanane (derives from f-amyrin) and taraxerane (originates
from taraxerol, a component of cutinite) are quite different
during the diagenesis.”**' The positive correlation between
taraxerane/CyH and TOC (Figure 11i) implies that the
taraxerol appears independent of sedimentary facies and
seawater during migration and diagenesis and can be regarded
as an efficient source parameter. While the correlation between
T/C30H and TOC is poor for all studied shale samples, there isa
certain positive correlation in the shales from the prodelta and
inner shallow marine (Figure 11g). We believe that the content
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of bicadinanes still remains a reliable indicator of terrigenous
organic matter.

Finally, we consider ACL, TAR, P,, Pr/Ph, TT/C;H,
gammcerane/C;,H, taraxerane/Cy,H, and T/C;,H as efficient
parameters for calculating the proportion of terrigenous and
marine organic matter. Because of the similar maturation levels
(low to moderate maturity) reflected by VR,%, CPI, hopanoid
and steroid parameters, the influence of thermal degradation on
the biomarker parameters can be ignored for these shale
samples.

5.3. Quantitative Assessment of Terrestrial Organic
Matter in the Marine Source Rocks. On account of the great
challenge of obtaining pure marine or terrestrial organic matter
shale as endmember samples, we primarily determine the
endmember values based on the distribution range of eight
source biomarker parameters in all shale samples. The
endmember values are set to be slightly greater than the
maximum value and less than the minimum value of each
parameter. Any one of the eight parameters should fall within the
ranges between the corresponding parameters of pure marine
and terrestrial endmembers; otherwise, the calculation results
will exceed 100% or be a negative value.

Figure 13 displays the distribution patterns of the eight source
biomarker parameters. For the pure terrestrial organic material
endmember, we determine ACL as 28, TAR as 11, P, as 0.3, Pr/
Ph as 6.0, T/C50H as 3.5, taraxerane/C;,H as 0.2§5,
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Figure 15. Distribution characteristics of terrestrial organic matter proportions based on (a) different target members and (b) different sedimentary

facies.

gammacerane/C;)H as 0, and TT/C;)H as 0.11. On the
contrary, the endmember values for pure marine organic source
are established as follows: ACL as 21, TAR as 0.3, P, as 0.95, Pr/
Ph as 1, T/C5H as 0, taraxerane/C;,H as 0, gammacerane/
C;oH as 0.3, and TT/C; H as 3.6.

PLS analysis was conducted using OriginPro (Learning
Edition). In the calculation process, virtual samples of pure
terrestrial and marine organic sources were designated as
independent variables, and the 60 shale samples collected in this
research were set as dependent variables. The final calculation
results for the total 60 shales are presented in the form of parallel
coordinate plots based on sedimentary facies in Figure 14. There
is a widely distributed range of terrigenous organic matter
proportions in the studied shales, ranging from 29% to 89%, with
an average of 63%. This finding supports the qualitative analysis
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viewpoint that terrigenous organic matter dominates the organic
matter of the late Oligocene to early Miocene marine shales in
the Qiongdongnan Basin.

The proportion of terrigenous organic matter gradually
increases from the third member of the Lingshui Formation to
the second member of the Sanya Formation (Figure 15a),
consistent with the qualitative analysis results discussed above.
Shales in the third member of Lingshui Formation have the
lowest average terrigenous organic matter proportion at 46%. In
comparison, samples from the second member of the Sanya
Formation exhibit a wide range of terrigenous organic matter,
varying from 29% to 849%, with the highest average being 69%.

Spatial differences in the unloading zone of oleanane and
bicadinanes reveal the variations of terrigenous organic matter in
different facies of the delta-marginal sea system (Figure 15b).
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The delta front appears to be the primary location for the
unloading of terrigenous organic matter, with its highest
proportion averaging 70%. This value progressively decreases
in the prodelta and inner shallow marine, averaging 59% and
57%, respectively. It is well-known that shales dominated by
terrestrial organic materials have a lower hydrocarbon index
(HI), while those dominated by marine algae usually have a
higher HI. The opposite trend between the terrestrial organic
matter proportions (Figure 15b) and HI values (Figure 16b)
across the delta front, prodelta, and inner shallow marine also
confirms the credibility of our computational results. Moreover,
the parallel proportions of terrigenous organic matter (range of
36—80%, average 63%) in the modern sediments of the Pearl
River estuary,” as determined by carbon isotopic compositions,
also enhance the confidence in our method. The differential
unloading of terrestrial higher plant debris provides new insights
into the mechanism and quantitative assessment of terrigenous
organic matter accumulation in the delta-marginal sea system
(Figure 18).

5.4. The Increase in Terrestrial Organic Materials
Dominates the Organic Matter Accumulation. According
to Table 1 and Figure 4, the TOC shows an increasing trend
from the third member of the Lingshui Formation to the second
member of the Sanya Formation. Organic carbon-rich shales are
significantly controlled by bioproductivity and the preservation
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of biological precursors.”> Biomarkers are effective tools in the
study of the organic matter accumulation mechanism, since they
provide a dual interpretation of environments and sources.””>*
The positive correlations of TOC with ACL, TAR, Pr/Ph, T/
CsoH, and taraxerane/C; H (Figure 11a, ¢, d, g, and i), coupled
with a negative correlation for P,g (Figure 11b), suggest that the
input of terrestrial higher plants plays a crucial role in the
accumulation of organic carbon. Typically, a high Pr/Ph ratio in
delta-marginal sea systems is associated more with the input of
terrestrial organic materials under oxic conditions. The positive
linear correlation of Pr/Ph with TOC (Figure 11d) further
implies that the consumption of organic matter under oxic to
suboxic conditions is covered by the substantial input of
terrestrial organic materials in the Qiongdongnan Basin.

In contrast, there is a negative linear correlation between the
TT/C3H and TOC (Figure 11b and f), which can be explained
as the low marine productivity being unable to compensate for
the loss of organic matter under oxidative conditions. Evidence
can be found in numerous HI and TOC data. From the coast
toward the marine direction, the HI of shales gradually increases
(Figure 16b), but relatively higher TOC values appear in three
main depositional zones of terrestrial organic materials: delta
front, prodelta area, and inner shallow marine (Figure 16 a).
Although the delta front has the highest proportion of

terrigenous organic matter, shales from the prodelta and the
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inner shallow marine exhibit the higher average TOC. The same
signature has also been reported in the Magallanes Basin.”” As
shown in Figure 11d, a higher Pr/Ph ratio (average 3.98)
indicates oxic conditions in the delta front, whereas the prodelta
and inner shallow marine show suboxic conditions with lower
Pr/Ph ratios (2.87 and 2.78, respectively). Similarly, higher
gammacerane/C;)H (Figure 1le) suggests that the higher
extent of water stratification in the prodelta and inner shallow
marine is more favorable for the preservation of terrigenous
organic matter.

In a word, an increased contribution of algae is not conducive
to the enrichment of organic carbon, but the redox conditions of
the water column should account for the differences in TOC
between the delta front and prodelta-inner shallow marine.

As shown in Figure 17, the input of higher terrestrial plants
gradually increases from the third member of the Lingshui
Formation to the second member of the Sanya Formation. The
sporopollen composition in the second member of the Sanya
Formation (Figure 6) is characterized by plenty of tropical/
subtropical broad-leveled taxa and pteridophytes, suggesting a
warm and humid climate from 23 to 18.3 Ma. This climate
change is likely caused by the strengthening of the East Asian
summer monsoon between 24.9 and 18.3 Ma.’

The prevalence of EASM enhanced seasonal precipitation and
surface runoff, which can further promote the channel mobility
and land plants supply.”> On the other hand, the enhanced
coastal currents provoked by a moonsoon reduce the
degradation of plant debris and are beneficial for the organic
matter preservation.’® Recent research has revealed that the
increasing input of terrestrial higher plants in the channels can
enhance the retention of mud through baffling, stabilization, and
flocculation, providing benefits for the incorporation of
terrigenous organic matter into the sediments.””

Evidence from extensive lithological data supports the view
that increased input of terrigenous organic matter plays an
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important role in promoting the fine sediment content and
organic matter abundance, as the mudstone proportion of
sediments increases from the third member of the Lingshui
Formation to the second member of the Sanya Formation
(Table 1 and Figure 17e).

Based on the above discussions, we believe that the
accumulation of organic matter in the Qiongdongnan Basin
during the late Oligocene to early Miocene is mainly controlled
by the intensity of the input of terrigenous organic materials
driven by the EASM and warm climate rather than the
bioproductivity of marine algae and preservation conditions of
the water column (Figure 18). The warm climate and increased
precipitation first benefit encourage the tropical-subtropical
vegetation to flourish. The prevalence of EASM also enhanced
the supply of terrestrial organic materials and fine sediment
content, and then reduced the degradation of organic matter
during transport and burial in the delta-marginal sea systems.
The more reduced sedimentary environments of the prodelta
and the inner shallow marine environment resulted in a higher
organic matter abundance compared to that in the delta front.

6. CONCLUSIONS

(1) Terrigenous organic matter plays a significant role in the
sediments of the delta-marginal sea system during late
Oligocene to early Miocene in the Qiongdongnan Basin,
and its proportion gradually increases from the third
member of the Lingshui Formation to the second member
of the Sanya Formation.

(2) The abundance differences of angiosperm-derived
oleanane and bicadinanes across various sedimentary
facies indicate the differential unloading of terrestrial
organic materials. Woody debris of higher plants may be
more extensively buried in the delta front, while resinous
debris may be more abundant in the prodelta and inner
shallow marine. The relative abundance of oleanane may
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not fully represent the input intensity of terrestrial organic
materials.

(3) Eight source biomarker parameters, including ACL, Py
TAR, Pr/Ph, gammacerane/C;,H, TT/C3H, taraxer-
ane/C;oH, and T/C;,H, are screened and employed to
establish a calculation method for the proportion of
terrigenous organic matter in sediments through PLS
analysis. It is found that terrestrial organic matter input is
highest in the delta front at 70%, followed by the prodelta
at 59% and the inner shallow marine at 57%. As for the
vertical signature, the proportions of terrestrial organic
matter in shales from the third member of the Lingshui
Formation to the second member of the Sanya Formation
were determined to be 46%, 61%, 66%, and 69%,
respectively.
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