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Abstract: Large amounts of natural gas hydrates have been discovered in the Qiongdongnan Basin
(ODNB), South China Sea. The chemical and stable carbon isotopic composition shows that the
hydrate-bound gas was a mixture of thermogenic and microbial gases. It is estimated that microbial
gas accounts for 40.96% to 60.58%, showing a trend of decrease with the increase in burial depth.
A significant amount of gas hydrates is thought to be stored in the mass transport deposits (MTDs),
exhibiting vertical superposition characteristics. The stable carbon isotopic values of methane (313Cy)
in the MTD1, located near the seabed, are less than —55 %0, while those of the methane below the
bottom boundary of MTD3 are all higher than —55%o. The pure structure I (sI) and structure II (sII)
gas hydrates were discovered at the depths of 8 mbsf and 145.65 mbsf, respectively, with mixed sI and
sl gas hydrates occurring in the depth range 58-144 mbsf. In addition, a series of indigenous organic
matters and allochthonous hydrocarbons were extracted from the hydrate-bearing sediments, which
were characterized by the origin of immature terrigenous organic matter and low-moderate mature
marine algal/bacterial materials, respectively. More allochthonous (migrated) hydrocarbons were
also discovered in the sediments below the bottom boundary of MTD3. The gas hydrated is “wet
gas” characterized by a low C; /(C;, + C3) ratio, from 2.55 to 43.33, which was mainly derived from a
deeply buried source kitchen at a mature stage. There is change in the heterogeneity between the
compositions of gas and biomarkers at the site GMGS5-W08 along the depth and there is generally
a higher proportion of thermogenic hydrocarbons at the bottom boundary of each MTDs, which
indicates a varying contribution of deeply buried thermogenic hydrocarbons. Our results indicate
that the MTDs played a blocking role in regulating the vertical transportation of hydrate-related
gases and affect the distribution of gas hydrate accumulation in the QDNB.

Keywords: gas hydrate; biomarkers; extractable organic matter; sediment; mass transport deposits;
Qiongdongnan Basin

1. Introduction

Natural gas hydrate was formed by methane-dominated hydrocarbon gas and water in
the gas hydrate stability zone in low-temperature and high-pressure conditions [1-4]. They
preferentially occurred in shallowly buried subsea sediments or in permeable rocks in the
land tundra [4]. The total carbon fixed in the form of natural gas hydrate is enormous, which
is almost twice as much as the conventional fossil fuels [5]. Recently, natural gas hydrates
have received increasing attention worldwide because of their significant carbon storage
capability and their potential as a new energy resource [6]. A total of six natural gas hydrate
drilling expeditions were conducted in the South China Sea (SCS) by the Guangzhou
Marine Geological Survey (GMGS) between 2007 and 2019 [7-11]. During the fifth natural
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gas hydrate drilling expedition (GMGS5) in 2018, a complex gas hydrate system that was
characterized by abundant visible vein-like and massive gas hydrates was discovered in
the Songnan low-uplift block of the western Qiongdongnan Basin (QDNB) [8,10-12].

In the past five years, a series of geological and geochemical investigations have been
conducted to interpret the accumulation process and mechanism of the typical leakage-type
gas hydrates at the site GMGS5-W08 in the QDNB [8,12-14]. These hydrates predom-
inantly originate from deeply buried coaly type thermogenic gas sources via effective
faults [8,12-14]. Organic geochemical and Raman spectroscopic results suggest that the
gas hydrates at the site GMGS5-W08 are a mixture of structure I (sI) and structure II (sII)
gas hydrates derived from both the thermogenic and microbial gas sources. Variations in
the proportions of these gases along the depth profile result in distinct sI and sII hydrate
distributions [11,13,15]. The microbial gas and coaly type thermogenic gas migrated up-
ward to the gas hydrates stability zone through the combination of faults, gas chimneys,
and pipe-like gas pathways [10,13,16-19]. Gas chimneys, acting as migration conduits,
are formed due to high-pressure conditions from Oligocene thermogenic and Miocene
microbial gas accumulations [10,12-14,18,20,21]. In the deep-water sedimentary system,
including central channel sedimentary systems, curved channels, and mass transport de-
posits (MTDs) [22]. Three sets of MTDs have been identified using seismic and logging
data and are characterized via vertical superposition and fracture development. The three
MTDs are buried at depths of 0-58 mbsf, 58-98 mbsf, and 98-143 mbsf, respectively, and
are potential storage spaces for leakage-type gas hydrates. The bottom boundaries of each
MTD are shown in the Figure 1b,c.
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Figure 1. Regional geographic map of the northern South China Sea and Qiongdongnan Basin
(QDNB). (a) Geographic location of the QDNB in the northwestern South China Sea and the location
of gas hydrate drilling site GMGS5-WO08 in this study [7,8,12,13]; (b) representative seismic profiles at
site GMGS5-WO08 [7,8,12,13], MTDn, mass transport deposit (n = 1-3); (c) well logging profiles of site
GMGS5-W08; (d—f) representative core photos of gas hydrates at the site GMGS5-W08.
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Notably, the geochemical characteristics of hydrate-related gas and sediments at the
site GMGS5-W08 show a strong vertical heterogeneity. For example, the proportion of
methane within the hydrate gas gradually decreased with the increase in buried depth [7].
However, the characteristics of the vertical geochemical heterogeneity and its controlling
factors have not yet been fully understood. On the basis of the systematic geochemical
analyses of hydrate-related gas and sediment samples from 0 mbsf to 188 mbsf, and with the
relevant results of previous studies, this paper aims to study the origin of hydrate-related
hydrocarbons and the hydrocarbons’ evolution during migration at the site GMGS5-W08.
Our results reveal a comprehensive control of the effect on natural gas hydrate geochemistry
via multiple factors, including gas sources, gas migration, and overlay cap rocks, which
may be highly significant for the exploration of natural gas hydrates in this region.

2. Geological Setting

The QDNB is a Cenozoic extensional basin located in the southeast of the Hainan
Island (Figure 1a) [13-24]. The basin underwent the Eocene-Oligocene rifting and the
Neogene-Quaternary depression structural evolution stages, in which four significant
tectonic events, i.e., the Shenhu, Zhujiang, Nanhai, and Dongsha movements, have been
further identified [19,25-27]. The deep-water area in the QDNB has been divided into
five third-order tectonic units, including the Songnan-Baodao, Lingshui, and Beijiao sags,
and the Songnan and Lingnan low uplifts. The QDNB was filled by eight formations
(from bottom to top), including the Eocene, lower Oligocene Yacheng Formation, upper
Oligocene Lingshui Formation, lower Miocene Sanya Formation, middle Miocene Meishan
Formation, upper Miocene Huangliu Formation, Pliocene Yinggehai Formation, and Qua-
ternary Ledong Formation (Figure 2) [19,21,27]. Two sets of source rocks, i.e., the Oligocene
marine and continental transitional source rocks (Yacheng and Lingshui Formations), and
the Miocene marine source rock (Sanya and Meishan Formations), have been found in the
QDNB. Several natural gas fields with huge reserves have been reported in the Meishan
and Huangliu Formation sandstone reservoirs of the Miocene submarine Central Canyon
System, such as the LS17-2, L18-1, and L25-1 gas fields [28-33]. The coal-bearing mudstones
in the Yacheng and Lingshui Formations were the main source rocks [30,31,34,35], and the
thick marine mudstones within the Miocene and Pliocene formations are considered to be
the regional cap rocks of the conventional petroleum system [23,31,33,36].
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Figure 2. The representative seismic profiles crossing the site GMGS5-W08 showing the faults and
stratigraphic sequences in the Qiongdongnan Basin.
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During the GMGS5 and GMGS6 expeditions, a large amount of visible vein, nodular,
and massive gas hydrates were discovered in the QDNB [7,12-14,19,22]. A large number of
gas hydrate samples were drilled and obtained at site GMGS5-W08 in 2018 [7,8,12].

3. Samples and Methods
3.1. Sample Collection

A total of 20 hydrate-related gas samples were obtained from 0 mbsf to 188 mbsf at
the site GMGS-W08 in the QDNB, including 4 samples during the depressurization of
pressurized cores and 16 hydrate-bound gas samples. All the hydrate-related gas samples
were obtained and stored following the experimental method reported by Lai et al. [14].

In addition, a total of 11 core samples of clayey silt sediment were collected at the site
GMGS5-W08, with a burial depth ranging from 0 mbsf to 188 mbsf. All sediment samples
were wrapped in aluminum foil and stored at a temperature of —20 °C.

3.2. Geochemical Experiments of Gas Samples

The gas compositions were analyzed using an Agilent 7890A (Santa Clara, CA, USA)
gas chromatograph equipped with an HP-PLOT Q capillary column and flame ionization
detector, following the standards set by Lai et al. [14]. In addition, the stable carbon and
hydrogen isotopes were determined using a gas chromatography—isotope ratio mass
spectrometry system (GC-IR-IRMS, Thermo Finnigan MAT 253, San Jose, CA, USA) with
the same capillary column as used in the Agilent 7890A gas chromatograph.

3.3. Geochemical Experiments of Sediments
3.3.1. Total Organic Carbon Analyses

The 11 rock core samples were initially dried by freezing at a temperature of —80 °C.
After freeze drying, they were crushed to 80 mesh using an agate mortar. These powdered
samples were stored at —20 °C for subsequent analysis and testing. To remove inorganic
carbon, the powdered samples were treated with hydrochloric acid (1.5 mol/L). They were
then washed with deionized water for 48 h and subsequently dried at 80 °C for 24 h in
an oven. The total organic carbon (TOC) content was determined using an LECO CS-230
carbon/sulfur analyzer.

3.3.2. Rock-Eval Pyrolysis Analyses

Rock-Eval pyrolysis, following the procedure outlined by Espitali’e et al. [37] and
conducted using the OGE-VI rock pyrolyzer, was employed to assess the bulk geochemical
properties of 11 sedimentary rock samples. This analysis focused on four key parameters:
51, S, Sz, and Tmax. S1 quantifies extractable hydrocarbon compounds released during
pyrolysis, S, measures the hydrocarbons generated and retained post pyrolysis, S3 signi-
fies CO, emissions during pyrolysis, and Tmax indicates the maximum temperature for
hydrocarbon generation during organic matter thermal maturation.

3.3.3. Extractable Organic Matter (EOM) and Gas Chromatography—Mass Spectrometry
(GC-MS)

The 11 samples underwent a 72 h extraction in a Soxhlet apparatus using a
dichloromethane/methanol (DCM/MeOH) solvent mixture (9:1, v/v). Initially, asphalt
removal was achieved with petroleum ether at room temperature over 12 h. Subsequently,
a silica/alumina column separation was employed to isolate saturated and aromatic hy-
drocarbon fractions from the deasphalting extract, using petroleum ether and a mixture of
petroleum ether and dichloromethane (2:1, v/v), respectively. Analysis of these fractions
was performed using Agilent 5975i and Agilent 59771 GC-MS systems, following the pro-
cedures and conditions described by Lai et al. [14]. All geochemical experiments on the
core samples were conducted at the National Key Laboratory of Petroleum Resources and
Engineering, China University of Petroleum (Beijing), Beijing, China.
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4. Results
4.1. The Geochemical Characteristics of Natural Gas

Table 1 presents the compositional analysis of three gas hydrate samples and 17 col-
lected gas data, detailing both gaseous hydrocarbon compositions and stable carbon isotope
compositions. The predominant component is methane (C;), ranging from 70.1% to 97.5%,
followed by moderate levels of ethane (C;) (2.2% to 18.5%) and propane (Cs) (0.05% to
11.3%). Higher carbon number hydrocarbons (Cs, ) are present in limited quantities, rang-
ing from 0% to 4.10%. Notably, the C; /(Cy + C3) ratio varies from 2.55 to 43.33. In addition,
the values of stable carbon isotopes of C; (813Cy), C, (613Cy), and C3 (613C3), range from
—63.7 %o to —49.3%0, —29.2%0 to —22%o, and —24.6 %o to —20.6%o, respectively. Further-
more, the hydrogen isotope value of C; (6D;) ranges from —181%o to —171%o.

Table 1. Molecular and isotopic compositions of gas hydrates from GMGS5-W08.

Gaseous C1/(Cy + C3)
Isotopic Composition (%o)
Depth (mbsf) Hydrocarbon Composition (%) Molar Ratio Reference
C C, C; Css s8¢y §13¢C, §13C, 8D
45 97.28 2.59 0.05 0.08 36.85 —58.3 —25.1 —20.2 n.d.
81.23 96.37 3.27 0.25 0.11 27.38 —58.8 —245 —20.2 n.d. This study
146 85.19 1043 3.5 0.88 6.12 —51.2 —26.6 —22.7 n.d.
8 97.5 2.2 0.05 0.25 43.33 —59.5 —26 —22.4 —187
17.07 96.95 2.6 0.1 0.35 33.32 —57.6 —26.6 —20.6 —169
60 95.6 3.4 0.7 0.3 23.32 —60.9 —284 —24.6 —181
63.18 96.2 3.3 0.39 0.11 26.07 —54.6 —22 n.d. —178
79 94.17 511 0.72 0 16.15 —58.6 —25.1 —21.6 —170  Data from [14]
112.3 94.22 5.02 0.75 0.01 16.33 —53.8 —23.3 —20.7 —175
145.65 73.62 18.51 7.87 0 2.79 —49.3 —275 —23 n.d.
158 76.1 15.43 8.48 0 3.18 —50.4 —269 —222 —183
187.1 89.22 6.71 4.08 0 8.27 —50.4 —26.7 —23.2 —180
63.73 96.7 2.7 0.4 0.2 31.19 —63.7 —28.8 —23.7 n.d.
64.7 97.2 2.5 0.2 0.1 36 —61.1 —29.2 n.d. n.d. Data from [11]
170.2 72.5 12.1 11.3 41 3.1 —52 —27 —244 n.d.
87.35 922 5.3 1.65 0.85 13.27 n.d. n.d. n.d. n.d.
89.66 90.5 6.3 2.24 0.96 10.6 n.d. n.d. n.d. n.d.
90.23 89.9 6.5 2.45 1.15 10.04 n.d. n.d. n.d. n.d. Data from [8]
142.39 87.4 9.3 1.94 1.36 7.78 n.d. n.d. n.d. n.d.
164.49 70.1 17.6 9.88 2.42 2.55 n.d. n.d. n.d. n.d.

Note: n.d., no data.

4.2. Bulk Geochemical Properties of Sediments

Table 2 presents the TOC contents and pyrolysis parameters of the 11 sediment samples.
The TOC contents exhibit remarkably low values, ranging from 0.29% to 0.71%, with an
average of 0.48%. The measured pyrolysis parameters, including S;, Sy, and Tmax, also
exhibit notably low values, with averages of 0.06 mg/g, 0.23 mg/g, and 367 °C, respectively.
In contrast, the values of S3 are remarkably high, ranging from 1.12 to 1.57 mg/g, with
an average of 1.29 mg/g. The calculated pyrolysis parameters hydrocarbon index (HI),
oxygen index (OI), and production index (PI), range from 25.76 to 67.78 mg HC/g TOC,
221.75 to 444.14 mg CO, /g TOC, and 0.05 to 0.36, respectively.
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Table 2. Geochemical results of TOC, Rock-Eval pyrolysis and EOM of the hydrate-bearing sediments
at the site GMGS5-WO08.

Organic . s
. TOC Tmax S S, S3 Saturate Aromatic Resein Asphaleten
Depth (mbsf)  Lithology wt%) O (mglg) (mglg) (mglg) HI oI PI szmtrgi;;t)s o % % %
2.50-2.85 Silty clay 0.63 370 0.05 0.28 1.50 4411 23629 0.15 0.99 5.15 1.46 5.92 87.47
9.10-9.15 Silty clay 0.71 376 0.02 0.37 1.57 5226 22175  0.05 0.23 21.67 13.61 21.11 43.61
45.20-45.30 Silty clay 0.56 387 0.08 0.34 1.42 60.67 25339  0.19 0.21 19.83 17.53 15.80 46.84
87.15-87.25 Silty clay 0.55 366 0.09 0.25 1.23 4545 223.64 026 0.33 25.47 12.17 12.17 50.19
112.20-112.25 Silty clay 0.58 359 0.12 0.23 1.34 39.40 22957 034 0.25 14.78 16.36 17.15 51.72
145.55-145.65 Silty clay 0.36 374 0.09 0.16 1.26 4426 34855 036 0.36 7.88 4.44 1.21 86.46
148.00-148.14 Silty clay 0.45 374 0.10 0.19 1.24 4253 27759 0.34 0.31 3.68 11.95 8.28 76.09
148.60-148.70 Silty clay 0.49 374 0.10 0.19 1.12 38.61 227.60 0.34 0.24 13.20 3.37 16.57 66.85
164.10-164.20  Silty clay 0.45 373 0.10 0.18 1.13 40.00 251.11  0.36 0.25 13.20 3.37 16.57 66.85
176.20-176.30 Silty clay 0.40 375 0.09 0.16 1.24 39.92 309.38 036 0.36 18.18 4.71 11.45 65.66
187.20-187.30 Silty clay 0.44 382 0.11 0.20 1.18 45.19 266.61 0.35 0.37 19.44 5.30 13.13 62.12
Note: TOC, total organic carbon content, wt.%. Tmax, the temperature at which the S, yield reaches a peak. Sy, the
amount of free hydrocarbons (HC) in a sample before the analysis, mg HC/g rock. S, the amount of hydrocarbons
that result from cracking of kerogen in a sample, mg HC/g rock. Sz, the amount of carbon dioxide produced by
pyrolysis of organic matter in a sample. HI, hydrocarbon index, HI =S, /TOC x 100, mg HC/g TOC. O], oxygen
index, OI = S3/TOC x 100, mg CO, /g TOC. PI, production index, P =S; /(S; + Sy).
4.3. The Compositions of Biomarkers
4.3.1. Normal Alkanes and Acyclic Isoprenoids
The total ion current (TIC) of the saturated hydrocarbon displays a distribution pattern
of n-alkanes ranging from nCy4 to nCszs (Figure 3a—d). Significant odd-to-even preference
(OEP, 0.65 < OEP < 2.26) and high carbon preference index (CPI, 0.86 < CPI < 2.02) are
observed in the nCp3 to nCss range (Table 3). In addition, the ratios of pristane to phytane
(Pr/Ph), Pr/nCy7, and Ph/nCyg vary between 0.22 to 1.30, 0.65 to 1.00, and 0.61 to 0.77,
respectively.
Table 3. Selected biomarker parameters relative to the composition of n-alkanes, terpanes, and
steranes of EOM of samples at the site GMGS5-WO08.
n-Alkanes and Isoprenoid Ratios Terpanes Steranes
Depth mbsh) o Py Py P YnCam. cpl OEp TAR CoTT/  CuTeT/ Ts/ St.C3122S/  St.C920S/  St.CyoP B/ Diasctgme y
Peak Ph nC17 nC1s chﬂ, C21TT C26TT (Ts + Tm) (22S + 22R) (20S + 20R) ([5 B + xox) Sf.C27
2.50-2.85 Zglf” 022 085 478 0.76 121 123 047 2.14 0.86 0.44 0.38 0.42 0.41 0.67
31
9.10-9.15 Zgu” 111 074 0.66 1.08 202 226 170 1.32 1.11 0.43 0.39 0.39 0.36 0.75
31
45.20-45.30 Zg;’ 1.01 071 0.61 1.09 1.88 209 156 1.39 0.89 0.43 0.40 0.31 0.30 0.42
87.15-87.25 Zgij" 0.88 0.77 0.70 1.03 086 071 0.23 224 0.72 0.60 0.32 0.41 0.39 0.70
112.20-112.25 Zg;" 0.88 0.65 0.65 0.66 155 182 058 1.50 0.67 0.70 0.51 0.58 0.47 0.58
145.55-145.65 nCy; 124 083 0.72 0.64 0.83 0.65 0.13 1.63 0.53 0.73 0.50 0.32 0.35 0.59
148.00-148.14 nCiz 121 0.68 0.63 0.73 0.83 0.68 0.19 1.65 0.49 0.71 0.50 0.43 0.35 0.68
148.60-148.70  nCy;;  1.09 073 0.73 0.75 1.81 219 075 1.45 0.51 0.70 0.53 0.33 0.34 0.64
164.10-164.20 nCyiz 130 1.00 0.77 0.88 089 0.89 035 1.39 0.52 0.70 0.56 0.27 0.27 0.29
176.20-176.30  nCy;; 111 0.73  0.66 0.49 137 156 029 1.38 0.54 0.71 0.54 0.30 0.34 0.52
187.20-187.30 nCiz 119 076 0.69 0.50 146 173 037 1.44 0.59 0.69 0.55 0.34 0.33 0.65

Note: Max. peak, the main (max.) peak of n-alkanes. Pr, pristane. Ph, phytane. CPI, carbon preference index,
{[(nCa3 + nCsps + nCyy) + (nCos + nCyy + 1Ca9)]/ (nCoyq + nCps + 1Cpg)}/2 [38]. OEP, odd-to-even predominance,
(l’lC25 +6 X HC27 + nng)/(4 X I’lCze +4 x 1’[C28) [38] TAR = (HC27 + f’lng + I’lC31)/(VlC15 + HC]7 + nClg) [39] CiTT,
G; tricyclic terpane (i = 21-26). Cp4TeT, Cyy tetracyclic terpane. Ts, 18(H)-22,29,30-trisnorhopane. Tm, 170(H)-
22,29,30-trisnorhopane. St.Cyy_39, Cp7-29 regular sterane.
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Figure 3. (a—d) n-alkanes distributions (total ion current, TIC) and (e-h) tricyclic terpane distributions
(m/z 191 mass fragmentograms) in saturated hydrocarbon fractions of some representative samples
at the site GMGS5-W08. C,TT, Cptricyclic terpane. Cy4TeT, Cpy Tetracyclic terpane, similarly to other
compounds. R, S, the configuration of compounds.

4.3.2. Tricyclic Terpanes, Hopanes, and Steranes

A series of tricyclic terpanes (TTs), tetracyclic terpanes (TeT) (Figure 3e-h), and hopane
series (Figure 4a—d) in EOM are detected in the 71/z 191 mass chromatograms. The ratios
of Cp3TT to Cp1TT and Cp4TeT to Cp6TT range from 1.32 to 2.24 and 0.49 to 1.11, respec-
tively (Table 3). Within the distribution patterns of the hopane series, a dominance of
C3p hopane (C3pH) and CyH, and a high abundance of biological configuration isomers
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173(H), 213 (H)-Ca9.31H (B 3-Cpg.31H) were observed (Figure 4a—d). In addition, the 18c(H)-
22,29,30-trisnorhopane (Ts) is slightly less abundant than the 17 x(H)-22,29,30-trisnorhopane
(Tm), with Ts/(Ts + Tm) ratios ranging from 0.40 to 0.70 (Table 3). All the samples have an
extremely low abundance of gammacerane (Ga), oleanane (OL), and Cs3_35 homohopanes
(Figure 4a—d).
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Figure 4. (a—d) Triterpane distributions (/z 191 mass fragmentograms) and (e-h) sterane distribu-
tions (m/z 217 mass fragmentograms) in saturated hydrocarbon fractions of representative samples at
the site GMGS5-W08. C39H, CspHopane, Co9M, CygMoretane, similarly to other compounds. R, S, the
configuration of compounds. CyySt, Regular Cy,; Sterane, CpgS, Regular Cyg Sterane, Cp9St, Regular
Cp9 Sterane.
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In the m/z 217 mass chromatograms (Figure 4e-h), numerous sterane homologues
have been identified. The Cy; diasteranes are present in relatively high abundance, with
Cyy diasteranes/Cyy regular steranes ratios ranging from 0.29 to 0.75 and an average of 0.59
(Table 3). Furthermore, the distribution pattern of Cyy to Cy9 regular steranes appears to
follow a distinctive V-shaped to L-shaped trend (Figure 4e-h). The aacox Cp920S/(20S + 20R)
index and Cy33/(BR + xx) index vary between 0.27 to 0.58 and 0.27 to 0.47, respectively
(Table 3).

4.3.3. Aromatic Distributions

The aromatic hydrocarbons in sediment samples extract are mainly composed of
phenanthrene (Phen) (m/z 178), methyl phenanthrenes (1m/z 192) (Figure 5a—d), naphtha-
lene (m/z 128), trimethyl naphthaleneon (/z 170) (Figure 5e-h), chrysene, fluoranthene,
perilene, and some other components were detected in all EOM of sediments. The equiv-
alent vitrinite reflectance (%R. and %R,), calculated based on the methylphenanthrene
index (MPI-1) [40] and the trimethylnaphthalene ratio (TNR-2) [40], ranges from 0.79% to
0.86% and 0.77% to 0.80%, respectively (Table 4).

In addition, the ratios of (3- + 2-MP)/(2-MP + 3-MP + 1-MP + 9-MP) (F;) and 2-MP/
(2-MP + 3-MP + 1-MP + 9-MP) (F,) [41] are relatively low, each measuring below 0.54 and
0.32, respectively (Table 4). The dibenzothiophenes to phenanthrene ratio (DBT/Phen)
varies between 1.22 and 2.12.

Table 4. Selected biomarker parameters and ratios of the samples calculated from phenanthrene,
methyl-phenanthrenes, trimethyl-naphthaleneon, methyl-phenanthrene, and dibenzothiophenes
distributions at the site GMGS5-W08.

Depth (mbsf) MPI-1 %R, TNR-2 %R Fq F, DBT/Phen
2.50-2.85 0.65 0.79 0.61 0.77 0.50 0.28 1.94
9.10-9.15 0.62 0.77 0.61 0.77 0.50 0.30 1.22

45.20-45.30 0.65 0.79 0.61 0.77 0.50 0.29 1.55
87.15-87.25 0.72 0.83 0.65 0.79 0.54 0.32 1.69

112.20-112.25 0.77 0.86 0.66 0.80 0.54 0.32 2.12

145.55-145.65 0.76 0.85 0.64 0.78 0.53 0.31 2.08

148.00-148.14 0.74 0.85 0.65 0.79 0.53 0.31 2.03

148.60-148.70 0.74 0.85 0.65 0.79 0.54 0.32 1.90

164.10-164.20 0.72 0.83 0.64 0.78 0.54 0.32 1.68

176.20-176.30 0.75 0.85 0.64 0.78 0.53 0.31 1.88

187.20-187.30 0.76 0.86 0.66 0.79 0.53 0.32 1.94

Note: MPI-1, the methylphenanthrene index, [1.5 x (2-MP + 3-MP)]/(P + 1-MP + 9-MP) [40]. MP, methyl-
phenanthrenes. %R, calculated vitrinite reflectance, %R. = 0.6 x MPI-1 + 0.4 [40]. TNR-2, the trimethylnaph-
thalene ratio, (1,3,7-TMN + 2,3,6-TMN)/(1,3,5-TMN + 1,3,6-TMN + 1,4,6-TMN). TMN, trimethyl-naphthaleneon.
%R = 0.4 + 0.6 x TNR-2. Fy = (2-MP + 3-MP)/(2-MP + 3-MP + 1-MP + 9-MP) [42]. F, = 2-MP/(2-MP + 3-MP +
1-MP + 9-MP) [41]. DBT, dibenzothiophene. Phen, phenanthrene.
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Figure 5. (a-d) Phenanthrene distributions (/z 178 mass fragmentograms), methyl-phenanthrenes
distributions (1m/z 192 mass fragmentograms), (e-h) naphthalene distributions (/z 128 mass frag-
mentograms) and trimethyl-naphthaleneon distributions (#/z 170 mass fragmentograms) in aromatic
hydrocarbon fractions of representative samples at the site GMGS5-WO08. hen, phenanthrene, and 3-,
2-,9-, 1-MP are the 3-, 2-, 9-, 1-methyl-phenanthrenes, respectively. N, naphthalene, and 1,3,7-, 1,3,6-,
14,6 +1,3,5-,2,3,6-,1,2,4-,1,2,5-, 1,4,5-TMN are the 1,3,7-, 1,3,6-, 1,4,6 + 1,3,5-, 2,3,6-, 1,24-, 1,2,5-,
1,4,5-trimethyl-naphthaleneon, respectively.
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5. Discussion
5.1. Origin of Gas Hydrates

The revised genetic diagrams of C;/(C, + C3) versus 813C; and 613Cy versus 6Dy
proposed by Milkov and Etiope [43] can be applied to divide types of natural gas hydrates.
Figure 6 shows the gas hydrates and pressurized core degassing gas samples are mainly of
early mature thermogenic gas.
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Figure 6. Genetic diagrams showing the genetic types of the hydrate-related gas samples at the site
GMGS5-W08. (a) Plot of 13C; versus Cq/(Cy + C3). The diagram is modified from [43] (b) plot of 5Dy
versus §13C;. The diagram is modified from [43]. CR, CO; reduction; F, methyl-type fermentation;
SM, secondary microbial gas; OA, oil-associated thermogenic gas; EMT, early mature thermogenic
gas; LMT, late-mature thermogenic gas.

All samples are primarily consisted of C; (Table 1, Figure 7a), with varying amounts of
C; and Cj3, and trace amounts of Cs,. The presence of C3 and C3, gases in hydrate-related
gas suggests a contribution from thermogenic gases, as microbes typically produce C;
exclusively. The highest C; content in the samples was 97.7%, which contrasts with the
C; content of up to 99% in pure microbial gas from the Shenhu area in the South China
Sea [15]. Interestingly, the proportion of C; gradually decreases along the vertical profile
(Figure 7a,b), while the §'3C; values increase with increasing burial depth (Figure 7c).
In contrast, 513C, and 5'3C; values remain stable with depth (Figure 7d,e). These features
suggest that the contribution of microbial gas within the hydrate-related gas decreases with
increasing burial depth from top to bottom. It is generally accepted that the '>C; values
for microbial origin typically fall below —55%., whereas thermogenic §'3C; exhibits values
higher than —55%. [13,14,26,44,45]. Unlike the purely microbial gas in the Shenhu area,
which has a maximum §'3C; of —66%., the range of §'3C; within the samples is between
63.7 %0 and —49.3%o [15]. Therefore, it can be inferred that the vertical variations in natural
gas composition and stable carbon isotopic are mainly caused by the different mixing ratios
of microbial gas and thermogenic gas [13,14].

Based on the principle of mass conservation and stable carbon isotope fractionation of
methane, the relative proportions of microbial and thermogenic gas in gas hydrates can be
estimated [13,14,46]. In this study, we used the measured 513C; values of —28%o for pure
thermogenic C; [32,47] and —80 %o for pure biogenic C; [13,14] to calculate the contribution
of microbial C;. The calculation results show that the proportion of microbial C; in the gas
samples from site GMGS5-W08 ranges from 40.96% to 60.58%, progressively decreasing
with increasing burial depth (Figure 7f).

The Cs, gases, typically originating from thermogenic natural gas sources, play a
crucial role in the formation of slI gas hydrates [11,48,49]. Variations in the proportion
of microbial gases along the vertical profile influence the composition of gas hydrates,
particularly C; content. This leads to the formation of distinct zones with different gas
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hydrate crystal types along the depth profile. Pure sl and slI gas hydrates were found at
depths of 8 mbsf and 145.65 mbsf, respectively, while a mixture of sI and sl gas hydrates
was identified within the depth range of 58 to 144 mbsf. The gas sample taken at 8 mbsf
exhibited high concentrations of C; and C; hydrocarbon gases but lacked C; and Cj,
hydrocarbons, with a §!3C; value below —55%0. Conversely, the gas sample retrieved from
a burial depth of 145.65 mbsf displayed a lower C; content and higher Cy, content, with a
§13Cy value exceeding —55%o. Ultimately, based on the crystal structure of gas hydrates, the
hydrate deposits can be divided into three zones from top to bottom: Zone sI (0-58 mbsf),
Zone sl + slI (58-144 mbsf), and Zone sl (below 144 mbsf) (Figure 7). The boundaries
between the zones are located at the bottom boundaries of MTD1 (58 mbsf) and MTD3
(144 mbsf).
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Figure 7. Vertical variation in the geochemical characteristics of the hydrate-related gas samples
at the site GMGS5-W08. (a) Vertical distribution of sample C; /Cy, values; (b) Vertical distribution
of sample C;/(Cy+ C3) values; (c) Vertical distribution of sample 5C;(%o)values; (d) Vertical dis-
tribution of sample 5Cy(%o)values; (e) Vertical distribution of sample 6C3(%o)values; (f) Microbial
gas proportion = (513(: mixed gas sample — 813C pure thermogenic gas)/(613C pure primary microbial gas — §13C
pure thermogenic gas)- 1he diagram is modified from [14].

In summary, the varying contribution rates of thermogenic gases along the vertical
profile result in differences in the vertical distribution of sI and slI gas hydrates. The greatest
variation in thermogenic gas proportions occurs at the bottom boundaries of MTD1 and
MTD3. Below MTD3, thermogenic gases become the predominant component of hydrates.
The distribution of gas components is evidently influenced by the presence of MTDs,
indicating that the MTDs may play a sealing role in preventing gas migration upward.

5.2. Profile Variations in Geochemical Characteristics of EOM
5.2.1. Basic Geochemical Characteristics

Most sediment samples have TOC and HI values lower than 0.5% and 50 mg HC/g
TOC, respectively (Table 2, Figure 8a). In addition, the values of the pyrolysis parameters
S1 and S; are extremely low (Table 2, Figure 8b), indicating a very low organic carbon in
the indigenous sediments and a minor potential for microbial gas generation.

In contrast, the values of S are relatively high (Table 2), which represents the signif-
icant production of carbon dioxide during organic matter pyrolysis and reflects a high
oxygen content in the organic materials. This is likely due to the low thermal maturation
levels. The Tmax values are significantly low, ranging from 359 to 387 °C (Table 2, Figure 8c).
Resins and asphaltics are the major components in the extracts of the eleven samples,
ranging from 1.21% to 21.11% and 43.61% to 87.47%, respectively (Table 2). The Trax values
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and percentage distribution of the four fractions indicate a very low thermal maturation
level of the sediment samples.
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Figure 8. Vertical variation in TOC and Rock-Eval pyrolysis of the hydrate-bearing sediments at the
site GMGS5-WO08. (a) Vertical distribution of sample TOC values; (b) Vertical distribution of sample
Sy values and S, values; (c) Vertical distribution of sample Trax values.

In summary, the basic geochemical characteristics indicate that the abundance of EOM
in the sediment is low and that the EOM is in an immature stage.

5.2.2. Organic Matter Source

The distribution of n-alkanes is a common method for tracing the origin of organic
matter. Short-chain n-alkanes (<nCpp) typically indicate contributions from algae and
microorganisms, whereas long-chain n-alkanes (>1nCps) are associated with terrigenous
higher plants [50-52]. In this study, samples buried less than 58 mbsf predominantly exhibit
long-chain n-alkanes (Figure 3a), while others show a prevalence of short-chain n-alkanes
(Figure 3b—d). Near the seabed, we observe a bimodal distribution pattern (with maximum
peaks around nCy4, and nCs) (Figure 3a). In contrast, deeper-buried sediment samples
display a unimodal pattern.

Furthermore, the TIC of saturated hydrocarbons demonstrates an even/odd predomi-
nance, particularly in the nCp7-nCs3 range, suggesting an origin from immature terrestrial
organic matter. Additional n-alkane parameters, including nCp,, /nCs1_ and the terrige-
nous/aquatic index (TAR), help identify the sources of organic matter (Table 3, Figure 9a,b).
The TAR index is the ratio of (nCp7 + nCp9 + nCz;)/(nCy5 + nCy7 + nCyg), reflecting the
contribution of leaf waxes and algae to n-alkanes, reveals the input of terrigenous or-
ganic matter (Table 3, Figures 3a—d and 9). Higher nCs;, /nCp;_ and TAR values within
MTD1 compared to MTD3 (Figure 9) indicate an increasing contribution of marine aquatic
organisms to organic matter with increasing burial depth.

These sediment samples consist of unconsolidated clays with relatively shallow burial
depths (0-200 mbsf) and low in situ temperatures (3.5-21 °C) [8], indicating an immature
diagenesis phase. Therefore, the immature terrigenous organic matter is likely sourced
from the terrigenous organic matters.

In addition to immature EOM, our analysis revealed several biomarker compounds in
mass chromatograms, originating from mature source rocks. These include isoprenoids
(Figure 3a—d), tricyclic terpanes (Figure 3e-h), hopanes (Figure 4a-d), diasteranes, regular
steranes (Figure 4e-h), and some other compounds. These biomarkers indicate the presence
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of allochthonous hydrocarbons in the extracts, helping identify the allochthonous hydro-
carbons origin. The distribution of steranes is widely used to infer the input of organic
matter sources. For example, high concentrations of Cyg steranes suggest higher plant or-
ganic matter input, while Cy; steranes indicate eukaryotic algae and animal sources [53,54].
We detected Cy7 to Cyg regular steranes in all extracts, with high C,7 and Cy9 abundance,
implying contributions from terrigenous and aquatic organisms. The Cyy to Cpg sterane dis-
tribution shifts from a V-shaped (above 85 mbsf) to an L-shaped pattern (below 145 mbsf),
indicating decreasing terrigenous influence with burial depth and a gradual reduction in
terrestrial plant contributions.
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Figure 9. Vertical changes in showing various EOM inputs at the site GMGS5-WO08. (a) Vertical
distribution of sample Y nCpy, /) nCy;_ values; (b) Vertical distribution of sample TAR values.

The plot of Ph/nCyg versus Pr/nCy; (Figure 10) and the ternary diagram of Cpy—Cpg
regular steranes (Figure 11) depict the source of EOM in our samples. In MTD], terrestrial
higher plants are the primary source, whereas MTD2 and MTD3 samples contain a mix of
EOM with a substantial contribution from aquatic organisms.

B S
10.0; Lo SER s R0 (FFRP
4\

Pr/inC,,
>
%

@ sSamplesin MTD1
@ Samplesin MTD2
@ Samplesin MTD3
0.1 1.0 10.0

Ph/nC,,

0.1

Figure 10. Phytane to n-C;g alkane (Ph/nCjg) versus pristane to n-Cyy alkane (Pr/nCyy) showing
depositional conditions and type of organic matter at the site GMGS5-W08. The diagram is modified
from [55].
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Figure 11. Ternary diagram of regular steranes (Cpy, Cpg, and Cpg) at the site GMGS5-W08 showing
the relationship between sterane compositions and organic matter input. The diagram is modified
from [56].

In summary, indigenous organic matter primarily comprises immature terrigenous
material, while allochthonous hydrocarbons mainly originate from planktonic algae, bacte-
ria, and other microorganisms. Moreover, the contribution of terrigenous organic matter
decreases notably at the bottom boundary of MTD1 and MTD3 (Figure 9), coinciding
with the presence of gas hydrates zones. Below the bottom boundary of MTD3, organic
matter from mature source rocks and deeply buried thermogenic gas accumulate. Changes
in the parameters of these source rocks along the depth profile indicate that MTDs ob-
struct the upward migration of allochthonous hydrocarbons and gas hydrates, especially
thermogenic gas.

5.2.3. Depositional Environment of Organic Matter

Parameters derived from the distribution of TTs have historically played a pivotal role
in assessing depositional environments and organic matter conditions [57-59]. In this study,
all sediment samples exhibit a substantial abundance of Cy3TT, with Co3TT/Cy TT ratios
consistently exceeding 1.2 (Table 3). This observation implies that EOM in the shallowly
buried sediments of GMGS5-W08 predominantly originates from marine and saline environ-
ments, as opposed to terrestrial freshwater environments. In addition, Cp4TeT/Cy6TT ratios
can be used to determine the depositional environment [60], with Cy4TeT/CyTT ratios
consistently higher than 0.5 (Table 3, Figure 3b), suggesting an overfilled and balanced-fill
marine depositional environment. Moreover, parameters such as Pr/Ph and DBT/Phen
are commonly used to indicate the depositional environment. As shown in Figure 12, our
results illustrate that reducing conditions within the depositional environment become
more pronounced with increasing burial depth. Notably, significant variations in these
ratios become apparent at the bottom of the MTDs boundaries.

The ternary diagram of Cj9.,20TT, Co1TT, and Cp3TT by Xiao et al. [59] (Figure 13) and
the plot of Ph/Pr versus DBT/Phen (Figure 14) indicate that the EOM in the samples is
sourced from marine sediments.
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Figure 12. Vertical variation in showing various organic matter depositional environment at the site
GMGS5-WO08. (a) Vertical distribution of sample Pr/Ph values; (b) Vertical distribution of sample
Cp4TeT/CyTT values; (c) Vertical distribution of sample DBT /Phen values.
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Figure 13. Ternary diagram of Cy9,20TT, Cp; TT, and Cp3TT to discriminate the various depositional
environments at the site GMGS5-WO08. The diagram is modified from [59].
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In summary, the biomarker parameters suggest that the allochthonous hydrocarbons
in the extracts primarily originate from source rocks within marine depositional environ-
ments. Meanwhile, the parameters indicate an anoxic condition below the bottom boundary
of MTD3 and a sub-anoxic condition above the bottom boundary of MTD1. These obser-
vations indicate a significant correlation between shifts in sedimentary environments and
the MTDs.

5.2.4. Maturity of Sediment Organic Matter

All samples exhibit immaturity, as evidenced by the Trax values ranging from 359 °C
to 382 °C (Table 2, Figure 8c). The moderate to high OEP, mostly higher than 1.5 (Table 3),
indicates low thermal maturity. This is further supported by the presence of squalene, a
high abundance of Cy9—C3; 33-hopanes (Figure 5a—d), and relatively abundant C9—Cs;
moretanes (Figure 5a—d).

Moreover, a set of biomarker compounds from mature source rocks serves as valu-
able indicators of allochthonous hydrocarbons maturity. The thermal maturity indicators,
including the Cs; 225/(22S + 22R) ratio, Ts/(Ts + Tm) ratio, %R., %R, F1, and Fy, collec-
tively confirm the presence of mature EOM sources. Furthermore, these six parameters
demonstrate an increase in organic matter maturity with increasing burial depth, with
significant variations observed at the bottom boundary of MTD1 and MTD3 (Figure 15).
The six maturity parameters within MTD1 indicate that the EOM is in the immature-mature
stage. The values of the maturity parameters increase with increase in depth of burial, and
within MTD3 the EOM is in the mature stage. In addition, the pole axax C2920S/(20S + 20R)
versus Cp9 BR/(BB + axx) and F; versus F, present low-mature to mature level and mature
level, respectively (Figure 16).
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Figure 15. Vertical variation in maturity of the hydrate-bearing sediments at the site GMGS5-WO08.
(a) Vertical distribution of sample C31225/(225+22R) values; (b) Vertical distribution of sample
Ts/(Ts+Tm) values; (c) Vertical distribution of sample %R, values; (d) Vertical distribution of sample
%Ry, values (e) Vertical distribution of sample F; values; (f) Vertical distribution of sample F, values.

In general, the EOM within clay sediment extracts at relatively shallow burial depths
(0-200 mbsf) is expected to be in an immature stage. However, certain biomarker pa-
rameters related to saturated and aromatic hydrocarbons exhibit distinct characteristics
indicative of low to moderate organic matter maturity. This suggests the influence of al-
lochthonous hydrocarbons sources originating from deeply buried source rocks. Variations
in maturity parameters along the vertical profile suggest that MTDs serve as impediments,
obstructing the upward migration of allochthonous hydrocarbons.
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Figure 16. Diagram showing the maturity of the hydrate-bearing sediments at the site GMGS5-W08.
(a) Plot of Cyg BB/ (BB + axex) versus Cpg 20S/(20S + 20R). (b) Plot of F; versus F,.

In summary, the proportion of thermogenic gas and biomarker parameters associated
with source input, depositional environment, and organic matter maturity consistently
display variations along the vertical profile. These observations strongly indicate the
upward migration of gases and hydrocarbons sourced from deeply buried reservoirs, with
MTDs playing a significant role as barriers impeding this migration process.

5.3. Implications for Gas Hydrate Exploration

The preliminary findings of this study indicate that MTDs act as barriers, hindering
the upward migration of both gas and EOM. Our research indicates significant changes
in the contribution of thermogenic gas in the hydrate-related gas and contributions of
allochthonous hydrocarbons in hydrate-bearing sediment extracts at the bottom bound-
aries of MTD1 and MTD3. These variations become more pronounced with burial depth.
Moreover, the proportion of thermogenic gas may affect the distribution of slI gas hydrates
along the vertical profile. Below the boundary of MTD3, the proportion of thermogenic gas
is over 50%, indicating a significant accumulation of sII gas hydrates.

In addition, allochthonous hydrocarbons are present in the sediment extracts. The
geochemical characteristics of the allochthonous hydrocarbons in the extracts indicate that
they are originated from marine source rocks of low to moderate maturity, and the organic
matter is derived from mixed organic matter with a significant contribution from aquatic or-
ganisms. The distribution is influenced by the presence of MTDs. The highest concentration
of allochthonous hydrocarbons is found at the bottom boundary of MTD3. Moreover, the
indigenous organic matter within MTDs can significantly influence various geochemical
parameters. Therefore, when evaluating gas source kitchens using geochemical indicators,
it is crucial to consider the influence of indigenous sediment within MTDs.

6. Conclusions

Based on a series of detailed geochemical analyses of hydrate-related gases and
hydrate-bearing sediments within GMGS5-W08 in the QDNB, the source of the thermogenic
gas and the influence of sediments on hydrate-related gas migration were investigated.
The main conclusions are as follows:

1.  The decrease in C; content and increase in 5§!3C; with depth suggest an increasing
proportion of thermogenic gas, indicating that the MTDs act as cap rocks, impeding
the migration of gas from deep source rocks.
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2. The varying thermogenic gas contributions result in distinct changes in the distri-
bution of sl and slI gas hydrates along the depth profile. It is concluded that MTDs
significantly influence the distribution of slI gas hydrates, with important implications
for gas hydrate resource assessment and exploration.

3.  Hydrate-bearing sediments contain both indigenous organic matter and allochthonous
hydrocarbons, with the allochthonous hydrocarbons originating from marine source
rocks of low to moderate thermal maturity. It is crucial to distinguish the influence of
indigenous organic matter when determining the origin of hydrate-related gas sources.

4.  The vertical distribution patterns of source input, depositional environment, and
organic matter maturity parameters within hydrate sediments exhibit distinct trends.
These variations at the interfaces closely align with the boundaries of the MTDs,
indicating that MTDs prevent upward migration of allochthonous hydrocarbons from
depth and have a significant impact on the distribution of organic matter.
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