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a b s t r a c t

In the Pearl River Mouth Basin of the northern South China Sea, extensive commercial shallow gas 
reservoirs have recently been discovered. However, their formation mechanisms remain poorly con
strained. This study employs integrated petroleum geological and geochemical 
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complicates gas-source correlation (Jiang et al., 2015; Ping et al., 
2021; Xu et al., 2021), particularly when conventional isotopic 
proxies are confounded by secondary alterations. The distinct 
geochemical signatures and accumulation mechanisms of shallow 
gas, contrasting with deep reservoirs, are poorly constrained, 
hindering the development of unified  exploration models. This 
study leverages comprehensive geochemical data, including mo
lecular and isotopic analyses of 44 shallow gas samples, to address 
these knowledge gaps. By integrating light hydrocarbon analysis, 
carbon isotope fractionation patterns, and biomarker data, we aim 
to: (1) elucidate the genetic mechanisms of shallow gas, dis
tinguishing between biogenic, thermogenic, and mixed-source 
contributions; (2) quantify the relative proportions of microbial 
and thermogenic gases using end-member mixing models; (3) 
develop a conceptual model for shallow gas accumulation, high
lighting the roles of migration pathways, microbial activity, and 
preservation conditions. By addressing these scientific and prac
tical challenges, this work contributes to the growing body of 
knowledge on shallow gas systems, offering new insights into their 
genesis and accumulation mechanisms in the PRMB and beyond.

2. Geological setting

The Pearl River Mouth Basin, located on the northern South 
China Sea’s continental shelf, stretches northeast-southwest over 
about 2.5 × 105 km2 (Fig. 1(a)). Ranked as one of China’s largest 
offshore petroleum basins by area, it has produced over 3 ×108 t of 
oil and 3.5 × 1010 m3 of natural gas (Zhang et al., 2021). This 
Mesozoic–Cenozoic passive margin rift basin exhibits a zonal 
distribution: oil-dominated reservoirs cluster in the Zhu I 
Depression and Dongsha Uplift, while gas fields  prevail in the 
Baiyun Sag and Panyu Low Uplift (Fig. 1(b)). The basin's tectonic 
evolution comprises three principal phases (Jiang et al., 2015; Ping 
et al., 2021): (1) Late Cretaceous–Oligocene Rifting Phase, charac
terized by NE-trending normal faults controlling half-graben 
development, accompanied by lacustrine and deltaic sedimenta
tion; (2) Miocene Post-Rift Subsidence, dominated by thermal 
subsidence and widespread delta-to-shelf deposition, with reac
tivation of deep-seated faults facilitating fluid migration (Xu et al., 
2021); and (3) Pliocene–Quaternary Rapid Subsidence, driven by 
South China Sea spreading, forming deep-water slope systems and 

gas hydrate stability zones. Primary gas reservoirs are hosted in 
the Oligocene–Miocene strata (Fig. 2).

The Baiyun Sag, the deepest depocenter (>12 km Cenozoic 
sediments), is bounded by the oceanic crust to the south and the 
Panyu Uplift to the north (Jiang et al., 2015; Ping et al., 2021; Xu 
et al., 2021). Deep-seated NWW-trending faults, penetrating the 
Moho, act as conduits for mantle-derived CO2 and thermogenic 
hydrocarbons (Yang et al., 2022). Gas chimneys and mud diapirs, 
identified  through three-dimensional seismic imaging, delineate 
focused fluid migration pathways (Sun et al., 2012). The Baiyun Sag 
is the basin's subsidence center, with water depths from approx
imately 200 m to 2800 m. Sediments derived predominantly from 
the Paleo-Pearl River exhibit unidirectional transport patterns 
(Fig. 1). Stratigraphically, the succession comprises: Eocene Wen
chang Formation (lacustrine deposits), Enping Formation (shallow 
lacustrine-delta plain systems), Oligocene Zhuhai Formation 
(deltaic-continental shelf sequences), Miocene Zhujiang, Hanjiang, 
and Yuehai Formations (deltaic-slope deposits), 
Pliocene–Quaternary siliciclastic sediments (Fig. 2) (Ping et al., 
2021; Xu et al., 2021). Thermogenic source rocks are developed 
in the Wenchang, Enping, and Zhuhai formations (Jiang et al., 
2015; Ping et al., 2021; Xu et al., 2021), while biogenic gas-prone 
rocks are restricted to the Hanjiang Formation and its supra
jacent successions (Fig. 2).

3. Samples and methods

This study examined 44 drilling stem test (DST) gas samples 
from 12 exploratory and production wells in shallow commercial 
gas reservoirs (Fig. 1(a)). Sampling locations included the Yuehai- 
Hanjiang Formation of the Panyu uplift, the Hanjiang Formation at 
the Baiyun Sag center, and the Zhujiang-Zhuhai Formation in the 
southern sag's deep-water zone (Figs. 1(b) and 2). Hydrocarbon 
composition was determined using a modified Agilent Technolo
gies 7890B gas chromatograph (GC) with a triple-channel system. 
Channel A, suitable for analyzing hydrocarbon gases, uses helium 
as the carrier gas with a flame ionization detector (FID). GC con
ditions for Channel A include a Varian 2378 column (KC5 
50 m × 0.53 mm) with helium as the carrier gas; the initial tem
perature is held constant for 3 min, then ramped at 25 ◦C/min to 
190 ◦C, followed by another 3-min hold. Channel B, designed for 
the analysis of carbon dioxide (CO2), hydrogen sulfide  (H2S), 
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Fig. 1. (a) Geographic setting of the Pearl River Mouth Basin and Baiyun Sag. (b) Distribution of the sampling wells.
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oxygen (O2), nitrogen (N2), carbon monoxide (CO), and methane 
(CH4), employs a helium carrier gas with a stainless-steel molec
ular sieve packed column at a constant temperature of 90 ◦C, 
utilizing thermal conductivity detector (TCD). Channel C, intended 
for hydrogen (H2) analysis, uses nitrogen as the carrier gas with a 
stainless-steel molecular sieve-packed column, operating at a 
constant temperature with TCD detection. Quantification 
employed the external standard method, with component relative 
concentrations normalized post-analysis. Individual compounds 
were separated using an Agilent 7890B GC, while carbon isotopes 
were measured with a GV Instruments Isoprime mass spectrom
eter connected to an Agilent Technologies 6890N GC (GC-IRMS), 
adhering to the Vienna PeeDee Belemnite (VPDB) standard. 
Hydrogen isotopes were determined using a Delta VADVANTAGE 

mass spectrometer with a VARIAN-PLOT FUSED chromatographic 
column, referenced to the Vienna Standard Mean Ocean Water 
(VSMOW) standard. All samples underwent ≥4 (carbon isotopes) 
or ≥3 (hydrogen isotopes) replicate analyses, with means reported 
as final values.

Mudstone and oil sand samples were extracted from fresh core 
samples of the Yuehai and upper Hanjiang formations. These core 
samples were crushed to 120 and 80 meshes, respectively, and 
extracted with dichloromethane for 72 h using the Soxhlet 
extraction method, followed by group composition separation 
(saturated hydrocarbons, aromatic hydrocarbons, non- 
hydrocarbons, asphaltenes). Saturated hydrocarbon fractions 
(~20 mg) were analyzed via Agilent 7890A-5973C GC-MS following 
the Chinese standard GB/T 18606‒2017. All laboratory procedures 
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Fig. 2. Generalized stratigraphic column of the Baiyun Sag and Panyu Uplift in the Pearl River Mouth Basin, modified from Ping et al. (2021) and Xu et al. (2021), depicting 
geological age, sedimentary facies, organic matter maturity, gas enrichment intervals, and source rock layers. Vitrinite reflectance (%) data are from well B52 in the central region 
of the Baiyun Sag. The hydrocarbon generation model follows Tissot et al. (1974).
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were conducted in the Key Laboratory of Marine Reservoir Evolu
tion and Hydrocarbon Enrichment Mechanism, Ministry of Educa
tion. Chromatographic data of crude oil and formation temperature 
profiles were provided by CNOOC (Shenzhen) Co., Ltd. Hydrogen 
and oxygen isotopic compositions of formation water in the Pearl 
River Mouth Basin were sourced from Xiao et al. (2015).

4. Geochemical characterization and mixed-source 
quantification of shallow gas reservoirs

4.1. Geochemical characterization of shallow gas

The shallow gas exhibits a distinct vertical layering pattern 
(Fig. 3(a)). Methane in shallow reservoirs has relatively lighter 
carbon isotopic compositions (δ13C-CH4: − 70‰ to − 35‰) 
compared to deeper thermogenic gas (δ13C-CH4 > − 40‰). The gas 
dryness coefficient  (C1/[C1–C5]) initially decreases and then in
creases with depth, with an inflection  point at approximately 
2000 m, corresponding to a minimum in situ formation tempera
ture of ~80 ◦C (Fig. 3(c)). This depth-temperature threshold marks 
the current upper limit for microbial methane production in the 
Baiyun Sag, except for some thermophilic methanogens (Fig. 3(c)) 
(Wilhelms et al., 2001). Below this depth, thermogenic processes 
dominate, with increasing gas maturity and heavier C1/(C1–C5) 
values (Fig. 3(b)). Conversely, at shallow depths, lower tempera
tures favor microbial activity, producing biogenic gas character
ized by lighter δ13C-CH4 values (<− 55‰) and elevated C1/(C1–C5) 
ratios (>0.99). Thermogenic gas contributions to shallow reser
voirs exhibit spatial heterogeneity, constrained by the develop
ment of vertical migration pathways (Sun et al., 2012). Reservoirs 
devoid of such conduits demonstrate biogenic gas predominance 
at shallow depths, characterized by increased elevated methane 
dryness indices and δ13C-CH4 depletion (Fig. 3(a) and (b)). The 
lower depth limit for shallow gas remains debated, with proposed 
ranges of 1000–2000 m (Gao et al., 2010; Mueller et al., 2018). For 
the Baiyun Sag, a 2000 m threshold is adopted based on the 
observed burial depth distribution (300–1600 m) and composi
tional trends, including biogenic gas dominance above 2000 m 
(Fig. 3) and regional thermal constraints on current microbial ac
tivity (≤80 ◦C; Fig. 3) (Wilhelms et al., 2001).

Shallow gas reservoirs exhibit C1/(C1–C5) ratios >0.9 and δ13C- 
CH4 values ranging from − 52‰ to − 34.4‰ (Fig. 4(b)). A threshold 
C1/(C1–C5) ratio of 0.95 demarcates distinct genetic regimes: below 
this threshold, δ13C-CH4 increases proportionally with C1/(C1–C5), 
whereas ratios >0.95 indicate mixed-origin gases characterized by 
inverse δ13C-CH4 enrichment (Fig. 4(a)). Except for the W211 well, 
dominated by biogenic methane (C1/[C1–C5] > 0.97, δ13C- 
CH4 = − 50‰), shallow reservoirs contain heavier carbon isotopes 
of ethane and propane compared to deeper gas (Fig. 4(b) and (c)). 
Carbon isotopic compositions typically follow a normal distribu
tion pattern, increasing from CH4 to C4H10 (Fig. 5). Only gas from 
well W211 shows unique carbon isotope distributions (Type II, III, 
and IV), whereas carbon isotopes from other reservoirs are similar 
(Type I), indicating different sources of organic matter.

Heavier carbon isotopes in natural gas generally result from: (1) 
rapid escape of lighter isotopes (mass fractionation effect) (Xia and 
Tang, 2012; Liu et al., 2019); (2) biodegradation, where bacteria 
consume 12C, enriching 13C in the remaining gas, characterized by 
high ratios of i-C4/n-C4 and i-C5/n-C5, as well as the inversion of 
carbon isotope values (δ13C-CH4 < δ13C-C2H6 < δ13C-C3H8 > δ13C- 
C4H10) (Larter and di Primio, 2005; Shuai et al., 2011; Liu et al., 
2019); (3) 13C enrichment due to water solubility differences 
(dissolution fractionation effect) (Zhang et al., 1995); (4) source 
facies or thermal maturity variations, with humic-type gas having 
heavier isotopes than sapropelic-type; (5) thermochemical sulfate 
reduction (TSR) (Liu et al., 2019); (6) bacterial sulfate reduction 
(BSR) (Lin et al., 2016). While deep-seated faults can transport 
mature thermogenic gas to shallow reservoirs (e.g., Baiyun Sag gas 
chimneys), three factors preclude shallow gas maturity exceeding 
source levels. (1) Preferential loss of 12C-enriched methane in
creases δ13C of residual gas but does not elevate thermal maturity 
indices (C2/C3 ratios, δ13C-C2) (Xia and Tang, 2012). (2) Biogenic 
methane dilutes migrated thermogenic gas maturity signals. (3) 
Shallow temperatures (<80 ◦C) inhibit oil-to-gas cracking that 
could theoretically increase maturity (Hunt, 1996). Basin-wide 
vitrinite reflectance (VR) profiles  demonstrate decreasing VR 
values with shallower burial depths (Fig. 2). Gas maturity pa
rameters (C2/C3, δ13C-C2H6) in shallow reservoirs consistently align 
with adjacent mid-mature source rocks (Enping Formation, 
VR = 0.6%–0.8%), not deeper overmature intervals (Wenchang 
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Formation, VR > 1.2%) (Ping et al., 2021). Secondary alteration 
enriching 13C is typically mediated by aerobic bacteria. However, 
biological methane production activities are frequently observed 
in the shallow layers, indicating strictly anaerobic environments 
(Schoell, 1980; Whiticar, 1999). Low i-C4/n-C4 and i-C5/n-C5 ratios 
(<2; H195, Table 1) and rare δ13C inversions (δ13C-CH4 < δ13C- 
C2H6 < δ13C-C3H8 > δ13C-C4H10) further negate biodegradation. 
Negligible H2S concentrations (H195, Table 1) and reservoir depths 
(>300 mbsf) below sulfate-methane transition zones (SMTZs; <10 
mbsf regionally) eliminate TSR/BSR as viable 13C-enrichment 
pathways (Lin et al., 2016).

For natural gas in free-phase migration, the N2 concentration 
(δ13C-C2H6− δ13C-CH4) and saturate/aromatic values are reliable 
indicators of migration direction (Prinzhofer et al., 2000; Ye et al., 
2017). These proxies prove unreliable in shallow gas due to 
biogenic gas influence,  causing (δ13C-C2H6− δ13C-CH4) values and 
N2 concentrations to be higher in shallow layers than in deeper 

intervals. The H195 gas samples demonstrate depth-dependent 
aromatic hydrocarbon depletion, exemplified by decreasing ben
zene/normal hexane and toluene/normal heptane ratios upward 
(Table 1). Enhanced adsorption of polar aromatic compounds onto 
reservoir matrices, compared to saturated hydrocarbons, drives 
this compositional fractionation (Huang et al., 2022). Shallow 
layers in the Baiyun Sag, particularly the Yuehai and Hanjiang 
formations, feature marine saline water deposits, contrasting with 
thermogenic gas source rocks in lacustrine and shallow marine 
deltaic environments. The elevated salinity in shallower strata, 
coupled with declining formation pressure at reduced burial 
depths, restricts aqueous-phase gas migration to overlying layers. 
Natural gas molecules' small size and high mobility allow strong 
breakthrough capabilities. Poor diagenetic consolidation in 
shallow caprocks further reduces seal integrity (Li et al., 2008), 
establishing a dynamic equilibrium between gas charging and 
diffusive losses (Dang et al., 2008). Mass-dependent isotopic 
fractionation favors 12C diffusion over 13C due to its lower mass, 
leading to partial gas dissipation and forming hydrates at the 
shallow seabed (Dai et al., 2017). While methane loss theoretically 
enriches δ13C, microbial input dominates the isotopic signal 
(Fig. 3), masking this effect. Ethane/propane experiences slower 
diffusion but stronger 13C enrichment due to molecular mass 
constraints (Liu et al., 2019). Residual C2+ thus shows heavier δ13C. 
In conclusion, heavy carbon isotopes present in shallow gas are 
primarily attributed to preservation conditions.

In the study area, shallow gas reservoirs mainly consist of hy
drocarbon gases. Non-hydrocarbon gases, primarily N2 and CO2, 
are present in relatively low concentrations, typically <5% and 
<1%, respectively (Fig. 6 and Table 1). CO2 exhibits δ13C values 
spanning from − 28.6‰ to − 4.4‰ (Fig. 6), suggesting inorganic 
contributions (δ13C-CO2 > − 8‰ or CO2 > 60%) (Dai et al., 1996), 
potentially from mantle or microbial sources. In the gas layers of 
the Well W211 (Fig. 6), CO2 constitutes 60% of the volumetric 
composition, with δ13C values surpassing − 5‰ and R/Ra (i.e., the 
ratio of measured 3He/4He to atmospheric 3He/4He) > 6.5 (Yang 
et al., 2022), characteristic of mantle-derived inputs. Mud 
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Table 1 
Molecular composition (%) of gas reservoirs (ZJ450, Z310, HJ610, HJ410) in Well H195.

Well Reservoirs Gas composition, vol% Ben/n-C6 Tol/n-C7 i-C4/n-C4 i-C5/n-C5

C1 C2 C3 i-C4 n-C4 i-C5 n-C5 C6+ H2S N2 CO2

H195 HJ410 92.57 3.67 1.39 0.32 0.34 0.16 0.08 0.27 nd. 0.63 0.57 0.11 0.55 0.94 2.00
H195 HJ610 91.28 4.21 1.49 0.31 0.34 0.15 0.08 0.22 nd. 0.89 1.03 0.18 0.67 0.91 1.88
H195 ZJ310 87.80 3.89 1.37 0.26 0.31 0.13 0.07 0.21 nd. 1.65 4.31 0.56 1.00 0.84 1.86
H195 ZJ450 88.12 4.05 1.52 0.30 0.34 0.14 0.09 0.53 nd. 0.56 4.35 0.60 1.06 0.88 1.56

Abbreviations: Ben/n-C6, benzene/normal hexane; Tol/n-C7, toluene/normal heptane; vol, volume; nd., not determined.
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diapirs, gas chimneys, and deep-seated faults in the Baiyun Sag 
provide migration pathways for deep fluids (Fig. 13). Geochemical 
data confirm  that mantle-sourced CO2 dominates Pearl River 
Mouth Basin reservoirs (Huang et al., 2015; Yang et al., 2022).

4.2. Determination of microbial gas proportion

Variations in gas enrichment patterns are influenced  by un
derlying genesis mechanisms, necessitating the quantification of 
source-specific gas contributions. In the Shenhu Sea area, natural 
gas hydrates primarily form through the dissipation of biogenic 
gas into the shallow seabed (Dai et al., 2017). Consequently, the 
biogenic gas supply critically controls hydrate resource potential. 
This study employed an end-member gas mixing model (Eq. (1)) to 
determine microbial gas proportions. The carbon isotopic 
composition of the mixed gas is jointly controlled by the carbon 
isotopes and component concentrations of the end-member 
gases: 

δ13Cn =
(

δ13Cn [A] × Vn [A] × X + δ13Cn [A] × Vn [B][1 − X]
)/

(Vn[A] × X + Vn[B] × [1 − X)] )

(1) 

where δ13Cn is the isotopic value of Cn in the mixed gas, ‰; 
n = carbon number (1 for methane, 2 for ethane, etc.); Vn[A] and 
Vn[B] denote the relative contents of Cn in end-member A and B; X 
signifies  the volume fraction of end-member A, and [1-X] repre
s�c.); 
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facies, with kerogen carbon isotope ratios exceeding − 25‰ (Ping 
et al., 2021), distinguishing it from conventional marine- 
terrestrial systems. As discussed in Section 4.1, shallow gas has 
elevated carbon isotope values of ethane and propane due to gas 
escape (Fig. 3). Biogenic gas admixture further obscures genetic 
interpretations of source rock signatures via conventional carbon 
isotope analysis.

Biogenic gas's negligible C2+ content renders light hydrocar
bons (C5+) diagnostic of thermogenic processes, including origin, 
maturity, and alteration. Light hydrocarbon generation pathways 
and kinetics vary with the thermal regime, pressure, and kerogen 
type (Thompson, 1979, 1983; Dai, 1993; Ten Haven, 1996; Huang 
et al., 2022). Normal heptane (n-C7) is primarily from bacteria 
and algae (Thompson, 1979, 1983; Dai, 1993), serving as a 
dependable maturity indicator due to its progressive enrichment 
during catagenesis. Methylcyclohexane (MCH) primarily derives 
from the cellulose, lignin, and carbohydrates found in higher 

plants (Clayton et al., 1991; Huang et al., 2022), exhibiting rela
tively stable thermodynamic properties (Huang et al., 2022). 
Dimethylcyclopentane (DMCP) mainly comes from the cyclic lipid 
bodies of aquatic organisms (Dai, 1993). The paraffin index, which 
includes the heptane and isoheptane values, effectively discrimi
nates kerogen type and maturity (Thompson, 1983).

Natural gas in the Enping Formation of Well W132 (southern 
sag) exhibits biased sapropelic kerogen affinity (Figs. 9 and 10(a)). 
Thermogenic gas from Well W211 displays depleted δ13C-C2H6, 
δ13C-C3H8, and δ13C-C4KT5ZIKCIfiI5KT.CcmpECgp:TpZCT’p6;zIZTZ5KZmpECgEETECgp:TpZCT’p6;ECZCTfpZCECECZCECECTmp[1HN]CTUp7TpQpqp'5xZ'ICECECT5zKKzCI.E5Ifi.CIfixzfip[1mpECgp:TpZCT’p6;ECZCTfpZCECECZCECECTmp[14KT5ZIKCIfiECECZCE5TZzfiCECTmp[13N]CTUp7Tp07TpQpqpfi5xfifiKCECECK5zKEZCI.K5fi'fiCIfi.EKmp:zmpECgp:TpZCT’p6;ECZCTfpZCECECZCECECTmp[1andECECZCE5TZzfiCECTmp[1alues N]CTUp7TpZCECECZCI5xITxTCECcmpETpZCECECZCECECTmp[1priaN]CTUp7Tp6ZTn�CZCx5ETfiKCECTmp.Es N]CT, pZCECECZCI5xITxTCECcmp:TpZCECECZCECECTmp[1preN]CTUp7TpZCECECZCZ5x'TI.CAE5EE:TpZCECECZCECECTmp[1ethim�CZCZ5TKzzCECTmp.TpZCECEET N]CTl N]CTUp7TpZCECECZC'5xfiTKzCECmp[1-NZCECECZCECECTmp[1convN]CT N]CTUExxieaffi�(CFigs. fos proparily carm theZEZIs 
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methanogen activity (Fig. 11(a)–(c)), specifically  2, 6, 10, 15, 19- 
pentamethyleicosane (PMI) and 2, 6, 10, 15, 19, 23- 
hexamethyltetracosane (squalane) (Brassell et al., 1981), with 
relative abundances reflecting  microbial intensity. Methano
genesis occurs via five  metabolic pathways: hydrogenotrophic 
(utilizing CO2 and HCOOH), acetoclastic (involving CH3COOH), 
methylotrophic (involving substrates like CH3OH, CH3NH2), 
methoxyl (lignocellulose-derived), and alkylotrophic (using hy
drocarbons) (Schoell, 1980; Whiticar, 1999; Lloyd et al., 2021; Zhou 
et al., 2022). Global primary biogenic reserves predominantly form 
through CO2 reduction or a combination of CO2 reduction and 
acetate fermentation (Flores et al., 2008; Wang et al., 2022). In the 
study area, typical oil-biodegradation gas (δ13C-CH4 < − 50‰, C1/ 
[C1–C5] > 0.99, high N2 concentrations) was identified in the H111 
block. Crude oil samples exhibit biodegradation characteristics 
(Fig. 11(d)–(g)), albeit to a limited extent, as evidenced by the 
absence of significant  25-norhopane (Fig. 11(h) and (i)). Limited 
heavy oil reservoir development further restricts oil-degradation 
gas contributions.

Biogenic gas is governed by methanogenic pathways (Schoell, 
1980; Whiticar, 1999). The kinetic isotope effect (KIE) of methane 
exhibits pathway-specific  variability, typically decreasing in the 
sequence: methylotrophic > hydrogenotrophic > acetoclastic 
(Krzycki et al., 1987; Whiticar, 1999). Mechanistic divergence 

between pathways dictates isotopic signatures: acetoclastic 
methanogenesis derives 25% of methane hydrogen from water and 
75% from acetate methyl groups, whereas CO2 reduction exclusively 
sources hydrogen from water. This results in distinct δ13C-CH4 and 
δD-CH4 values (Whiticar et al., 1986; Whiticar, 1999). Methane 
hydrogen isotopes further correlate with coexisting water δD-H2O 
(Whiticar, 1999): 

δD - CH4 (‰) =f (δD - H2O − 160) + (1 − f ) × (0:75 × δD
- CH4 + 0:25 × δD - H2O)

(2) 

where f denotes the proportion of gas from CO2 reduction, ranging 
from 0 to 1. CO2 reduction exhibits 160‰ (±10‰) between δD-CH4 
and δD-H2O. Marine and saline lake settings dominated by CO2 
reduction yield δD-CH4 values exceeding − 190‰ (Schoell, 1980), 
while continental analogs show δD-CH4 values ranging 
from − 270‰ to − 190‰ (Ni et al., 2013). Freshwater environments, 
with elevated H2 availability, favor depleted δD-CH4 values 
(Whiticar et al., 1986). This feature is reflected in the methane 
produced by acetate fermentation, which has a heavier carbon 
isotope ratio and a lighter hydrogen isotope ratio. In the study area, 
shallow marine-deltaic to shelf facies host brackish-saline envi
ronments (Fig. 2). Gas samples from the Hanjiang Formation 
indicate pure biogenic gas, with δ13C-CH4 values ranging 
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from − 62.8‰ to − 57.4‰ and hydrogen isotopes from − 211‰ 
to − 191‰ (Fig. 12(a)). Well 211 samples have δ13C-CH4 values 
around − 50‰ and C1/(C1–C5) ratios exceeding 0.97, indicating a 
mix of biogenic and thermogenic gas. Distal Well W211, likely 
influenced by saline porewater, records δD-CH4 values of − 195‰ 
to − 171‰ (Fig. 12(a)). The observed δD-CH4− δ13C-CH4 reflects 
thermal maturation influences (Fig. 12(a)).

Carbon isotope fractionation coefficient  (αc = [δ13C- 
CO2 + 1000]/[δ13C-CH4 + 1000]) differs between methanogenic 
pathways. For CO2 reduction, αc ranges from 1.049 to 1.095, while 
acetoclastic methanogenesis falls between 1.039 and 1.058 (Fig. 12
(c)) (Whiticar, 1999). Acetate fermentation products show a δ13C- 
CH4− δ13C-CO2 anticorrelation, driven by preferential incorpora
tion of 12C into CH4, enriching residual CO2 in 13C. Conversely, the 
carbon isotopes of hydrogenotrophic methane directly depend on 
the precursors, establishing a positive correlation (Rice and 
Claypool, 1981; Balabane et al., 1987). In the study area, mixed- 
source shallow gas reservoirs combine thermogenic gas (lower 
δ13C-CO2 values; higher δ13C-CH4 values) with biogenic gas, lead
ing to a negative correlation between δ13C-CH4 and δ13C-CO2 
(Fig. 12(c) and (d)). This overlap complicates genetic discrimina
tion, causing CO2-reduction-derived biogenic methane to be 
commonly misinterpreted as acetoclastic in origin.

5.3. Characterization of shallow gas accumulation

The studied shallow gas reservoirs exhibit distinct accumula
tion mechanisms despite comparable geochemical characteristics. 

Regional heterogeneity across the study area manifests in: (1) 
seawater depth gradients (180− 2400 m), (2) reservoir stratigraphy 
(Yuehai–Hanjiang Formations north; Zhujiang–Zhuhai Formations 
south; Fig. 2), (3) thermogenic source facies (terrigenous Type 
II2–III kerogen north vs. sapropelic organic matter south), (4) 
migration systems (fracture networks accessing paleo-reservoirs 
dominate the north; central mud diapirs and gas chimneys pre
vail; southern systems feature deep faults linked to CO2-rich res
ervoirs), (5) thermal maturity (thermogenic maturity increases 
southward, progressing from mature-stage northern gases to 
higher-maturity central/southern accumulations). Reservoir 
depths cluster between 400 m and 1000 m below the sea floor. The 
exception is the B611 well in the subsidence center, as illustrated 
in Fig. 13.

Natural gas accumulation has stringent requirements for cap 
rock properties. Thick mudstones, commonly deposited in shallow 
marine environments, undergo weak diagenetic processes, 
allowing natural gas, especially compounds containing 12C iso
topes, to diffuse (Fig. 13). The accumulation of shallow gas is a 
dynamic accumulation process involving continuous loss and 
accumulation (Dang et al., 2008). In deep water areas, the escaping 
gas may migrate to shallow strata, forming natural gas hydrates 
with in-situ biogenic gas (Fig. 13). A notable example is the first 
trial production of natural gas hydrates conducted by the China 
Geological Survey in May 2017 in the Shenhu area of the Baiyun 
Sag. These hydrates exhibit δ13C-CH4 and δD-CH4 values diagnostic 
of a CO2-reduction methanogenesis (Dai et al., 2017). In shallow 
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water settings, the escaping methane-rich gas undergoes anaer
obic oxidation with ions in seawater (Fig. 13). Substantial fluxes of 
methane may dissolve in seawater and subsequently escape into 
the atmosphere (Fig. 13), exacerbating greenhouse forcing. Given 
that shallow gas reservoirs are predominantly composed of ther
mogenic gas, favorable exploration areas typically correspond to 
regions with well-developed, high-quality reservoirs connected to 
deep source rocks via diapirs or fault conduits. Source rocks 
originate from the Zhuhai Formation or deeper strata, as the 
Zhujiang Formation and overlying units exhibit insufficient ther
mal maturity for large-scale natural gas generation. Although no 
commercial biogenic gas reservoirs have been discovered, their 
resource potential warrants further assessment given pervasive 
microbial activity indicators.

6. Conclusions

In the Pearl River Mouth Basin, South China Sea, shallow gas 
reservoirs within the Baiyun Sag and adjacent uplifts comprise 
mixed thermogenic and primary biogenic gas, with biogenic 
methane contributions ≤30%. Secondary biogenic gas from crude 
oil degradation is minimal, except in the northeastern structural 
belt. These reservoirs exhibit lower δ13C-CH4 (− 52‰ to − 34.4‰), 
elevated C1/(C1–C5) (>0.9), and enriched δ13C (C2− C3) signatures 
relative to deeper counterparts, attributed to preferential escape of 
lighter components (12C). C1/(C1–C5) (0.9− 0.95) correlate posi
tively with δ13C-CH4 below 0.95 but inversely at higher ratios. 
Non-hydrocarbon gases are typically present at low concentra
tions (N2 <5%, CO2 <1%), except in the W211 well, where CO2 ex
ceeds 60%, indicating localized CO2 reservoirs in the southern 
Baiyun Sag.

Thermogenic gas primarily originates from type II2-III kerogen 
cracking, supplemented by a sapropelic source in the southern sag. 
Microbial methane production, pervasive in mudstone and oil- 
sand extracts, proceeds dominantly by CO2 reduction, resulting 
in δ13C-depleted and δD-depleted CH4, where porewater salinity 
gradients modulate δD-CH4 variability (− 211‰ to − 171‰). The 
mixing of thermogenic gas induces an inverse δ13C relationship 
between CH4 and CO2. Shallow-water gas reservoirs demonstrate 
distinct accumulation mechanisms compared to deep-water sys
tems, differentiated by source facies, enrichment layers, migration 
pathways, natural gas maturity, and seawater depth gradients.
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