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Abstract

The Mangole-Taliabu Archipelago has great potential for natural gas exploration due to its many active natural gas seep-
ages. The limited natural gas exploration activities initiated during the last three decades led to a lack of publications on
source rock and natural gas geochemistry. Previous research has postulated that the potential source rocks in this area
and its surroundings are the Buya and Salodik formations, and known active natural gas seepages are hypothesised to
originate from humic organic matter (type-III kerogen). The research aims to review and re-discuss the geochemical
characteristics of potential source rock, the origins and genetics of natural gas seepages, and the correlation between
natural gas seepage and source rocks by integrating the existing data with the newly collected data. This research re-
vealed that the potential source rock is the Bobong Formation, aside from the previously confirmed Buya Formation,
while the Salodik Formation is not a potential source rock as was suggested in previous publications. The most signifi-
cant research finding is the type of natural gas seepage which found not only coal-derived gas but also oil-type gas. The
calculated Ro of the coal-derived gas source rock is 0.80% - 1.00% and that of oil-type gas source rock ranges between
0.50% - 1.31%. For gas—source rock correlation, the Bobong Formation appears to be the most likely source for RAG/88/012
and RAG/88/014 gas samples, while the Buya Formation is the source for Binono Seep, RA/21/33, RA/21/34, and RA/21/35
gas samples. The new research findings are hoped to have significant implications for increasing the understanding of
the petroleum system and encouraging further exploration activities.
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marine shale and the Miocene marine shales and coals
within the Tomori and Matindok formations of Salodik

1. Introduction

The research location is in the Taliabu-Mangole Ar-
chipelago, tectonically part of the North Banggai-Sula
Microcontinent (see Figure 1). This area is underex-
plored for natural gas, although there are reports regard-
ing active natural gas seepages (Garrard et al., 1988;
Ferdian, 2010).

The available literature on geochemical studies indi-
cates that the potential source rock can be identified in
the Buya Formation’s Late Jurassic-Early Cretaceous
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Group (Garrard et al., 1988; Davies, 1990; Hasanusi
et al., 2004; Satyana and Zaitun, 2016). According to
Garrard et al. (1988), the Buya Formation’s anoxic
shales from the Late Jurassic to Early Cretaceous peri-
ods are a promising source rock, with the range of values
for total organic carbon (TOC) observed between 1 - 2
wt%. The study acquired hydrogen index (HI) measure-
ments, revealing that most samples are inert (43 sam-
ples) and gas-prone (31 samples). Only two samples
were shown to be mixed oil and gas-prone, while two
others were oil-prone. The maturity of late Jurassic to
early Cretaceous sediment from outcrop samples indi-
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Figure 1: Geological map and data availability (modified from Garrard et al., 1988; Supandjono and Haryono, 1993;
Surono and Sukarna, 1993)

cates interesting regional variations in the Mangole-Tali-
abu Archipelago (Garrard et al., 1988; Satyana and
Zaitun, 2016). The southern part of the archipelago is
more mature than its northern counterpart. In the north-
ern part, extending from Taliabu Island to the northern
part of Manggole Island, the maturity of potential source
rock ranged from immature to fully mature, with the
most mature samples in the eastern region. Meanwhile,
the same sediments found along the southern part of
Mangole Island show post-mature for oil generation
(Garrard et al., 1988).

Furthermore, Miocene marine shales and coals within
the Tomori and Matindok formations of the Salodik
Group have also been mentioned as potential source
rock by Davies (1990) and Hasanusi et al. (2004). Ac-
cording to Hasanusi et al. (2004), interbedded argilla-
ceous limestones, coal, and carbonaceous shales of the
Tomori Formation exhibit very good - excellent TOC
and S2 (up to 32 wt% and up to 72 mg HC/g rock, re-
spectively), and contained Type II/III kerogen based on
HI and kerogen typing data. Meanwhile, the Matindok
Formation, which is composed of interbedded shales,
sandstone, limestones, and coals, has fair organic rich-
ness (TOC up to 0.96 wt%), poor residual hydrocarbon
potential (S2 up to 1.48 mg HC/g rock), and primarily
composed of Type III kerogen. However, these source
rocks are located around 250 km west of this research
area. Detailed geochemical analyses of the various po-
tential source rocks from several wells indicate that the

hydrocarbons are most likely genetically related to
shales within the Tomori Formation of Salodik Group
source rocks of Early to Middle Miocene age, with no
apparent contribution from Jurassic source rocks (Hasa-
nusi et al., 2004).

Garrard et al. (1988) reported that seven active gas
seepages had been identified near Falabisahaya, northern
Mangole Island. A comprehensive geochemical analysis
was conducted on those samples to ascertain their compo-
sition, level of maturity, and potential source. The analysis
of those gas samples revealed that the gas is thermogenic
in origin. The source of the gas is likely humic organic
matter and not associated with oil. However, there has
been no report of the Jurassic coal presence in the sur-
rounding area of the gas seep site as a potential source
rock for the seepage. The closest documented coal out-
crop is situated in the western region of Taliabu.

Geochemical characteristics of organic matter of se-
lected rock samples from four rock formations (the Bobo-
ng, Buya, Tanamu, and Salodik formations), the origin
and genetics of six natural gas seepages, as well as the
correlation between natural gas seepage and source rocks
are reviewed and re-discussed in this paper, by integrating
the existing data with the most recent data available.

2. Geological Setting

The Taliabu-Mangole Archipelago is tectonically in-
cluded in the Banggai-Sula Microcontinent (Audley-
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Figure 2: Regional chronostratigraphy of Taliabu-Mangole Archipelago (Garrard et al., 1988), including the well summary
of Alpha-1and Loku-1 (Brown et al., 1990a, 1990b)

Charles et al., 1972; Metcalfe, 1990; Simandjuntak
and Barber, 1996). This island is considered to come
from the northern boundary of the Australian Continent
(Klompé, 1954). This separation is thought to have oc-
curred during the Mesozoic or up to the Paleogene, and
the island subsequently experienced displacement
through the Great Sorong Fault due to the Philippine Sea
Plate’s motion (McCaffrey et al., 1980, 1981; McCaf-
frey, 1982).

According to Garrard et al. (1988) findings and the
results obtained from the drilling of two wells, namely
Alpha-1 and Loku-1, situated off the north and west
coasts of the Mangole-Taliabu Archipelago (as depicted
in Figure 2), it can be inferred that the Banggai-Sula
microcontinent is covered by metamorphic, granite, and
volcanic rocks. The Metamorphic Basement is com-
prised of lithologies such as slate, schist, and gneiss. It is
postulated that the Metamorphic Basement deformation
occurred in the Upper Paleozoic, and then Granite Bang-

gai intruded this metamorphic rock over the Late Per-
mian to the Early Triassic (Pigram et al., 1985; Gar-
rard et al., 1988; Supandjono and Haryono, 1993).
The Granite Banggai is comprised of a heterogeneous
assemblage of rock varieties, encompassing red ortho-
clase-dominant granite, granodiorite, quartzdiorite, mi-
crodiorite, syenite porphyry, aplite, and pegmatite (Gar-
rard et al., 1988). According to Pigram et al. (1985),
the absolute age of that intrusive rock ranges from the
Late Permian to Triassic. The Mangole Volcanics For-
mation spans a vertical range of 1000 m and comprises
various rock types, including rhyolite, dacite, ignim-
brite, lithic tuff, and breccia. This formation is predomi-
nantly situated above water level, exhibiting well-de-
fined layering, ranging in colour from reddish-brown to
greyish-green, and often displaying signs of modifica-
tion. Sukamto and Simandjuntak (1983) reported that
the acid extrusives had yielded ages of 210 + 25 Ma and
330 + 90 Ma. These findings suggest that the extrusives
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were likely formed around the same time as the Banggai
Granite, as noted by Garrard et al. (1988). The early
Jurassic Bobong Formation unconformably overlies the
volcanic rock. The Bobong Formation comprises a com-
bination of conglomerate and sandstone interlayered
with shale and coal and locally contains pyrite nodules.
The upper part of the Bobong Formation is interfinger-
ing with the lower Buya Formation, consisting of shale,
mudstone, and calcareous claystone intercalated with
fine quartz sandstone and calcarenite. Ammonite and
Belemnite fossils indicate geological periods ranging
from the Middle Jurassic to the Late Jurassic. In the Ju-
rassic, a magmatic event formed the diabas dike, which
intruded the Bobong and Buya formations. The Buya
Formation is reported to be unconformably overlain by
marly fossiliferous limestones of the Tanamu Formation
(Pigram et al., 1985; Garrard et al., 1988; Supandjo-
no and Haryono, 1993). Moreover, the Tanamu Forma-
tion is observed to be unconformably superimposed by
the Salodik Formation of the Middle Eocene-Miocene
era, characterised by the presence of alternating lime-
stones and marls. Limestones and Alluvium sediment of
the Quaternary age overlap unconformably across all
pre-existing formation units (Garrard et al., 1988).

3. Data and Method

Atotal of 46 rock samples was collected from the out-
crop of the Mesozoic Bobong, Buya, Tanamu, and Sal-
odik formations in Mangole-Taliabu Archipelago of
North Maluku, as well as six natural gas seepage sam-
ples (sampling locations are shown in Figure 1). It
should be mentioned that even though the geological
map (see Figure 1) suggest sample DI-04-1, DI-10, and
DI-09 are taken from the Bobong Formation, based on
lithological characteristics and paleontological data, the
author classified them as representing the Buya Forma-
tion. All of these outcrop data were combined with the
existing subsurface data from Alpha-1 well (Brown et
al., 1990a) and Loku-1 well (Brown et al., 1990). The
subsurface data consists of 29 sidewall core samples
from the Alpha-1 well, as well as 86 sidewall cores and
20 ditch-cutting samples from the Loku-1 well. Total or-
ganic carbon (TOC) measurements and pyrolysis analy-
sis were performed on each collected rock sample.
Moreover, from all collected rock samples, 74 samples
were measured for vitrinite reflectance (Ro) (see Table
1), and ten samples were selected for Gas Chromatogra-
phy (GC) and Gas Chromatography-Mass Spectrometry
(GC-MS) analysis (see Table 2). The dataset of natural
gas seepage comprises six samples, three of which were
gathered from BP Research’s unpublished reports
(RAG/88/012, RAG/88/014, and Binono Seep) (Dee,
1989), while the remaining three were recently collected
by the Taliabu Oil and Gas Prospecting 2021 Team
(TOGP 2021 Team), Center for Geological Survey. The
six natural gas seepage samples were subjected to stable

carbon isotope analysis (see Table 4), but only three
samples were subjected to molecular compositions (see
Table 3).

Potential source rock characterisation is generally
shown by histograms of TOC, residual hydrocarbon po-
tential (S2), Hydrogen Index (HI), and Tmax, where
each parameter is grouped according to the categories of
Peters and Cassa (1994). A cross-plot of S2 versus
TOC was utilised to identify the organic richness and
generating potential (Espitalie et al., 1985). The S2
against TOC cross-plot was also used to identify the
quality or organic matter type (Langford and Blanc-
Valleron, 1990). Moreover, the cross-plot of HI against
Tmax was applied to identify the type of organic matter
and determine the maturity level. The determination of
maturity level can also be achieved by utilising plots of
Tmax and Ro data against its depth. Furthermore, GC
and GC-MS data were used to identify the source of or-
ganic matter, namely the cross-plot of Pr/nC ; against
Ph/nC , (after Shanmugam, 1985), the cross-plot of C,./
C,, regular steranes against Pristane/Phytane ratio (Pr/
Ph) (Adegoke et al., 2014), and the C,,-C, steranes ter-
nary diagram (Huang and Meinschein, 1979). Several
cross-plots were used for the origin and genetics of natu-
ral gas seeps that several scholars have published, name-
ly Schoell’s Diagram (Schoell, 1983), the cross-plots for
differentiating coal-derived gas and oil-associated gas
(Dai, 1992), and the modified Bernard’s Diagram
(Whiticar, 1994). Equation 1 for coal-derived gas and
Equation 2 for oil-type gas, obtained by Schoell (1983),
was applied to estimate the calculated Ro based on the
isotopic composition of methane. By comparing the cal-
culated Ro with the measured Ro of the potential source
rock, it is possible to infer that the correlation between
natural gas and its source rock can be carried out.

Coal-derived gas  :8"C, = 14lgRo - 28 @)

Oil-associated gas : 6"°C = 17IgRo - 42 2)

Where:
8"”C, —the value of methane isotopic composition
(%o0),
Ro  — the value of vitrinite reflectance (%).

4. Results and Discussion

This section presents the findings of this research. It
includes the geochemical characteristics of potential
source rocks, the origins and genetics of natural gas
seepages, and the correlation between natural gas seep-
age and its source rock.

4.1. Source Rock

The description and interpretation of the Geochemi-
cal characteristics of each formation and their hydrocar-
bon potential are summarised in Table 1. They consist of
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Table 1: The geochemical characteristics of each formation in the research area and their hydrocarbon potential.
Raw data can be seen in Supplementary Material.

Formation Bobong Formation Buya Formation Tanamu Formation | Salodik Formation
Age E. Jura Mid. Jura - E. Creta | Late Cretaceous Tertiary
Total Organic Carbon / TOC 0.13 to 3.62 (13) 0.01 to 2.61 (161) 0.12 t0 0.21 (5) 0.55t0 0.67 (2)
(Wt%) 0.84 0.73 0.17 0.61
Residual Hydrocarbon Potential /| 0.16 to 6.96 (13) 0.01 to 3.64 (157) 0.07 to 0.12 (2) 0.65 to 0.68 (2)
52 (mg HC/g rock) 1.16 0.90 0.10 0.67
Production index 0.02 to 0.18 (13) 0.02 to 0.83 (157) 0.08 to 0.22 (2) 0.02 to 0.03 (2)
(S1/(S1+82)) 0.08 0.12 0.15 0.03
Hydrogen index / HI 53 to 203 (13) 7 to 375 (157) 39to0 57 (2) 97 to 124 (2)
(mg HC/g TOC) 124.38 122.51 48.00 110.50
R i 1T 111, II/I.II, v IIT and IV III
Gas Prone Gas & Oil-Prone None Gas Prone
433 to 443 (13) 303 to 559 (153) 426 to 426 (2)
Rock-Eval Tmax 423 (1)
438.46 445.50 426.00
o 0.4 t0 0.43 (2) 0.3 to 2.34 (71)
Vitrinite Reflectance n/a 0.32 (1)
0.42 1.01
Maturity Immature Imm;/t[l; rtzr_e LEG Immature Immature
Hydrocarbon potential Fair - Good Fair Poor Poor

Note: n.a. = not applicable. The numerator represents the geochemical parameters range. The denominator represents
the average values. In the numerator, the number in parentheses represents the total number of outcrops and wells samples.

Mesozoic sediments of the Bobong, Buya, and Tanamu
formations and the Tertiary Salodik Formation.

4.1.1. The Bobong Formation.

The Early Jurassic of the Bobong Formation (only
from Alpha-1 well) was geochemically characterised
from 13 samples (see Table 1). This formation exhibited
a range of 0.13 to 3.62 wt% in TOC content, with an
average amount of 0.84 wt% (see Table 1). It demon-
strates poor to very good organic carbon content (see
Table 3) (Peters and Cassa, 1994). The very good TOC
content was collected from Alpha-1 well at 689 m and
720 m depths. The residual hydrocarbon potential (S2)
of 13 rock samples was measured, yielding a range of
0.16 to 6.96 mg HC/g and an average value of 1.16 mg
HC/g rock (see Table 1), indicating poor to good residu-
al generation potential. The fair to good residual genera-
tion potential was also recorded from Alpha-1 well at
depths 689 m and 720 m. Although Total Organic Car-
bon (TOC) is an index of the organic content present in
source rock, it may not be an adequate indicator for ac-
curately evaluating the quantity of organic matter (Pe-
ters and Cassa, 1994; Dembicki, 2009, 2017) because
sediments contain a variety of organic matter. Particular
organic matter can generate hydrocarbons, whereas oth-
ers exhibit inertness (Tissot et al., 1974). Carbon must
associate with hydrogen to generate hydrocarbon. The
indicator of hydrogen content in organic matter is need-
ed to assess organic matter richness. Hydrogen content

can be estimated indirectly using Rock-Eval pyrolysis,
namely using the value of residual hydrocarbon poten-
tial / S2 (Dembicki, 2009). As a result, the TOC value
against S2 cross-plot is frequently used to assess organic
matter richness. This cross-plot shows that from 13 sam-
ples, only two samples from depths of 689 m and 720 m
indicate fair - good hydrocarbon-generating potential
(see Figure 4).

The HI value of the Bobong Formation ranges from
53 t0 203 mg HC/g TOC (see Table 1, Figure 3), which
suggests type-III kerogen (gas-prone) dominates in this
formation (Peters and Cassa, 1994). A Plot of TOC
against residual hydrocarbon potential (see Figure 5)
and Hydrogen index against Tmax temperature (Figure
6 a) also confirmed that the Bobong Formation is domi-
nated by type-III kerogen (gas-prone). The values of the
pristane/phytane ratio of samples from the Alpha-1 well
at a depth of 720m (see Table 2) is greater than 1, which
is indicative that the source rock was deposited in sub-
oxic to oxic environment (Didyk et al., 1978; Peters et
al., 2005). The cross-plot of the ratio pristane /nC ,
against phytane /nC , of source rock extract suggests
that kerogen Type III terrestrial organic matter is the
source input under oxidising depositional conditions
(see Figure 7a). The cross-plot of C,/C . regular ster-
anes against Pr/Ph (Adegoke et al., 2014) confirms the
dominance of land plants as the primary organic matter
of source rock samples in the suboxic to oxic environ-

ment (see Figure 7b). The ternary diagram of C,, ; ster-
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Figure 3: The histograms depicting the Total Organic Carbon, residual petroleum potential, Hydrogen Index, and Tmax of
each formation were analysed. The categorisation of each parameter has been carried out following the classification system
proposed by Peters and Cassa (1994).

anes also indicates that organic matter originates from
source facies deposited in a transition zone (estuarine or
bay) (Huang and Meinschein, 1979).

The thermal maturation interpretation is based on Ro
values of between 0.40 and 0.43% plus corresponding
pyrolysis Tmax values of 433° to 443°C. Thermal Matu-
rity parameters recorded through the Bobong Formation
of the Alpha-I well suggest the sediments are immature.
Although, based on Tmax data, the value > 430°C (see
Figure 6b) is regarded as entering the maturity window
(Espitalie et al., 1985; Mukhopadhyay et al., 1995),
but higher Tmax values can occur due to chemical
weathering/oxidation and kerogen reworking (Copard
et al., 2002; Yang and Horsfield, 2020).

4.1.2. The Buya Formation.

The Middle Jurassic to Early Cretaceous, sediment
rich in organic matter of the Buya Formation, was sam-
pled and geochemically analysed from Alpha-1 well,
Loku-1 well, and outcrop. This formation was geochemi-
cally characterised based on analyses of 161 samples, i.e.
14 samples from Alpha-1 wells, 104 samples from Loku-
1 wells, and 43 samples from outcrop. Their capability as
source rock potential is slightly under the Bobong For-

mation. The highest TOC content equals 2.61 wt%, and
the average reaches 0.73 wt% (see Table 1). From the
histogram of total organic carbon content (see Figure 3),
most samples are fair source rock quality. The residual
hydrocarbon potential (S2) exhibits a range of values be-
tween 0.01 to 3.64 mg HC/g rock, with an average of 0.9
mg HC/g rock (see Table 1, Figure 5). The TOC value
against S2 cross-plot shows that almost all samples
showed poor residual petroleum potential and only five
samples showed fair residual petroleum potential (see
Figure 4), namely from Alpha-1 well (406 m, 452 m, and
504 m) and Loku-1 well (2285.5 and 2386 m).

The Buya Formation has an HI value between 7 to
375 mg HC/g TOC, which means the results are wide-
ranged, encompassing type-1V to type II/III of kerogen
types (see Table 1, Figure 3). The cross-plot of TOC
against S2 (see Figure 5) and HI against Tmax tempera-
ture (see Figure 6a) indicates that most of the Buya For-
mation, except the sample from outcrop, is characterised
by an admixture of type-II and type-III kerogen. The
findings of this research are consistent with prior obser-
vations (Garrard et al., 1988) that proved the presence
of oil-prone kerogens in several outcrop samples, as
confirmed by microscopic analysis. These kerogens are
believed to generate significant quantities of oil when
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Figure 4: The cross-plot of S2 against TOC for assessing the quantity of organic matter (after Espitalie et al., 1985)

subjected to optimal maturation conditions. Further-
more, the pristane/phytane ratio values of the Buya For-
mation (as presented in Table 2) vary from 1.87 to 9.97,
indicating that the deposition of the source rock was in a
suboxic to oxic environment (Didyk et al., 1978; Peters
et al., 2005), although samples of the high level of their
maturity may impact DI-08-C and DI-04-1A’s high val-
ues of this ratio (ten Haven et al., 1987; Kotarba et al.,
2014). The cross-plot of the ratio pristane /nC, against
phytane /nC , of source rock extract from all of the Buya
Formation sample suggests that kerogen Type III de-
rived from terrestrial organic matter is the source input
under oxidising depositional conditions (see Figure 7a).
The cross-plot of C,/C,, regular steranes against Pr/Ph
(Adegoke et al., 2014) also indicates that all samples of
the Buya Formation were deposited in a suboxic to oxic
environment with input of organic matter from land
plants and algae-water bacteria (see Figure 7b). The
land plant matter is the primary organic matter input of
the Bobong Formation in the Alpha-1; meanwhile, al-
gae-water bacteria matter is the primary organic matter
input in Loku-1 well, with land plant matter as minor
input. The veracity of this claim is corroborated by the
ternary cross-plot diagram of the C,, , steranes (see Fig-
ure 7c) (Huang and Meinschein, 1979).

In general, based on Tmax (303 to 559°C) and Ro (0.3
to 2.34%Ro) data as well as production index (0.02 to
0.83), samples of the Buya Formation from Alpha-1
well, Loku-1 well, and from outcrop data, indicate a
wide-ranged thermal maturity level, encompassing im-
mature to post mature (see Table 1, Figure 6). Most of
the samples obtained from the outcrop exhibit post-ma-
ture characteristics (see Figure 6a). The observed phe-
nomenon may be attributed to potential intrusion or the
possibility that said samples had been buried at a signifi-
cant depth but have since been cropped out (Dembicki,

2017; Dow, 1977). At the Alpha-1 well, the range of
Tmax and Ro data is 425 to 431°C and 0.3 to 0.43 %,
respectively, indicating this formation is thermally im-
mature for hydrocarbon generation. This is corroborated
by a low PI value (<0.1), indicating a poor kerogen con-
version to liquid hydrocarbons. However, several sam-
ples from the Alpha-1 well at depth 655.5 m, 660 m, 675
m, 677 m, and 679 m, where the PI value range between
0.28 to 0.83, is considered anomalously high. This is due
to the poor recovery of pyrolysate (S2) relative to the
yield of free bitumen (S1) (see Table 1). Maturity pa-
rameters recorded for the Buya Formation in Loku-1
suggest the Middle Jurassic-Early Cretaceous sediments
are thermally immature to marginally mature. The Tmax
values span between 427 to 448°C, indicating that they
have not yet reached the level of significant hydrocarbon
generation or expulsion. Measured Ro data (0.32 to
0.74%) displays a progressive increase with depth
through the interval (see Figure 6b). The range of values
recorded generally agrees with the interpreted level of
maturation, although some reworking of the vitrinite
particles is identified. Higher Tmax values are also iden-
tified at the upper part of the Buya Formation in the
Loku-1 well, which can be assigned to chemical weath-
ering/oxidation and kerogen reworking (Copard et al.,
2002; Yang and Horsfield, 2020).

4.1.3. The Tanamu Formation.

The geochemical characteristics of the Tanamu For-
mation were solely determined through pyrolysis analy-
sis data, as presented in Table 1, Figure 3, and Figure 5.
The Tanamu Formation exhibits a predominantly low
total organic carbon (TOC) value, varying from 0.12 to
0.21 wt%. The residual hydrocarbon potential (S2) is
low, with the highest observed measurement being 0.12
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mg HC/g rock. The hydrogen index of two samples from
the Alpha-1 well with a range between 39 to 57 mg HC/g
TOC (see Table 1, Figure 3) suggests that samples con-
tain type IV kerogen (no hydrocarbon-generating capac-
ity). Moreover, a cross-plot S2 against TOC also con-
firms that inference. Based on the pyrolysis Tmax and
production index (below 435°C and 0.1), the thermal
maturity of the Tanamu Formation penetrated by the Al-
pha well is interpreted as being thermally immature. Al-
though there is a production index value reaching 0.22 in
well Alpha-1 at a depth of 262.5 m, this is due to the
poor recovery of pyrolysate (S2) relative to the yield of
free bitumen (S1), which is not significant (see Table 1),

which was identified in the Buya Formation in the Al-
pha-1 well. Thus, the Tanamu Formation does not have
the capability as a source rock in the research area. The
findings presented herein agree with the conclusions
provided by Garrard et al. (1988), who revealed that
the Tanamu Formation displays a low organic matter
content and lacks the capacity to generate hydrocarbon.

4.1.4. The Salodik Formation and Younger.

The geochemical characteristics of organic matter in
the Salodik Formation were conducted solely through
the pyrolysis analysis data, similar to the approach taken
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Table 2: Gas Chromatography (GC) and Gas Chromatography-Mass Spectrometry (GC-MS) data
for the Bobong and Buya formations
N-alkanes & isoprenoids Steranes
Well/Outcrop | Depth (m)/ No Sample | Formation
Pr/Ph | Pr/nC, | Ph/nC, | C,, C, C, |Cy/C,
Alpha-1 406 Buya Fm. 1.87 0.8 0.33 38.11 | 17.68 | 44.21 1.16
Alpha-1 452 Buya Fm. 2.05 1.01 0.51 19.35 | 24.19 | 5645 | 2.92
Alpha-1 504 Buya Fm. 1.93 0.84 0.35 41.23 | 1842 | 4035 | 0.98
Loku-1 2099.5 Buya Fm. 2.45 0.79 0.33 30.72 | 21.5 | 47.78 1.56
Loku-2 2386 Buya Fm. 3.82 0.83 0.22 48.90 | 14.29 | 36.81 0.75
Loku-3 2421.5 Buya Fm. 3.56 0.7 0.21 49.73 | 153 | 3497 | 0.70
Loku-4 2858 Buya Fm. 3.33 0.43 0.13 53.59 | 15.69 | 30.72 | 0.57
Outcrop DI-08-C Buya Fm. 9.97 3.53 0.55 44.06 | 15.38 | 40.56 | 0.92
Outcrop DI-04-1A Buya Fm. 6.05 7.64 0.84 51.31 | 14.12 | 3457 | 0.67
Alpha-1 720 Bobong Fm. 2.16 0.93 0.34 35.54 | 219 | 42.56 1.20
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Figure 7: a) Cross-plot of Pr/nC ; against Ph/nC_ (after Shanmugam,1985), b) Cross-plot of C_/C_ regular steranes against
Pr/Ph (Adegoke etal., 2014), c) Ternary diagram of C_-C, steranes (Huang and Meinschein, 1979).

with the Tanamu Formation. Two claystones analysed
from Loku-1 well (789m and 792m) show fair organic
richness with a TOC range of 0.55 to 0.67 wt% and low
value of residual petroleum potential (S2< 2.5 mg HC/g
rock), indicating poor source potential (see Table 1, Fig-
ure 3, Figure 5). Hydrogen Index (HI) of 97 mg HC/g
TOC and 124 mg HC/g TOC indicate the samples are

type III kerogen (gas-prone) (see Table 1, Figure 3).
Moreover, the cross-plot of S2 against TOC confirms
that inference (see Figure 5, Figure 6). According to the
Tmax and Ro values, the maturity level of this formation
can be considered immature (see Figure 6). Based on
the findings of the geochemical analysis carried out on
the Salodik Formation, it can be inferred that the forma-
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Table 3: The molecular composition of natural gas seepages from the Taliabu-Mangole Archipelago
Component (Mol %) Dryness
Sample code
Air | CO, N, CH, | CH, | CH, i CH,6 |nCH, iCH, | nCH, CH, | C/C,

RAG/88/012 8.68 | 1.03 3.06 82.08 | 3.20 122 | 0.19 | 030 | 0.10 | 0.05 | 0.04 0.94
RAG/88/014 1.86 | 3.05 0.96 89.45 | 2.89 1.12 | 0.17 | 023 | 0.10 | 0.04 | 0.05 0.95
Binono Seep - 2.83 | 3543 | 5972 | 135 | 052 | 0.08 | 0.05 - - - 0.97
RA/21/33 - - - - - - - - - - - -
RA/21/34 - - - - - - - - - - - -
RA/21/35 - - - - - - - - - - - -

Table 4: Isotopic composition and value of calculated Ro for each natural gas seepage
from the Taliabu-Mangole Archipelago

Stable isotopes (%o) Calculated %Ro
Sample code
d"C(CH,) | 8“C(C,H) | 3°C(CH,) | 3"C(CO,) (Schoell., 1983)
RAG/88/012 -27.98 -26.55 - -40.85 1.00
RAG/88/014 -29.32 -23.98 - -39.41 0.80
Binono Seep -40.00 -29.40 -31.30 -34.70 1.31
RA/21/33 -49.10 -45.70 -13.80 -28.30 0.50
RA/21/34 -45.70 -46.60 -9.00 -26.80 0.61
RA/21/35 -46.40 - - -34.60 0.55

tion does not possess the characteristics of a potential
source rock within the research area. The present find-
ings contradict the results proclaimed by Garrard et al.
(1988), Davies (1990), and Hasanusi et al. (2004), who
reported that the Miocene marine shales and coals pre-
sent in the Tomori and Matindok formations of the Sal-
odik Group exhibit excellent potential as source rocks
due to their substantial organic matter content.

4.2. Natural Gas Seepage

The following section provides the geochemical char-
acteristics, origins, and genetics of natural gas seepages.
This evaluation is based on molecular and isotopic com-
position data.

4.2.1. Geochemical characteristics

The molecular composition of natural gas seepage in
the research area is shown in Table 3. Only three of six
gas seepage samples were subjected to gas composition
analysis: RAG/88/012, RAG/88/014, and Binono Seep.
The gaseous samples comprise alkane (C, ) and non-
hydrocarbon gas, as presented in Table 3. The alkane
gases comprise CH, and C, components, with a range
of 59.72% - 89.45% and 2% - 5.15%, respectively. The
category of nonhydrocarbon gases encompasses various
gases such as air, which ranges from 1.86% to 8.68%;
CO,, which ranges from 1.03% to 3.05%; and N, which
ranges from 0.96% to 35.43%. According to Schoell

(1980), the gas dryness coefficient (C /C, ) range sug-
gests that the gases are predominantly wet (see Table 3).

The carbon isotope composition of natural gas seep-
age is presented in Table 4. The range of 5"°C(CH,) val-
ues observed is between -49.10%o and -27.98%o, where-
as the range 6"C(C H,) values is between -46.60%o and
-23.98%o. Furthermore, the range of 8"*C(C,H,) values is
from -31.30%o to -9.00%o, while the range of 6"°C(CO,)
values is from -40.85%o to -26.80%0. However, it was
noted that there was a partial reversal trend in carbon
isotope values in two samples, namely Binono Seep and
RA/21/34. Specifically, in Binono Seep, the "*C(C,H,)
value was found to be greater than the "°C(C,H,) value,
while in RA/21/34, the 6°C(CH,) value was greater than
the 6"C(CH,) value (refer to Table 4 for further de-
tails).

4.2.2. Origins and Genetic

Several studies have demonstrated that the utilisation
of gas chemical composition and stable carbon isotopes
analysis can be a valuable method for figuring out the
origin and genetics of natural gas seepage (Schoell,
1980, 1983, 1984; Whiticar, 1994; Dai, 1992; Dai et
al., 2004, 2014, 2022; Kotarba et al., 2009, 2014; Liu
et al., 2018, 2019; Milkov and Etiope, 2018; Zhang et
al., 2018; Z. Xu et al., 2019; W. Xu et al., 2022). Ther-
mogenic, microbial, and abiogenic (inorganic) gas are
the three main types of natural gas (Whiticar, 1994;
Sherwood et al., 2013). The distinguishing characteris-
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Figure 8: Origin and genetic characterisation of natural gas seepages using several cross-plots,
a) Schoell’s Diagram (Schoell, 1983), b) the cross-plots for distinguishing coal-derived gas and oil-associated
gas (Dai, 1992), and ¢) the modified Bernard’s Diagram (Whiticar, 1994).

tic of thermogenic gas is its normal carbon isotopic dis-
tribution pattern (following the order of 6"C(CH,) <
8"”C(C,H,) < 8"C(C,H,)) and the value of 3"C(CH,)
exhibits a range of ~ -55%o to -20%o (Dai et al., 2004;
Galimov, 2006; Sherwood et al., 2013). Whereas mi-
crobial gas shows a significant decline in 5"°C(CH,) val-
ues (below -60%o), and the composition of C,, alkane

molecules is less than 1% (Barker & Fritz, 1981; Sher-
wood et al., 2013; Whiticar et al., 1986). The identifi-
cation of the inorganic type of natural gas can be inferred
by a reversal carbon isotopic distribution pattern
(8”C(CH,) > 8"C(C,H,) > 8"C(C,H,)), as previously
proposed by Dai et al. (2004) and Galimov (2006). Fur-
thermore, as Dai et al. (1996) proposed, natural gas’s
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origin can also be identified by examining CO, concen-
tration and 6"°C(CO,) values. The content of CO, in or-
ganic natural gas is lower than 15%, and its 6°C(CO,)
value is lower than -10%o. Conversely, inorganic natural
gas exhibits a higher CO, content and §"°C(CO,) value
greater than 60% and -8%o, respectively.

This research reveals that the 5°C(CH,) value of nat-
ural gas seepage ranges from -49.10%o to -27.98%o, with
a C,, alkane content exceeding 1%. Subsequently, the
CO, content and the carbon isotope ratio of the CO, ex-
hibit values below 15% and -10%o, respectively. Further-
more, the distribution pattern of carbon isotope exhibit-
ed by the natural gas seepage indicates typical normal
patterns, confirming that gas is primarily thermogenic
gas derived from organic sources. The partially reversed
alkane carbon isotope trend shown by the Binono Seep
and RA/21/34 samples can be associated with mixing
gases from various sources and maturation, secondary
alteration, bacterial oxidation, and thermal sulfate re-
duction/TSR (Dai et al., 2004; Hao et al., 2008; Liu et
al. 2018; Quan et al., 2019). Moreover, this trend rever-
sal, particularly in the case of RA/21/34, where 6°C(CH,)
is slightly greater than 6"°C (C,H,), can be associated
with the increased pore pressure in the n-alkane system,
as discussed by Galimov (2006). This increase has the
potential to affect the chemical equilibrium towards the
higher analogues and possibly could lead to the partial
transformation of C , resulting in an increase "*C isotope
in methane and a decrease in ethane (3"°C(CH,) >
6"C(C,H,)). Additionally, it might be worthwhile con-
sidering the suggestion of Sandvik et al. (1992) that a
delay of expulsion due to lower Hydrogen Index might
lead to an abnormal increase in pore pressure and subse-
quent impact on the isotope distribution.

According to the data plotting shown on Schoell’s
diagram (see Figure 8a), it has been observed that the
genetics of natural gas seepage can be classified into two
distinct types. These categories include associated gases
(Binono Seep, RA/21/33, RA/21/34, and RA/21/35), as
well as non-associated gases (RAG/88/012 and
RAG/88/014), which are derived from humic organic
matter. According to Schoell (1983), “associated gas”
refers to the gas obtained during the cracking of petro-
leum, whereas “non-associated gas” is obtained mainly
during the cracking of kerogen. However, if kerogen and
petroleum undergo significant burial, the thermal altera-
tion within a post-mature setting could result in dry non-
associated gases forming from both (Schoell, 1983).

Furthermore, based on the §“C(CH,) - 8"C(CH,)
cross-plots (see Figure 8b), which are based on the ex-
tensive empirical research by Dai (Dai, 1992; Dai et al.,
2014), it was revealed that the gases in the research area
can be classified into two distinct types. It was found
that the RAG/88/012 and RAG/88/014 gas samples ap-
peared in a zone of coal-derived gases that were gener-
ated from type III kerogen. Meanwhile, the Binono
Seep, RA/ 21/33, and RA/21/34 gas samples belong to
oil-type gas zones.

The dryness coefficients (C/(C, + C,)) against
8"”C(CH,) cross-plot, Bernard’s Diagram (Whiticar,
1994), were also employed to determine the genetics of
natural gas. This diagram can distinguish kerogen type
and thermal maturity (Xu et al., 2019). Due to not all
samples having chemical composition data, only
RAG/88/012, RAG/88/014, and Binono Seep data are
plotted in the Bernard diagram. As depicted in Figure
8¢, all samples belong to thermogenic gas. The Binono
Seep source mixes type II and type I1I kerogens, where-
as the sources of RAG/88/012 and RAG/88/014 seepage
are predominantly composed of type III kerogens (see
Figure 8c).

Consequently, natural gas seepage in the Mangole-
Taliabu Archipelago is of organic and thermogenic ori-
gin. RAG/88/012 and RAG/88/014 gases are coal-de-
rived from humic organic matter (type III kerogen). In
contrast, Binono Seep, RA/21/33, RA/21/34, and
RA/21/35 are oil-type gases derived from source rocks
containing a mixture of type II and III kerogen (see Fig-
ure 8b). Thus, in addition to corroborating the previ-
ously reported genetic gas type documented in Garrard
et al. (1988) and Satyana and Zaitun (2016), this re-
search has also unveiled another genetic gas type.

4.3. Gas-Source Rock Correlation

To comprehensively understand the relationship be-
tween potential source rocks and active natural gas seep-
ages within the research area, an approach was per-
formed by comparing the genetic characteristics of gas
seepages with the kerogen type and maturation of poten-
tial source rocks. This approach was performed because
the natural gas source is tightly related to its source rock
(Zhou et al., 2016).

According to the organic matter type, the Bobong
Formation sediments from the Alpha-1 well, having or-
ganic matter dominated by type III kerogen, are the most
likely source for coal-derived gases derived from humic
organic matter (RAG/88/012 and RAG/88/014). Mean-
while, the organic matter of the Buya Formation from
the Loku-1 well is mainly composed of an admixture of
type-I1 and type-III kerogen, which tend to generate oil
and gas, is most likely the source rock for oil-type gases
derived from a mixture of type II and III kerogen.

Isotope “C of methane (6"°C(CH,)) is susceptible to
variations with maturity (Stahl, 1974, 1977; Stahl and
Carey, 1975). Therefore, the 5°C(CH,) value in natural
gas allows the identification of their source rocks by de-
termining the maturity of the organic matter (Stahl &
Carey, 1975). This approach has been extensively em-
ployed in correlating gas to sources rock (Stahl & Car-
ey, 1975; Chen et al., 2021; Jian et al., 2021; Tian et
al., 2021; Feng et al., 2023). In order to estimate the
calculated Ro, this research employed Equation 1 and
Equation 2, which were established by Schoell (1983)
based on the published data from Stahl and Carey
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Figure 9: The box plot shows the comparison between the
measured Ro of potential source rock with the calculated Ro
of natural gas seepage based on isotope 3C of methane.

(1975) and Stahl et al. (1977). The decision to use these
equations was based on their relevance to the scenario of
hydrocarbon generation from reburied source rock that
followed extensive uplift and erosion (Chen et al.,
2021). According to Garrard et al. (1988), there is in-
deed evidence of regional unconformity events in the
Paleogene due to the uplift and erosion of Mesozoic
sediment.

Equation 1 was applied to determine the calculated
Ro value of coal-type gas samples. From the results of
this calculation, it is known that the Ro values for
RAG/88/012 and RAG/88/014 are 1 % and 0.80 %, re-
spectively (see Table 4). In contrast, the maturation of
potential source rocks from the Bobong Formation only
ranges from 0.40% Ro to 0.43% Ro, indicating that the
Bobong Formation is insufficiently mature to produce
gas. Consequently, it can be concluded that the gas seep-
ages found at RAG/88/012 and RAG/88/014 were not
derived from the Bobong Formation in the Alpha-1 well
(see Figure 9). The coal-derived gases may have been
generated from the Bobong Formation at greater depth
and maturation levels near the seepage locations. Previ-
ously, Watkinson (2011) and Surjono et al. (2019) sug-
gested that the Bobong Formation extends into the off-
shore area north of the Mangolle-Taliabu Archipelago.

Furthermore, Equation 2 was employed to calculate
the Ro value of gas from oil-generating source rock. The
calculated Ro of gas sample from the Binono Seep,
RA/21/33,RA/21/34, and RA/21/35 are 1.31 %Ro, 0.50
%Ro, 0.61 %Ro, and 0.55 %Ro, respectively (see Table
4). As mentioned, the Buya Formation maturity value in
the Loku-1 well ranges between 0.32 %Ro and 0.74
%Ro. Thus, the calculated Ro of the oil-generating
source rock gas, except for the Binono Seep, coincides

with the measured Ro of the Buya Formation in the
Loku-1 well (see Figure 9), suggesting that the gas may
originate from the Buya Formation in the Loku-1 well.
Meanwhile, the source for the Binono Seep is also be-
lieved to derive from the Buya Formation, but not from
the part penetrated by the Loku-1 well, yet from the
parts of the Buya Formation at a deeper depth and higher
maturity level. Namely, the calculated Ro based on iso-
tope °C of methane from the Binono Seep is greater than
the Ro range of the Buya Formation in Loku-1 well (see
Figure 9). Nevertheless, according to the interpretation
of Watkinson (2011) and Surjono et al. (2019), the
Buya Formation deepens toward the north from the
Binono Seep, where it possibly reaches an adequate ma-
turity level.

5. Conclusions

The results obtained from conducting organic geo-
chemical analyses on potential source rocks, along with
the examination of the molecular and isotopic composi-
tion of natural gas seepages in the Taliabu-Mangole Is-
lands area, show that:

1. The potential of the Bobong Formation as source
rock is considered to be fair to good, as evidenced
by its total organic carbon content (TOC) of up to
3.62 wt%, the range of residual hydrocarbon po-
tential between 0.16 to 6.96 mg HC/g rock, and
type-11I kerogen composition, which is known to
be gas-prone. The available data from Alpha-1
well suggests that the formation is still an imma-
ture source rock. However, to the east of the Al-
pha-1 well, near the gas seepage, the Bobong For-
mation is at greater depth and maturity.

2. The Buya Formation has variable hydrocarbon po-
tential, from poor to fair. The maximum value of
the total organic carbon content (TOC) is 2.61
wt%, whereas the residual hydrocarbon potential
(S2) spans from 0.01 to 3.64 mg HC/g rock. Ad-
mixture of type II and type III kerogen dominates
in the Buya Formation. The organic matter matu-
rity of the Buya Formation varies with depth,
namely immature — post-mature conditions.

3. The Tanamu Formation and the Salodik Formation
have no potential as source rocks in the research
area.

4. The origin of all natural gas seepages is organic
and thermogenic.

5. Two distinct types of natural gas seepage were
found in the research area, one composed of coal-
derived gas that derived from humic organic mat-
ter of type-Ill kerogen (RAG/88/012 and
RAG/88/014) and the other composed of oil-type
gases that derived from mixed-sources of type II
and type III kerogen (Binono Seep, RA/21/33,
RA/21/34 and RA/21/35).
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6. The Bobong Formation, which has a greater matu-
rity level than that in the Alpha-1 well, looks to be
the most likely source for the gas samples
RAG/88/012 and RAG/88/014.

7. The Buya Formation, which was penetrated by the
Loku-1 well, is the source for RA/21/33,RA/21/34,
and RA/21/35. Meanwhile, the source for Binono
Seep is also from the Buya Formation but at a
deeper depth and higher maturity level.

As an additional point, it is necessary to acknowledge
that certain limitations may exist in the present research
and require further research to address them. The first
shortcoming of the research is that there is no gas com-
position measurement for samples RA/21/33, RA/21/34,
and RA/21/35, which was attributed to insufficient sam-
ple volume. Therefore, in interpreting the origin and ge-
netic migration of gas, it is assumed that these samples
exhibit a gas composition that is relatively similar to that
of the Binono Seep sample. Conducting the molecular
composition measurement of those unmeasured natural
gas seepage samples is needed to address that. Another
shortcoming is that the gas-source rock correlation
mostly based on indications or indirect evidence. It is
essential to conduct 3D basin modelling to comprehen-
sively depict the distribution and maturity model of po-
tential source rocks, as well as to simulate the genera-
tion, migration, and accumulation of hydrocarbons in
the research area. The identified faults should also be
investigated as possible pathways for natural gas to mi-
grate from the kitchen area to either accumulate into clo-
sures or seep onto the surface. So, this further research is
expected to validate the preliminary results of gas-source
rock correlation in this present research.
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SAZETAK

Geokemija potencijalnih mati¢nih stijena i izdanaka prirodnoga plina
u arhipelagu Mangole-Taliabu, Sjeverni Maluku, Indonezija

Arhipelag Mangole-Taliabu ima velik potencijal za istrazivanje prirodnoga plina zbog brojnih aktivnih izdanaka prirod-
noga plina. Ogranicenost istrazivackih aktivnosti zapocetih tijekom posljednjih triju desetlje¢a dovele su do nedostatka
publikacija o geokemijskim znacdajkama matic¢nih stijena i prirodnoga plina. Prethodna istraZivanja pretpostavila su da
su potencijalne mati¢ne stijene u istrazivanome podrudju i njegovoj okolici vezane uz formacije Buya i Salodik, a pretpo-
stavlja se i da poznati aktivni izdanci prirodnoga plina potje¢u od humusne organske tvari (kerogen tipa III). U okviru
ovoga istrazivanja cilj je bio dati pregled i kori$tenjem postojecih i novoprikupljenih podataka ponovo raspraviti o geo-
kemijskim karakteristikama potencijalnih mati¢nih stijena, podrijetlu i genetici prirodnoga plina te korelaciji izmedu
prirodnoga plina koji se pojavljuje na izdancima mati¢nih stijena. Ovo istraZivanje otkrilo je da, osim prethodno potvr-
dene formacije Buya, formacija Bobong predstavlja formaciju s potencijalnim mati¢nim stijenama, dok u formaciji Salo-
dik nisu zapaZene potencijalne mati¢ne stijene, na $to su upucivali rezultati prijasnjih istrazivanja. Najvazniji rezultat
istrazivanja vezan je uz definiranje tipa prirodnoga plina na izdancima u kojemu nije pronaden samo plin dobiven iz
ugljena kao mati¢ne stijene, ve¢ i plin iz nafte. Izra¢unani Ro za ugljenu mati¢nu stijenu kreée se izmedu 0,80 % i 1,00 %,
dok za naftno-mati¢nu stijenu varira izmedu 0,50 % i 1,31 %. Korelacija izmedu uzoraka prirodnoga plina s izdanaka i
matic¢ne stijene upucuje na to da je formacija Bobong vjerojatno izvor za uzorke plina RAG/88/012 i RAG/88/014, dok je
formacija Buya izvor za uzorke plina Binono Seep, RA/21/33, RA/21/34 i RA/21/35. Novi rezultati ovih istrazivanja trebali
bi imati znatan utjecaj na povecanje razumijevanja naftnoga sustava i poticanje daljnjih istrazivackih aktivnosti.

Kljuéne rijeci:
maticna stijena, izdanci prirodnoga plina, organska geokemija, izotop ugljika, Mangole, Taliabu
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