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Abstract

Sequence stratigraphy involves studying a series of rock layers deposited during a full change cycle in accommodation or sediment
supply, bounded by subaerial unconformities and marine correlative conformities. This study aims to identify the stratigraphic sequence
that controls the coal accumulation models and their influence on the coal geometry. The research methodology includes geological
mapping, analysis of geophysical logs (gamma-ray and short density), and core log analysis. The data were analyzed, combined,
interpreted, and simulated to create a model of coal accumulation and geometry. The M2 Member of the Muara Enim Formation comprises
six lithofacies, as determined by analyzing four drill holes. The M2 Member of the Muara Enim Formation exhibits four depositional
environments (crevasse splay, mire/swamp, mudflat, lagoon, and tidal/mouth/distal bar) and three facies associated with the fluvial delta-
tidal plain facies (fluvial dominated upper delta plain, tide-dominated lower delta plain, and marginal tidal plain and lagoon). This research
identified four system tracts, namely TST-1, HST-1, TST-2, and HST-2. TST-1 and TST-2 show continuous coal deposition, inclined to steeply
inclined, interspersed, and characterized by the presence of three layers of clay bands. Similarly, HST-1 and HST-2 exhibit continuous coal
deposition with gentle to steep inclined and interspersed, ranging from moderately thick to very thick, and containing one to five layers of
clay bands. The tectonic activity after deposition caused the deposited coal to deform. The findings of this study contributed to guiding the
exploration of coal seams in the South Sumatra Basin and Muara Enim Formation, in particular.
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1. Introduction However, most studies have focused on facies,
depositional environments, and geometry. Previous
research subdivided the depositional environment into
ombrotrophic and mesotrophic in telmatic and limno-
telmatic conditions based on maceral assemblages using
tissue preservation and gelification index, as well as
vegetation and groundwater index (Amijaya and Littke,
2005). In a separate study, the Muara Enim Formation was
deposited in various environments, including the lower
delta plain, transitional lower delta plain, and upper delta
plain. The Upper Muara Enim Formation comprises six
sediment facies: peat swamp, distributary channel,
floodplain, mudflat, mixed flat, and mouth bar (Elcofa et al,,
2023). The thickness of coal seams from Al to D in the
Muara Enim Formation ranges from 1.65 to 12 meters
(Algadri Nafian and Rizal, 2021). Coal seams are generally
continuous, controlled by fluvial and structural processes,
such as folding (horseback), and faulting (Kurniawan,
2021).

Few prior studies have comprehensively examined the
correlation between sequence analysis and coal geometry
in this area. Therefore, research that focuses on the M2
Member of the Muara Enim formation will significantly
contribute to understanding how the stratigraphic
sequence influences the distribution and geometry of coal
accumulation.

Sequence stratigraphy is defined as a succession of
strata deposited during a complete cycle of change in
accommodation or sediment supply, bounded by subaerial
unconformities and their marine correlative conformities
(Catuneanu etal, 2011; Ren etal., 2014) and can be divided
into three discrete system tracts such as lowstand,
transgressive, and highstand system tracts (Ren etal.,, 2014;
Wagoner et al,, 1990a). Coal seam geometry is an aspect of
the dimensions or size of a coal seam that includes
thickness, dip, and continuity (Marcelino, 2016; M.L.
Jeremic, 1985). The coal accumulation model is proposed
by analyzing the stratigraphic framework and lithofacies
characteristics of the sequence (Duan et al.,, 2021).

The research area is located geographically in Tanjung
Enim, Muara Enim Regency, South Sumatra, within the
Muara Enim Formation (Fig. 1). This coal-bearing
formation was deposited during the Late Miocene to Early
Pliocene and consists of claystones, siltstones, sandstone,
and coal (Amijaya and Littke, 2005) The formation is
divided into two members: Lower MPa (Middle Palembang
'a") and Upper MPb (Middle Palembang 'b"). Both members
have been subdivided into M1-M4 (Amijaya and Littke,
2005; Shell Mijnbouw, 1976).
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Fig 1. Maps of the research area.

2. Materials and Method

The research methodology employed in this study
encompasses geological mapping, geophysical logging, and
core log analysis (Fig. 2). Geological mapping involves
describing rock outcrops and collecting rock samples to
provide a detailed depiction of the geological conditions
found in the outcrops (Adam and Rochmana, 2022). The
collection of geological structure data helps to understand
the tectonic influence on the stratigraphic order at the
research location. This methodology is crucial for gaining
insight into the study area's tectonic history and geological
characteristics. It establishes the basis for the subsequent
analysis and interpretation of the data collected.

The analysis of lithofacies and sedimentary facies,
parasequence and parasequence sets, system tracts, and
stratigraphic sequences was conducted based on
geophysical log and core log datasets from four drill holes
(Fig. 2). Facies types were identified using core log data,
while the lithofacies table from Wang et al., (2011) was used
to determine lithofacies and sedimentary facies.

Certain patterns in geophysical logs reflect different
sedimentation processes. When interpreting geophysical
log curves, the geophysical curve pattern is classified by
(Walker and James, 1992) is used. Parasequence and
parasequence set boundaries in each drill hole are
identified based on the presence of a flooding surface that
separates marine and terrestrial sediments (Wagoner et al.,
1990b). These boundaries are shown by significant changes
in the log pattern (Bai et al, 2020). The system tracts
comprising the stratigraphic sequence in each drill hole are
identified based on the explanation provided by Catuneanu,
(2020), Catuneanu (2017), and Catuneanu et al,, (2011).

The geological cross-section model depicting the coal
geometry and accumulation model in the research area was
created by integrating four geophysical logs and core logs
datasets. Isopach maps of coal distribution and 3D modeling

were interpolated using the Inverse Distance Weighting
(IDW) interpolation method. The Inverse Distance
Weighting (IDW) interpolation is a commonly used
technique for estimating values in unsampled areas by
calculating a weighted average of the known values within
the neighborhood. (Herrero-Hernandez et al.,, 2017).
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3. Results

3.1 Lithofacies Analysis
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Based on the four drill holes data that have been
analyzed, six lithofacies of the M2 Member of the Muara

Enim Formation found in the research area are shown in
Fig. 3 and summarized in Table 1.

Table 1. Lithofacies that identified in the research area.

Sub Facies/

Lithofacies Descriptions Sedimentary Depositional Genesis
Structures .
Environment

Tuffaceous sandstone Tuffaceous sandstone Bedding, Crevasse splay  Interbedding happened when volcanic

and tuffaceous clay- and tuffaceous claystone lamination material in floodplain areas of rivers or

stone interspersed interspersed on top deltas is carried away by river currents
that are full of clay material during
overflow (Lepre, 2017).

Glauconitic sandstone Fine glauconitic Lamination, Tidal/mouth/  Formed by strong tidal currents, either

sandstone wavy bedding, distal bars in one or two directions with thin
flaser bedding claystone inserts carried by the same
currents (Olariu et al,, 2012).

Shale with lenses and Dark grey shale Lenticular Tidal flats Formed in shallow environments such as

siderite  bands or interspersed with sand- bedding poorly sorted mixed systems, and was

nodules stone influenced by transgression-regression
cycles, exhibiting a strong marine
influence (Tang et al,, 2023).

Dark grey claystone Brownish-dark grey Lamination, Lagoon Siderite lamination characterizes the
claystone consists  of massive cyclic direct deposition of iron-rich
siderite bands seawater under reducing conditions in

an organic-rich and acidic environment
(Lukoczki et al., 2015).

Carbonaceous Black claystone, rich of Massive Mire The deposit comprises organic material

claystone/ mudstone carbon contents and is formed by processes involving

both reversing and unidirectional tidal
currents. (Shao etal,, 2015).

Coal Black, bright-dull, consist Banded Mire Vegetable debris accumulates in a

of 3-5 layers of clay bands specialized deposition environment

(Thomas, 2020). Deposition stops when
the debris is buried under sediments.
Over time, with exposure to heat and
pressure, the debris transforms into
coal. (Arnold, 2013; ISO, 2005).
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Fig. 3 Core pictures from KNH-03 of six lithofacies found in the research area: A) Tuffaceous clay and tuffaceous sandstone interspersed
facies and coal facies (seam A1l & A2); B) Glauconitic sandstone facies and shale facies with lenses and siderite bands/nodules; C) Dark
grey claystone facies, carbonaceous claystone facies, and coal facies; D) Shale facies consist of siderite bands.
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3. 2 Identification of System Tracts and Stratigraphic
Sequence Boundaries

The stratigraphic sequence comprises of Lowstand
System Tract (LST), Transgressive System Tract (TST), and
Highstand System Tract (HST). Determining the Maximum
Flooding Surface (MFS) as the system tract boundary and
sequence boundary (SB) is the main key, which can be
demonstrated by significant changes in the geophysical log
(gamma-ray) curve pattern and lithology (Ren et al., 2014).
The interpretation of stratigraphic sequence boundaries in
the study area is based on facies associations and marine
deposits as boundary markers (Wang et al., 2011). In this
study, sandstone, which is a characteristic of shallower area
sedimentary material, is overlain by dark claystone or shale,
which characterizes deeper marine sediment, identified as
the marine flooding surface (Wagoner etal., 1990b, 1990a).
The Maximum Flooding Surface (MFS) can be interpreted as
a significant change from TST to HST.

3.2.1 Sequence 1

Sequence 1 in the research area comprises two system
tracts, namely the transgressive system tract (TST-1) and
the highstand system tract (HST-1), which is bounded by
Maximum Flooding Surface 1 (MFS-1) (Fig. 4 and Fig. 6).
The boundary between these two system tracts was
identified based on the dominant pattern in the
parasequence set and the marine flooding surface, which
indicates clear lithological changes between terrestrial
deposits and shallow marine deposits. At the research
location, the transgressive system tract (TST-1) exhibits a
low sand/shale ratio. This system tract is characterized by
interspersed lagoon deposits consisting of dark gray shale
(Lukoczki et al.,, 2015). and carbonaceous claystone facies
(Dill et al., 1997), as well as coal facies (seam C), as mire
deposits that were deposited in the marginal tidal plain and
lagoon facies.

TST-1 is characterized by the accumulation of thick,
dark, shallow marine and swamp sedimentary materials,
such as dark gray shale and carbonaceous claystone. The
system tract is marked by the presence of sets with a bell
curve pattern, indicating a succession of fining upward
lagoonal shale, and sets with a cylindrical pattern, providing
evidence of aggradation parasequence sets that accumulate
seam C.

Late TST-1 and the initial HST-1 are bounded by MFS-1,
which had the highest water level at the research location
during that time (Fig. 4 and Fig. 6). MFS-1 exhibits changes
in the coastline from transgression towards normal
highstand regression (Zhang etal., 2020). In the gamma-ray
log, MFS-1 was identified by a change in the dominant
retrogradation-aggradation stacking pattern towards a
progradation stacking pattern. Based on the core analysis,
MFS-1 is characterized by a clear lithological shift that
bounds the lagoon deposits, forming a dark gray shale
overlain by tidal flat deposits above, which consist of lensed
glauconitic sandstone facies.

The Highstand System Tract of sequence 1 (HST-1) was
deposited above MFS-1. MFS-1 is characterized by an
increase in the sand/shale ratio compared to TST-1.
Deposition of glauconitic sandstone began on HST-1.

Glauconite indicates shallow marine deposits (Torrado et
al,, 2020).

HST-1 is characterized by the intercalated deposition of
marine material in the form of shale and glauconite
sandstone with a tidal bedding structure. The shale is dark
gray, lensed, and very thick with siderite bands and
nodules. The glauconitic sandstone is bright greenish-gray
and has very fine sand grains with a tidal bedding structure
(flaser bedding and wavy bedding). These lithofacies were
deposited in a marginal tidal plain and lagoon-tide
dominated lower delta plain facies with tidal/mouth/distal
bar-tidal flat sub-facies.

The gamma-ray log analysis on HST-1 shows the
recurrence of coarsening upward parasequences, which
then form a set of progradation parasequences because the
rate of sediment supply is greater than the rate of increase
in accommodation space.

The occurrence of repeated coarsening-upward
parasequences, as shown by the funnel-shaped gamma-ray
curve, and followed by the presence of a cylindrical pattern
that accumulates seam B2, formed the aggradation
parasequence set. Sequence Boundary 1 (SB-1), as shown in
Fig. 4 & Fig. 6, marks the end of HST-1. SB-1 was formed
due to a relatively rapid decrease in sea level with a small
sediment supply (Wagoner et al,, 1990b). SB-1 represents
an unconformity plane caused by an erosional period that
bounds sequences 1 and 2. The paleography map of
Sequence 2 is shown in Fig. 5a.

3.2.2 Sequence 2

Sequence 2 is formed through a mechanism similar to
sequence 1. It consists of two system tracts, which start with
TST-2 and HST-2 and are bounded by SB-1 at the bottom
and SB-2 at the top (Fig. 4).

Transgressive system tract sequence 2 (TST-2) is
bounded by SB-1 at the bottom and MFS-2 at the top. TST-2
is characterized by a decrease in the sand/shale ratio and
the dominance of interspersed lagoon deposits (claystone)
with mire deposits (coal). In contrast to TST-1,
carbonaceous claystone facies were not deposited in TST-2.
The dominant lithofacies deposited in TST-2 are laminated
claystone with bands of siderite and coal, characteristic of
the marginal tidal plain and lagoon facies.

The gamma-ray log displays TST-2 through the
accumulation of fining-upward parasequences, which are
composed of laminated claystone and exhibit a bell curve
pattern. Aggradational parasequences are also present,
showing the accumulation of seam B1, Suban Marker, and
A2. TST-2 is characterized by a retrogradation
parasequence set, resulting from an increase in water level,
which creates a larger accommodation space compared to
the sediment supply.

From the end of TST-2 to the beginning of HST-2, there
was a significant rise in sea level. The accommodation space
formed at the end of TST-2 was large, but the rate of
accommodation space formation was balanced by the rate
of peat accumulation; many coal-forming plants thrived,
and peat accumulation occurred (Xu et al., 2020). MFS-2
shows a transition in the coastline from transgression
towards normal highstand regression (Zhang et al., 2020).
MFS-2 was identified by a change in the dominant
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retrogradation-aggradation stacking pattern to a
progradation stacking pattern (Fig. 6).

Highstand system tract sequence 2 (HST-2) is bounded
by MFS-2 at the bottom and SB-2 at the top. HST-2 began
with the deposition of the crevasse splay facies, consisting
of tuffaceous sandstone overlain by tuffaceous claystone,
due to river currents overflowing with clay materials. This
system tract experienced a subsequent rise in the
sand/shale ratio and an increase in marine sediment
thickness, particularly after MFS-2.

HST-2 is characterized by lagoon deposits composed of
massive dark gray claystone and mire deposits consisting of
massive carbonaceous claystone and coal with clay band
impurities, which were formed in the mire environment of
the marginal tidal plain and lagoon-fluvial dominated

upper delta plain facies. Gamma-ray log analysis of HST-2
reveals retrogradation and aggradation parasequences,
forming a set of aggradation parasequences characteristic
of HST-2.

HST-2 is characterized by a coarsening-upward pattern,
as indicated by sets of bell-shaped gamma ray curves and a
cylindrical curve pattern, which shows an aggradational
parasequence that accumulated seam A1l. The end of HST-2
is designated as Sequence Boundary 2 (SB-2) and is marked
by the contact between the claystone and the overlying soil.
SB-2 is an erosional unconformity that formed in response
to a relatively rapid sea level fall with a limited sediment
supply (Wagoner et al,, 1990b). The Paleography map of
Sequence 2 is shown in Fig. 5b.
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Fig. 4. A) Lithofacies correlation in the research area, which is correlated from three drill holes data parallel to strike direction, with
structure influence; B) Stratigraphic sequence and system tract in the research area, which is correlated from drill holes data parallel to
strike direction with structure influence.

Fig. 5. A) Paleogeography map of Sequence 1; B) Paleogeography map of Sequence 2
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3.3 Distribution and Coal Geometry of the Muara Enim
Formation

3. 3.1 Sequence 1

TST-1 is the first depositional mechanism in the
research area that deposited the coal seam C. The coal
deposited in this system tract has continuous geometric
features (>1 km) as observed in Fig. 3B, very thick (11.35-
12.00 m), tilted (20°), and interspersed by the presence of
four layers of clay bands (Fig. 6). The interspersed clay
bands in the coal body are interpreted as evidence of
paleoclimatic changes during coal deposition (Hou et al,,

2023) and influenced by sea-level fluctuations during the
transgression.

The isopach map of Seam C in TST-1 (Fig. 7A) was
created to show the distribution of coal and the areas that
were centers of coal accumulation during this period, as
well as to reflect the distribution of swamp/mire areas.
From the isopach map, it can be concluded that the center
of thick coal accumulation is located at KNH-03 (northwest)
with a coal thickness of over 11 m, and becomes thinner at
KNH-02 (southeast). It can also be interpreted that the
northwest is terrestrial and the southeast is marine.

Seam B2 was deposited during the HST-1 period. The
coal seam B2 has continuous geometric characteristics, is
moderately thick (3.72-4.30 m), gently inclined (18°), and is
interspersed with 1 layer of clay band. Clayband is an
indicator that sea level rise brought clay material from the
marine environment to the mire/swamp, which
temporarily halted coal accumulation during HST-1.

The isopach map of seam B2 (Fig. 7B) shows the
distribution pattern of seam B2. It can be observed that the
coal distribution pattern has narrowed compared to the
distribution of seam C, which was previously formed in
TST-1. This is due to the increase in seawater, which results
in more accommodation space compared to the supply of
coal-forming sediment. The coal accumulation process is
interrupted by the predominant accumulation of sands and
clays, so that the coal formed is not too thick compared to
the C seam coal formed during TST-1.

Based on the isopach map, it can be seen that the
depositional environment during this period was
dominated by the tidal flat-tidal/mouth/distal bar, which is
represented by the gray-white area on the map. The center
of coal accumulation is represented by a dark gray-black
area located in the northwest direction (KNH-03) of the
study area with a coal thickness of over 4m.

3. 3.2 Sequence 2

Sequence 2, consisting of TST-2 and HST-2, is the most
important depositional system that accumulates coal seams
at the research location. TST-2 is a system tract that
deposited two main seams, seam B1 and seam A2, and one
thin, Suban Marker. Meanwhile, HST-2 is a system tract that
deposits seam Al.

Seam B1 is the first seam formed as a result of the TST-
2 mechanism, which is deposited continuously (>1 km),
very thick (11.10-12.46 m), gently inclined (18¢), and
contains clay band impurities. A total of 5 clayband layers
formed show the intensity/frequency of seawater
fluctuations (repeated transgression-regression
mechanism), which interrupted the B1 coal accumulation
process at the research site during the TST-2 period. Very
thick coal is formed because the sediment supply forming
the coal is greater than the accommodation space formed.
Based on the B1 isopach map (Fig. 7C), it can be inferred
that the distribution of thick coal thickness occurs in a
northeast-southwest direction, with coal accumulation
centers located at KNH-01, KNH-02, and KNH-03.

Suban Marker is a thin coal with a thickness ranging
from 0.60-0.84 m, continuous (>1Km), steeply inclined 16°),
without any interruption. Based on these geometric
characteristics, it is inferred that this coal was formed when
the supply of coal-forming sediment exceeded the
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accommodation space for a short period. The Suban Marker
isopach map (Fig. 7D) shows how the distribution of the
Suban Marker is formed, where the center of accumulation
is in the middle of the map, precisely at KNH-01 and KNH-
02 with northwest-southeast orientation.

Seam A2 was formed during the early TST-2 period. This
coal has the geometric characteristics of being very thick
(11.48-13.38 m), deposited continuously (>1 km), steeply
inclined (14°), with three layers of clay band impurities,
which indicates the intensity of seawater fluctuations
disturbance during the accumulation of Seam A2. Based on
the A2 isopach map (Fig. 7E), the thick coal distribution
pattern is shown in a northwest-southeast direction, with
the center of coal accumulation at the KNH-01, KNH-02, and
KNH-03 drill holes. Towards the southwest, the coal
thickness decreases.

Seam Al is a coal body deposited at the end of TST-2 and
the beginning of HST-2. Seam A1 has a thickness variation

0f 9.40-9.60 m, is continuous (>1km), gently inclined (14°),
and contains three layers of clay band contamination. Clay
bands indicate that rising sea levels brought clay material
from the sea to the marsh, which covered the underlying
coal during HST-2.

In the isopach map of Seam A1 (Fig. 7F), it was observed
that the coal distribution pattern expanded after TST-2. The
center of the coal accumulation is located at KNH-01, KNH-
02, and KNH-03, which is wider than the accumulation
during HST-1. During a period of high water table in the
swamps, followed by a stable water table, a large amount of
peat accumulated (Abidin et al.,, 2022).

After coal accumulation ceased in the Late Miocene-
Pliocene, post-depositional tectonic activity led to the
deformation of the deposited coal. Figure 8 shows the
brittle and ductile deformation indicated by the fault
structure and monocline folds affecting the coal geometry.
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Table 2. Summary of the stratigraphic sequence and geometry of each
seam in the study area.

Coal Coal
Thickness Thickness . i
Seam Continuity Dip
TST- HST- TST- HST-
1 1 2 2
C 11.35- Continuous 20°
12.00
B2 - 3.00- Continuous 18°
4.10
B1 - - 11.1- Continuous 18
12.46
Suban 0.60- Continuous 14°
Marker 0.84
A2 - - 11.48- Continuous 14°
13.38
Al - - - 9.40- Continuous 14°
9.60

Based on the results of this study, the sedimentary
facies of the M2 Member of the Muara Enim Formation are
classified into four sedimentary facies consisting of fluvial-
dominated upper delta plain, fluvial/tidal transitional delta
plain, tidal-dominated lower delta plain, and marginal tidal
plain and lagoon. This is different from the findings of
previous researchers, such as Amijaya and Littke, (2005)
who divided the depositional environments into
ombrotrophic and mesotrophic into telmatic and limno-
telmatic conditions, or Elcofa et al., (2023) who divided the
sedimentary facies/environments into six categories,
namely peat swamp, distributary channel, floodplain,
mudflat, mixed flat, and mouth bar.

From this research result, the coal thickness ranges
from 0.60-0.84 m (thinnest) to 13.38 m (thickest), which is
slightly different from the coal thickness found by Algadri
Nafian and Rizal (2021). The coal is deformed (faulted and
folded) into a monocline fold (horseback) due to the impact
of the geological structure, as modeled. This discovery is
consistent with the findings of Kurniawan (2021).

4., Conclusion

The study area consists of four depositional
environments (crevasse splay, mire/swamp, mudflat,
lagoon, and tidal/mouth/distal bar) and three facies
associated with the fluvial delta-tidal plain facies (fluvial
dominated upper delta plain, tide-dominated lower delta
plain, and marginal tidal plain and lagoon).

The depositional process in the study area consists of
two stratigraphic sequences (Sequence 1 and Sequence 2),
each consisting of a Highstand System Tract (HST) and a
Transgressive System Tract (TST). The end of the TST and
the beginning of the HST are bounded by the Maximum
Flood Surface (MFS), while the end of the HST and the
beginning of the TST are bounded by the Sequence
Boundary (SB).

Overall, both Sequence 1 and Sequence 2 produce
identical coal geometry in the study area, which is thick,
continuous, and contains clay bands with an average dip of
16-17-. The structure's influence results in the coal's folding
and faulting.
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