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Abstract: Eight stratigraphic sections from well-exposed outcrops of the Early to Middle Miocene
Tanjong Formation in the Kalabakan area, southeast Sabah, were investigated using an integrated ap-
proach, in which a comprehensive sedimentological facies analysis was linked with bulk geochemistry
and palynological analyses. The integration of facies analysis, elemental CHNS, Fourier-transform
infrared spectroscopy (FTIR), and palynological data provided a refined evaluation of the origin of
organic matter (OM) and the reconstruction of the paleodepositional model. Seven facies associations
were classified in the studied Tanjong Formation from 12 lithofacies components, interpreted as
environments ranging from fluvial-deltaic to shallow marine: FA1—Floodplain, FA2—Fluvial chan-
nel, FA3—Coastal peat mires, FA4—Tidal flat, FA5—Delta front, FA6—Mouth bar, and FA7—Upper
shoreface. Evaluation of the C/N ratio ranged between 4 and 48, and the total sulfur content ranged
from 0.5 to 3. Elemental CHNS analysis suggests that the organic matter extracted from the coal and
mudstone originated from terrestrial plants and fresh marine plankton. Accordingly, the three most
prevalent FTIR spectra from the coal and mudstone samples were the OH- functional group stretch-
ing, the absorption spectrum of aromatic C=C stretching, and aromatic in-plane/out-of-plane C-H
bending. Terrestrially derived organic matter within the examined samples was further validated by
the predominance of aromatic compounds, and the palynological analysis indicated a back-mangrove
freshwater pollen assemblage and a lower coastal plain setting proximal to the marine environment.
The integrated findings from this research are vital in reconstructing a paleodepositional environment
model that will improve the predictability of the petroleum system mechanisms and the future
hydrocarbon potential for conventional petroleum exploration.

Keywords: facies analysis; facies association; fluvio-deltaic; shallow marine; depositional environment;
Tanjong Formation

1. Introduction

Sabah, located in northern Borneo, is bounded by the South China Sea to the west, the
Sulu Sea to the northeast, and the Celebes Sea to the southeast (Figure 1). The complex
tectonic setting of southeast Sabah has exposed various lithologies and associated sedimen-
tary structures, indicating a range of depositional environments from continental (coals)
to shallow marine cross-bedded sandstones and deep marine turbidites. However, these
rock units exhibit weak fossil assemblages that limit available biostratigraphic information
from foraminiferal or macrofossil species [1]. In general, previous studies on southeast
Sabah have concentrated on its general geology [2,3], stratigraphy [1,4], geo-chemical and
petrographical features of coal seams [5,6], and palynology [3]. The interaction between
fluvial and marine processes has impacted the complex coastal plains and marginal ma-
rine environments, resulting in composite interbeds within the sedimentary facies. Thus,
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integrated physical, geochemical, and biological investigations are necessary to unravel
the rock record, which is vital for facies analysis. Elemental analyses of C, H, N, and
total S were conducted to acquire information on the organic matter composition and
determine whether the sample is from a marine or terrigenous source. The sulfur content
in sedimentary rocks can provide significant insights into the activities of sulfur-reducing
organisms and the organic matter’s environmental settings and origin [7,8]. FTIR analy-
sis is often used to distinguish the hydrocarbon functional groups in shale and coal [9],
whereby the aromatic and aliphatic functional groups effectively evaluate the organic and
inorganic minerals of coal or mudstone samples, in addition to deducing the depositional
conditions [10–12]. Further palynological analyses provide essential information in iden-
tifying the type of plant, peat mire, climate, and sedimentation pattern of coal-bearing
successions. The existence of palynofloral assemblages in coastal plains and marginal
marine environments provides a mechanism to distinguish terrestrial, transitional, and
fully marine deposits [13,14].

This study presents a systematic investigation of sedimentology, bulk geochemistry,
and palynology based on the sedimentary successions and their stratigraphic correlation to
the depositional environment of the onshore Tanjong Formation in southeast Sabah. No-
tably, these methods are commonly applied for a more accurate estimation in determining
depositional conditions of coal-bearing sequences [15,16]. The implementation of in-depth
facies analysis and facies association, as well as identification of the associated depositional
processes from the evaluated sedimentological, bulk geochemical, and palynological char-
acteristics, are aimed at (i) deducing facies successions and lithofacies classification of the
Tanjong Formation, (ii) classifying the facies association and sub-depositional environment
of the Tanjong Formation, and (iii) reconstructing a paleodepositional model for the Tanjong
Formation. The findings from this study are vital for providing insight into the variations
of sedimentary characteristics corresponding to varying sub-depositional environments of
the Tanjong Formation.

2. Geology and Tectonic Setting

The northern part of Borneo, Sabah (Figure 1A), represents a complex geological
history that has profoundly affected the regional tectonic evolution [17]. Five distinct
tectonostratigraphic provinces were identified, separating the rock formations according
to their age and lithology (Figure 1B): (a) an ophiolite complex or basement underlying
the sedimentary succession of Sabah [18]; (b) Eocene-Lower Miocene sedimentary strata;
(c) Early-Middle Miocene pyroclastic deposits [17]; (d) Middle Miocene chaotic deposits
and melanges [19]; and (e) Early-Late Miocene shallow marine to fluvial-deltaic sedi-
ments [20]. The research area is restricted to the Early to Late Miocene tectonostratigraphic
rock units, which are deformed into sub-circular to elliptical fault-bounded features known
as the “circular basins” of Sabah [2]. In the central Sabah circular basins, notably on their
western borders, the deep marine Oligocene Labang Formation was first deposited, fol-
lowed by the Tanjong Formation deposits within a paralic, low-energy environment toward
the basin depocenters during the Miocene [4].

Sabah lies in a tectonically active region whereby this area had experienced significant
tectonic stress since the beginning of the Cenozoic, but the major tectonic event prevailed
during the Miocene. A broad account of Sabah’s tectonic evolution model is divided into six
stages, ranging from Pre-Cretaceous to Holocene [17]. However, the Neogene Sabah Basin,
the focus of this research, presumably began in the Late Eocene and experienced a structural
event related to plate collision and extension with preceding sedimentation [21]. Shallow
marine-deltaic clastics of the Tanjong and Kapilit Formations, which unconformably overlie
the Kalabakan and pre-Neogene deep sediments, were continuously supplied to the NE up
to the Sulu Sea by ongoing uplift in Central Borneo. Likewise, rifting of the Sulu Sea created
East Kalimantan’s extensional basin [22,23], which was previously affected by rifting of the
Makassar Strait.
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Figure 1. (A) Map showing the location of the study area. (B) Geological map of Sabah, modified 
from [24–26], showing the study area in south-to-southeast Sabah. (C) A close-up map showing the 
outcrop localities of the Tanjong Formation exposed in the study area. 

The southern Sabah region primarily comprises exposed outcrops of clastic sand-
stone or mudstone, with the former commonly containing quartz arenites, and the latter 
being thinly-bedded and grey or black. The initial deposition of the Labang Formation, 
Kuamut Melange, and Kalabakan Formation was unconformably overlain by the syn-rift 
deposits of the Tanjong and later Kapilit Formations. An Early Miocene regional uncon-
formity (Deep Regional Unconformity—DRU), corresponding to the Lower to Middle Mi-
ocene uplift, separates the Kuamut Formation and its associated melange unit from the 
overlying Tanjong Formation. The erosional event transitions Sabah from a deep marine 
setting with turbiditic sedimentation to a dominantly shallow marine setting [1]. The 
mud-dominated facies succession is prevalent in the northeast, signifying a prograda-
tional deltaic-to-shallow-marine environment. The respective stage of tectonic quiescence 
prevailed in the Late-Middle Miocene, suggested by the lack of syn-sedimentary struc-
tures in the Tanjong Formation [1,27]. The Tanjong, Kapilit, and Sandakan delta-plain de-
posits, which are composed of reefal facies overlain by deep marine clastic and thick 

Figure 1. (A) Map showing the location of the study area. (B) Geological map of Sabah, modified
from [24–26], showing the study area in south-to-southeast Sabah. (C) A close-up map showing the
outcrop localities of the Tanjong Formation exposed in the study area.

The southern Sabah region primarily comprises exposed outcrops of clastic sand-
stone or mudstone, with the former commonly containing quartz arenites, and the latter
being thinly-bedded and grey or black. The initial deposition of the Labang Formation,
Kuamut Melange, and Kalabakan Formation was unconformably overlain by the syn-rift
deposits of the Tanjong and later Kapilit Formations. An Early Miocene regional uncon-
formity (Deep Regional Unconformity—DRU), corresponding to the Lower to Middle
Miocene uplift, separates the Kuamut Formation and its associated melange unit from the
overlying Tanjong Formation. The erosional event transitions Sabah from a deep marine
setting with turbiditic sedimentation to a dominantly shallow marine setting [1]. The
mud-dominated facies succession is prevalent in the northeast, signifying a prograda-
tional deltaic-to-shallow-marine environment. The respective stage of tectonic quiescence
prevailed in the Late-Middle Miocene, suggested by the lack of syn-sedimentary struc-
tures in the Tanjong Formation [1,27]. The Tanjong, Kapilit, and Sandakan delta-plain
deposits, which are composed of reefal facies overlain by deep marine clastic and thick
sedimentation, resulted from a high burial thermal maturity during the Late Miocene
eastern subsidence [28].
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3. Study Area

The research area covers the Early to Middle Miocene Tanjong Formation in south-to-
southeast Sabah (Figures 1C and 2). The formation includes extensive fresh outcrops in
the Kalabakan area, specifically along the Tawau-Keningau roadcut. From the outcrops
survey, eight well-exposed and nearly complete successions of the Tanjong Formation
were chosen for an in-depth sedimentological study (Figures 3–5). The logged sections
measure up to 92 m in stratigraphic thickness and present the first detailed sedimentological
facies analysis of the Tanjong Formation within the Kalabakan area. It was challenging to
precisely correlate the examined sections because of complex deformation, vegetation, and
lateral facies changes. Based on the observed lithological characteristics, the siliciclastic
sandstones and mudstones were prevalent in the Tanjong Formation outcrops and further
subdivided into Lower Unit I (TJ01, TJ02, and TJ03) of mudstone-dominated facies with
interbedded sandstone and mudstone, and Upper Unit II (TJ04, TJ05, TJ06, TJ07, and TJ08)
of sandstone-dominated facies with the occupancy of coal seams. Heterolithic bedding
comprising a mix of sandstone and mudstone composition and mud drapes was also
typically observed within the outcrops, suggesting a tidal-influenced setting. The high
amount of organic matter is indicated by the observed thinly laminated carbonaceous
materials and dispersed coal lenses in most outcrops.
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Figure 2. (A) General stratigraphic section of southern Sabah, modified from [1,29]. The red box
indicates the studied rock formation. (B) Simplified stratigraphic framework for the onshore Early-
Middle Miocene Gomantong, Kalabakan, and Tanjong Formation. Abbreviations: TCU—Top Croker
Unconformity; DRU—Deep Regional Unconformity; SRU—Shallow Regional Unconformity.
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4. Materials and Methods
4.1. Sedimentary Facies Analysis

This research incorporated facies analysis on an outcrop scale to study and interpret
sedimentary textures, sedimentary structures, trace fossils, and lithologic associations.
Facies are identified and classified into facies associations in performing facies analysis.
Understanding the context of how individual facies relate to one another is vital before
establishing a depositional environment. Facies associations are assumed to be genetically
or environmentally related due to the interpreted facies at the depositional setting, either
vertically or laterally [30]. Moreover, facies associations are the fundamental components of
facies analysis, comprising depositional elements representative of a particular depositional
environment [31]. Hence, a comprehensive outcrop-based sedimentological facies analysis
was conducted on the studied stratigraphic sections of the Tanjong Formation. Well-
preserved sedimentary rock exposures of the Early to Middle Miocene Tanjong Formation
along the Tawau-Keningau road provide important access for sedimentological facies
analysis. A total of 13 mudstone and coal samples representing the Tanjong Formation
were extracted from fresh, non-weathered, and well-exposed outcrops of the research study
area. Contaminated and weathered surfaces were avoided during sampling to acquire a
precise depiction of freshly exposed coal and mudstone samples in the Tanjong Formation.
The facies analysis and facies association aimed to create a simplified facies scheme to
interpret and differentiate the depositional settings of the formations in the research area.

A three-letter facies coding system was used to classify the lithofacies, with the first
capital letter indicating the grain size and the second and third lowercase letters indicat-
ing the texture and sedimentary structures of the facies; the heterolithic facies is denoted
with the letter “H” in this study [32]. Visual field identification of grain size and sorting
of the beds was conducted utilizing a hand lens and a grain size comparator card. Fa-
cies associations were further identified from the classified lithofacies. Additionally, the
mechanisms that controlled the transportation and deposition of the studied sedimentary
successions were assessed. The physical characteristics of the sedimentary facies, as well
as the observed biogenic structures and trace fossils, were incorporated with the findings
from the bulk geochemistry and palynological analyses to interpret and validate the overall
depositional environment.

4.2. Elemental (CHNSO) Analysis

Elemental or ultimate analysis of 10 mudstone and coal samples from the Tanjong
Formation were analyzed for the elemental or ultimate carbon, hydrogen, nitrogen, and
sulfur (CHNS) analysis. An Elementar VarioMicro CHNS analyzer with contemporaneous
deduction of C, H, N, and total S was employed. Prior to the process, rock samples were
crushed by manual crushing in a laboratory, as the instrument allows for a minimum
2 mg sample size and is based on a vertical furnace system. The four elements were
simultaneously determined from a single weighed sample placed in tin foil, kept in the
CHNS analyzer, and then qualitatively converted into carbon dioxide, water vapor, nitrogen
gas, and sulfur dioxide, respectively. Each gas component was measured by infrared
absorption after the separation of the gases. By deducting the total percentages of carbon,
hydrogen, nitrogen, and sulfur from 100, the percentage of oxygen was obtained. Atomic
H/C and O/C ratios, the C/N ratio, and other parameters were also calculated.

4.3. Fourier-Transform Infrared Spectrometer (FTIR) Analysis

Ten mudstone and coal samples from the Tanjong Formation were analyzed for the
relative functional groups for FTIR analysis. FTIR spectroscopy was established as a method
for the contemporaneous identification of organic and inorganic constituents, together with
chemical bonds and organic contents, such as proteins, carbohydrates, and lipids. Pellets
of 1 mg of crushed samples were prepared under the standard procedure [33], and they
were ground up to a size of 75 mm using 100 mg potassium bromide (KBr). A PerkinElmer
FTIR Spectrometer Frontier was used to gather the data. In FTIR analysis, the procedure
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involves subjecting the samples to infrared (IR) radiation. The IR radiation affect the atomic
vibrations of a molecule in the sample, which results in a particular energy absorption
or transmission. Hence, the FTIR may help to pinpoint certain molecular vibrations that
are present in the sample. The mid-IR absorbance mode with a wavelength resolution of
400 cm−1 to 4000 cm−1 was used to determine the FTIR pattern of the studied coal and
mudstone samples.

4.4. Palynology Analysis

The organic-matter-rich deposits received significant consideration in palynology anal-
ysis because they are generally composed of well-preserved fossil palynomorphs. Seven
organic-rich mudstones and coals in the Tanjong Formation were carefully sampled for pa-
lynological analysis. The samples were prepared and processed by following a recognized
palynological workflow [34,35], with some modifications to enhance the palynomorph
recovery. Firstly, the palynological samples were treated with hydrochloric (HCL) and
hydrofluoric acid (HF) digestion and heavy liquid separation. During the process, the
samples were washed and cleaned in distilled water to remove the contaminants and
neutralize the conditions. The coal and mudstone samples, weighing around 10 g, were
crushed using a mortar and pestle and broken up into fine equidimensional to angular
pieces (approximately 1–2 mm in size). Next, a 24 h acid digestion process was performed
on the crushed samples using 10% hydrochloric acid and 47% hydrofluoric acid for the
dissolution of carbonates and silicates. The remnants were then treated with 2.0 SG of zinc
bromide (ZnBr2) for a heavy liquid separation technique to segregate the less dense organic
materials from the heavy minerals. Then, 10% of potassium hydroxide (KOH) and 60%
of nitric acid (HNO3) were used to oxidize the lighter-floating organic residues. Canada
balsam was used to mount the slides after they had been processed in polyvinyl alcohol.
A Leica diaplan incident light microscope was used to examine the slides for qualitative
and quantitative assessment from the successfully productive samples. At least 100 to
200 counts of recorded palynomorphs were present on each slide.

5. Field Observations
Facies Analysis

From the studied Tanjong Formation outcrops, eight vertical field sections with a
stratigraphic thickness of up to 92 m were generated based on sedimentary logging of
lithological composition, geometry, sedimentary, and biogenic structures (Figures 3–5).
From the generated vertical field sections, twelve facies or lithofacies were discovered
(Figures 6 and 7). Siliciclastic sandstone and mudstone rocks are the predominant litho-
facies observed in the sedimentary sections, accompanied by thin coal seams. Massive
tabular sandstone facies (Figure 6A) are prominently observed within outcrops of the Unit
II Tanjong Formation (Figure 4), which include mud drapes, coal lenses, and carbonaceous
material laminations. Additionally, horizontally laminated sandstone facies (Figure 6B,D)
represent an interval of up to 8 m thick, as observed in outcrop TJ03, together with the pres-
ence of mud drapes, coal stringers, carbonaceous materials, and rip-up clasts (Figure 7C).
Trough cross-bedded sandstone facies (Figure 6B,C) are predominately observed in outcrop
TJ08, with minor occurrences in outcrops TJ04 and TJ06. Interbedded sandstone with
mudstone or shale facies (Figure 6E) are commonly observed in outcrops of the Unit I Tan-
jong Formation. The coal-bearing sequence of thick-to-thin coaly shale and coal seams are
observed in outcrops TJ04 and TJ06, respectively, (Figure 6F,G) ranging from approximately
0.90 m to 4 m thick. Along with the coaly shale and coal seams, structureless and carbona-
ceous mudstone-dominated facies are predominantly observed in all the outcrops with
the presence of iron concretionary clasts (Figure 6H). The lithofacies is further classified
by the presence of heterolithic (flaser and lenticular) bedding, composed of heterogeneous
units of thin intermixed sandstone and mudstone (Figure 7A,B). Mud drapes, laminated
carbonaceous materials, coal stringers, clasts, and lenses are typically observed within
the heterolithic facies (Figure 7A,E). Low distribution of interbedded facies, comprising



Minerals 2023, 13, 494 9 of 28

heterolithic flaser and sandstone, are localized only in outcrop TJ06, while interbedded
facies of heterolithic flaser and lenticular (Figure 7F) are localized in outcrop TJ05 and
TJ06. A small-scale hummocky cross-stratified sandstone facies is observed in outcrop TJ04
(Figure 7G). Biogenic structures or trace fossils of Skolithos and Ophiomorpha are observed
within mudstone-dominated and horizontal laminated sandstone facies, respectively (Fig-
ure 7D,H). The description and interpretation of the lithofacies are studied in order of
significance to the understanding of the depositional environment (Table 1).
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Figure 6. (A) Massive tabular sandstone facies (Sm) was observed in outcrop TJ06. (B) Planar
cross-bedded sandstone (Sp) and trough cross-bedded sandstone (St) was observed in outcrop TJ06.
(C) Trough cross-bedded sandstone (St) was observed in outcrop TJ08. (D) Horizontal or parallel
laminated sandstone (Sh) in outcrop TJ08. (E) Thinly interbedded sandstone and mudstone facies
(SFi) was observed in outcrop TJ05. (F) Coaly shale facies (Cs) with observed fissile characteristics in
outcrop TJ04. (G) Thick coal seams (C) observed in TJ04. (H) Mudstone-dominated facies (Fm) with
iron concretionary clasts observed in outcrop TJ01.
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sandstone facies of outcrop TJ06. (D) Vertical Skolithos trace fossil observed in outcrop TJ03. (E) Ex-
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Figure 7. (A) Heterolithic flaser facies (Hf) with mud drapes and localized coal clast in outcrop TJ06.
(B) Heterolithic lenticular facies (Hl) was observed in outcrop TJ04. (C) Laminated carbonaceous
materials, thin coal stringers with mud, and rip-up clasts were observed in horizontal laminated sand-
stone facies of outcrop TJ06. (D) Vertical Skolithos trace fossil observed in outcrop TJ03. (E) Extensive
coal lenses within heterolithic lenticular facies in outcrop TJ06. (F) Sharp to gradational contact of
interbedded heterolithic flaser (light) and lenticular (dark) facies (Sfl). (G) Small-scale hummocky-
cross stratification in sandstone (Shcs) found in outcrop TJ04. (H) Patches of Ophiomorpha trace fossils
within the sandstone facies were observed in outcrop TJ08.



Minerals 2023, 13, 494 11 of 28

Table 1. The twelve (12) classified lithofacies in the Tanjong Formation, southeast Sabah.

No. Code Lithofacies Descriptions Trace Fossil Interpretation

1 Sm Massive tabular
sandstone

Structureless and massive tabular
medium-coarse-grained sandstone with

sporadic pebbles. The sandstone varies from
light brown to grey with a sharp bed contact

(Figure 6A). The presence of laminated
carbonaceous materials, coal lenses, and mud

drapes can be observed within the beds.
Hummocky cross-stratification occurs in one of

the outcrops.

Possible Skolithos,
Orphiomorpha

Internal stratification is absent in
massive sandstone, implying that

high-density turbidity currents
decelerated quickly and abruptly

came to an end [36,37].

2 Sp/St Planar/trough
cross-bedded sandstone

Planar and trough cross-bedded
fine-medium-grained sandstone varies from

light brown to grey color (Figure 6B,C). The bed
contact differs from sharp to gradational. The

presence of discontinuous carbonaceous
laminations, coal lenses and stringers, and mud

drapes is observed.

Possible Orphiomorpha

The planar/trough cross-bedded
sandstone is supported by

high-energy and unidirectional
currents. These facies are

developed from the migration of
sinuous crested dunes in fluvial or

river and tidal channels.

3 Sh Horizontal/parallel
laminated sandstone

Horizontal and parallel laminated
fine-medium-grained sandstone with varying
light brown to grey color (Figure 6D). The bed
contact with other facies ranges from sharp to

gradational. Sedimentary structures of
laminated carbonaceous materials, coal lenses,
mud drapes, and rip-up clasts were observed

within the sandstone bed.

Possible Orphiomorpha

These facies are developed during
flood conditions as an upper flow
regime with high-energy currents.
Planar lamination can also emerge
as sediment deposition rates slow

down, resulting from the recurring
collapse of laminar-sheared layers
at the base of a high-concentration

flow [38].

4 Shcs Hummocky
cross-stratification

Medium-grained small-scale hummocky
cross-stratified gray color sandstone with a
relatively sharp contact (Figure 6G). These

facies can only be found in the younger section
of outcrop TJ05.

Absent

These amalgamated sandstone beds
with small-scale hummocky
cross-stratification serve as
proximal storm beds with

high-energy oscillatory and mixed
flows during storms [39].

5 SFi Interbedded sandstone
and mudstone/shale

Thin to thick interbedding of fine- to
medium-grained sandstone with mudstone or

shale ranges from light brown to dark grey
color (Figure 6E). Horizontal and parallel

laminated sandstone is observed occasionally.
In addition, laminated carbonaceous materials,
coal lenses, and mud drapes can be observed in

most of the outcrops. It displayed a sharp
upper and lower contact.

Possible Orphiomorpha

The interbedded facies is believed
to be deposited during high- and
low-energy alternating currents,

with mud deposition during
slack-water intervals. The
alternating sandstone and

mudstone interbedded with the
presence of mud drapes suggest a

tidally influenced environment [40].

6 Sfs Interbedded flaser beds
with sandstone

Thin interbedding of fine-grained flaser bed
with medium-grained sandstone bed in

varying light brown to grey color. The flaser
and sandstone beds have a gradational contact.

Absent

High- and low-energy currents
occur periodically and alternately
in tidal and seasonal settings with
intervals of current or wave flows.

7 Sfl Interbedded flaser beds
with lenticular beds

Thin interbeds of heterolithic flaser and
lenticular beds with gradational contact is

observed to vary from light brown to dark grey
color (Figure 7F).

Absent

High- and low-energy currents
occur periodically and alternately

in tidal and seasonal settings.
Intervals of current or wave flows

are commonly intermixed with
slack-water periods.

8 Hf Flaser heterolithic
bedding

Fine-medium-grained sandstone is intermixed
with mudstone, whereby the proportion of

sandstone is higher than mudstone. The flaser
bed sandstone is light brown, while the

interlayered mudstone is grey (Figure 7A). It
shows a gradational upper and lower contact.

There is the presence of carbonaceous
laminations, coal lenses, and mud drapes

within the sandy matrix.

Absent

Heterolithic flaser facies deposited
in varying hydraulic conditions

during current intervals. The
transportation of traction and

deposition of rippled sandstone
fluctuate with quiescence intervals

of mud deposition [41].

9 Hl Lenticular heterolithic
bedding

A high proportion of mudstone is intermixed
with fine- to medium-grained sandstone lenses
(Figure 7B). The facies displayed a gradational

upper and lower contact. The presence of
carbonaceous laminations, coal lenses, mud

drapes, and rip-up clasts is typically observed
within the facies.

Possible Orphiomorpha,
Echinoderm and

Gastropod

Lenticular bedding is formed in
conditions favoring the deposition
and preservation of mudstone [42].
The sand deposits occurred during

periods of current flow or wave
action, with alternating slack-water

conditions of mud deposition.

10 Fm Dominant
mudstone/shale

Structureless dark grey to black shale or
mudstone of sharp contact with common
carbonaceous laminations, coal lenses and

stringers, mud drapes, and iron concretionary
strata observed within the facies (Figure 6H).

Absent

Low-energy current flow with mud
deposition in suspension. The
significant concentrations of

suspended sediment are formed by
rapid deposition through

flocculation.
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Table 1. Cont.

No. Code Lithofacies Descriptions Trace Fossil Interpretation

11 Cs Coaly shale

Sharp contact of black-colored coaly shale that
is a mixture of shale and coal mineral

composition dominated by higher shale
composition (Figure 6F). Coal lenses can be

observed within the coaly shale.

Absent
In situ accumulation of plant

material in coastal mires and flood
plains.

12 C Coal

Composed of dull to shiny black coal with
prominently sharp contact (Figure 6G). Coals

are highly fractured and contain
undifferentiated plant residue.

Absent

In situ accumulation of plant
material in peat mires,

back-mangroves, coastal mires, and
flood plains. Elevated water table

with minimum current flow.

S—sandstone, F—Fines (silt-clay), m—massive/mudstone, p—planar cross-bedded, t—trough cross-bedded,
h—horizontal-laminated, hcs—hummocky cross-stratified, i—interbedded, H—heterolithic, f—flaser,
l—lenticular.

6. Results
6.1. Facies Association

Facies associations and corresponding depositional characteristics were identified to
provide greater insight into the sedimentary environmental processes incorporated in the
research area. Seven main facies associations (FA) were identified through the integration
of the sedimentary features from the outcrop loggings along the Tawau–Keningau road and
also discrete lithofacies deduced from the facies analysis (Table 2). The facies associations
include fluvial, deltaic, and shallow marine subenvironments. Detailed description and
interpretation of each facies association are described in the following subsections. The
seven facies associations—FA1, FA2, FA3, FA4, FA5, FA6, and FA7—are classified from
twelve recognized lithofacies. Additionally, the FAs can be further classified based on the
energy of sedimentary deposits, with the slow-energy deposits represented by FA1, FA3,
and FA4, and the FA2, FA5, FA6, and FA7 indicating high-energy currents of varying coarse-
to medium-grained massive sandstone deposits.

6.1.1. FA1: Floodplain Facies Association

Sedimentology: Medium- to coarse-grained sandstone facies (Sm, Sp/St, Sh), interbed-
ded facies (SFi), mudstone (Fm), and coaly shale (Cs) or coal facies (C) with varying bed
thicknesses are observed in this facies association. The observed massive tabular sandstone
facies are thin- to thick-bedded (Figure 6A); small-scale planar cross-laminated sandstone
facies (Figure 6B) and parallel laminated sandstone facies with mud drapes, coal lenses,
and carbonaceous material laminations are also observed. This facies association displays a
fining-upward sequence predominantly of fine-grained sediments. Heterolithic flaser and
lenticular facies in outcrops TJ04, TJ05, and TJ06 indicate a deposition within a floodplain
setting. The lower section of outcrop TJ06 exhibits the heterolithic lenticular or muddy
facies capped by the thin coal facies. Rip-up clasts are observed within the heterolithic
lenticular facies, while coal lenses of varying size and diameter are observed within the
black mudstone facies.

Ichnology: Bioturbation is sparse to absent. Concentrated Ophiomorpha trace fossil is
observed within the heterolithic lenticular facies from outcrop TJ05, and vertical Skolithos
trace fossil is observed in mudstone facies of outcrops TJ01 and TJ02. In the heterolithic
lenticular facies from outcrop TJ06, a possible mold cast of gastropod and echinoderm is
also visible.
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Table 2. Facies association characterization (FA1–FA7) of the Tanjong Formation in southeast, Sabah.

Facies Association (FA) Lithofacies Description Bioturbation Interpretation

FA1
Floodplain
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Sm, Sp/St, Sh, SFi, Sfs,
Hf, Hl, Fm, Cs, C

Medium-coarse-grained
sandstones which are thin
to thickly bedded underlie

the heterolithic and
muddy facies and are
overlied by thin coal

facies.

Absent to sparse,
presence of

Ophiomorpha and
Skolithos trace fossils.

The cross-stratified
sandstone and

heterolithic
interbedding facies

indicate crevasse splay
deposits, in which

materials were
deposited across
floodplains after

crossing the main
channel.

FA2
Fluvial Channel-fill

Minerals 2023, 13, x FOR PEER REVIEW 15 of 32 
 

 

Table 2. Facies association characterization (FA1–FA7) of the Tanjong Formation in southeast, Sabah. 

Facies Association (FA) Lithofacies Description Bioturbation Interpretation 

FA1 
Floodplain 

 

Sm, Sp/St, Sh, 
SFi, Sfs, Hf, 

Hl, Fm, Cs, C 

Medium-coarse-grained sandstones which are thin to 
thickly bedded underlie the heterolithic and muddy 

facies and are overlied by thin coal facies. 

Absent to sparse, pres-
ence of Ophiomorpha 

and Skolithos trace fos-
sils. 

The cross-stratified sandstone and heterolithic in-
terbedding facies indicate crevasse splay deposits, 

in which materials were deposited across flood-
plains after crossing the main channel.  

FA2 
Fluvial 

Channel-fill 
 

Sm, Sp/St, Sh, 
SFi, Fm 

The trough cross-bedded sandstone is observed at the 
top of the massive tabular sandstone facies underly-

ing the interbedded sandstone and mudstone or dom-
inated mudstone facies. 

Absent to sparse, pres-
ence of minor Ophiomor-

pha trace fossil. 

These deposits, exhibiting an upward fining and 
thinning pattern, are suggestive of the river point 
bars anticipated in a fluvial or tide-influenced me-

andering channel.  
FA3 

Coastal 
swamps   

Fm, Cs, C Dark grey shale to black mudstone, coaly shale, with 
varying carbonaceous organic materials. 

Absent to intense 
In situ accumulation of plant material in peat 

mires, back-mangroves, and coastal mires, possi-
bly in fresh and brackish water. 

FA4 
Tidal flat 

 

Sm, Sp/St, Sh, 
SFi, Sfs, Sfl, 
Hf, Hl, Fm 

Medium-coarse-grained sandstones, heterolithic fa-
cies, and interbedded facies were overlain by carbona-

ceous shale and mudstone.  

Sparse to moderate with 
the presence of Ophio-
morpha and Skolithos 

trace fossils. 

The dominant mud deposited in the intertidal to 
subtidal zones during intervals of slack water is 

suggestive of a deposition in alternating high- and 
low-energy currents.  

FA5 
Delta front 

 

Sm, Sp/St, Sh, 
SFi, Hf, Hl, 

Fm 

Composed of basal mudstone facies, heterolithic len-
ticular, wavy and flaser facies, interbeds of sandstone, 

and mudstone overlain by medium-coarse-grained 
massive sandstones.  

Absent 
The massive sandstone facies may be formed by 

strong currents flowing in the direction of the 
delta front's toe [43–45].  

FA6 
Mouth bar 

 

Sm, Sh, SFi, 
Fm 

Thin mudstone as the base, followed by thin interbeds 
of sandstone and mudstone, capped by medium-

coarse massive sandstone. 
Absent 

The associated facies point to sedimentation in a 
mouth bar setting, in which a direct supply of 
sand by terminal distributary channels takes 

place. 

FA7 
Upper 

Shoreface 
 

Sm, Sh, Sp/St, 
Shcs, Sfi, Fm 

Primarily composed of medium-coarse-grained mas-
sive tabular and hummocky cross-stratified sandstone 

with thinly interbedded mudstone.  

Sparse to intense with 
common Ophiomorpha 

trace fossils. 

The hummocky cross-stratified sandstone is an in-
dicator of storm influence deposited in the upper 
to lower shoreface shallow marine environment, 

typically above the storm-wave base [42,46]. 

Sm, Sp/St, Sh, SFi, Fm

The trough cross-bedded
sandstone is observed at

the top of the massive
tabular sandstone facies

underlying the
interbedded sandstone

and mudstone or
dominated mudstone

facies.

Absent to sparse,
presence of minor

Ophiomorpha trace
fossil.

These deposits,
exhibiting an upward
fining and thinning

pattern, are suggestive
of the river point bars
anticipated in a fluvial

or tide-influenced
meandering channel.

FA3
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Fm, Cs, C

Dark grey shale to black
mudstone, coaly shale,

with varying
carbonaceous organic

materials.

Absent to intense

In situ accumulation of
plant material in peat

mires, back-mangroves,
and coastal mires,
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brackish water.

FA4
Tidal flat

Minerals 2023, 13, x FOR PEER REVIEW 15 of 32 
 

 

Table 2. Facies association characterization (FA1–FA7) of the Tanjong Formation in southeast, Sabah. 

Facies Association (FA) Lithofacies Description Bioturbation Interpretation 

FA1 
Floodplain 

 

Sm, Sp/St, Sh, 
SFi, Sfs, Hf, 

Hl, Fm, Cs, C 

Medium-coarse-grained sandstones which are thin to 
thickly bedded underlie the heterolithic and muddy 

facies and are overlied by thin coal facies. 

Absent to sparse, pres-
ence of Ophiomorpha 

and Skolithos trace fos-
sils. 

The cross-stratified sandstone and heterolithic in-
terbedding facies indicate crevasse splay deposits, 

in which materials were deposited across flood-
plains after crossing the main channel.  

FA2 
Fluvial 

Channel-fill 
 

Sm, Sp/St, Sh, 
SFi, Fm 

The trough cross-bedded sandstone is observed at the 
top of the massive tabular sandstone facies underly-

ing the interbedded sandstone and mudstone or dom-
inated mudstone facies. 

Absent to sparse, pres-
ence of minor Ophiomor-

pha trace fossil. 

These deposits, exhibiting an upward fining and 
thinning pattern, are suggestive of the river point 
bars anticipated in a fluvial or tide-influenced me-

andering channel.  
FA3 

Coastal 
swamps   

Fm, Cs, C Dark grey shale to black mudstone, coaly shale, with 
varying carbonaceous organic materials. 

Absent to intense 
In situ accumulation of plant material in peat 

mires, back-mangroves, and coastal mires, possi-
bly in fresh and brackish water. 

FA4 
Tidal flat 

 

Sm, Sp/St, Sh, 
SFi, Sfs, Sfl, 
Hf, Hl, Fm 

Medium-coarse-grained sandstones, heterolithic fa-
cies, and interbedded facies were overlain by carbona-

ceous shale and mudstone.  

Sparse to moderate with 
the presence of Ophio-
morpha and Skolithos 

trace fossils. 

The dominant mud deposited in the intertidal to 
subtidal zones during intervals of slack water is 

suggestive of a deposition in alternating high- and 
low-energy currents.  

FA5 
Delta front 

 

Sm, Sp/St, Sh, 
SFi, Hf, Hl, 

Fm 

Composed of basal mudstone facies, heterolithic len-
ticular, wavy and flaser facies, interbeds of sandstone, 

and mudstone overlain by medium-coarse-grained 
massive sandstones.  

Absent 
The massive sandstone facies may be formed by 

strong currents flowing in the direction of the 
delta front's toe [43–45].  

FA6 
Mouth bar 

 

Sm, Sh, SFi, 
Fm 

Thin mudstone as the base, followed by thin interbeds 
of sandstone and mudstone, capped by medium-

coarse massive sandstone. 
Absent 

The associated facies point to sedimentation in a 
mouth bar setting, in which a direct supply of 
sand by terminal distributary channels takes 

place. 

FA7 
Upper 

Shoreface 
 

Sm, Sh, Sp/St, 
Shcs, Sfi, Fm 

Primarily composed of medium-coarse-grained mas-
sive tabular and hummocky cross-stratified sandstone 

with thinly interbedded mudstone.  

Sparse to intense with 
common Ophiomorpha 

trace fossils. 

The hummocky cross-stratified sandstone is an in-
dicator of storm influence deposited in the upper 
to lower shoreface shallow marine environment, 

typically above the storm-wave base [42,46]. 

Sm, Sp/St, Sh, SFi, Sfs,
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Medium-coarse-grained
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facies, and interbedded
facies were overlain by
carbonaceous shale and

mudstone.
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Ophiomorpha and
Skolithos trace fossils.

The dominant mud
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FA5
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sive tabular and hummocky cross-stratified sandstone 

with thinly interbedded mudstone.  

Sparse to intense with 
common Ophiomorpha 

trace fossils. 

The hummocky cross-stratified sandstone is an in-
dicator of storm influence deposited in the upper 
to lower shoreface shallow marine environment, 

typically above the storm-wave base [42,46]. 

Sm, Sp/St, Sh, SFi, Hf,
Hl, Fm

Composed of basal
mudstone facies,

heterolithic lenticular,
wavy and flaser facies,
interbeds of sandstone,

and mudstone overlain by
medium-coarse-grained

massive sandstones.

Absent

The massive sandstone
facies may be formed by
strong currents flowing
in the direction of the

delta front’s toe [43–45].

FA6
Mouth bar
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Sparse to moderate with 
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morpha and Skolithos 

trace fossils. 

The dominant mud deposited in the intertidal to 
subtidal zones during intervals of slack water is 

suggestive of a deposition in alternating high- and 
low-energy currents.  

FA5 
Delta front 

 

Sm, Sp/St, Sh, 
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FA6 
Mouth bar 

 

Sm, Sh, SFi, 
Fm 

Thin mudstone as the base, followed by thin interbeds 
of sandstone and mudstone, capped by medium-

coarse massive sandstone. 
Absent 

The associated facies point to sedimentation in a 
mouth bar setting, in which a direct supply of 
sand by terminal distributary channels takes 

place. 

FA7 
Upper 

Shoreface 
 

Sm, Sh, Sp/St, 
Shcs, Sfi, Fm 

Primarily composed of medium-coarse-grained mas-
sive tabular and hummocky cross-stratified sandstone 

with thinly interbedded mudstone.  

Sparse to intense with 
common Ophiomorpha 

trace fossils. 

The hummocky cross-stratified sandstone is an in-
dicator of storm influence deposited in the upper 
to lower shoreface shallow marine environment, 

typically above the storm-wave base [42,46]. 

Sm, Sh, SFi, Fm

Thin mudstone as the
base, followed by thin
interbeds of sandstone

and mudstone, capped by
medium-coarse massive

sandstone.

Absent

The associated facies
point to sedimentation
in a mouth bar setting,

in which a direct supply
of sand by terminal

distributary channels
takes place.

FA7
Upper Shoreface
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Sm, Sh, Sp/St, Shcs, Sfi,
Fm

Primarily composed of
medium-coarse-grained

massive tabular and
hummocky cross-stratified

sandstone with thinly
interbedded mudstone.

Sparse to intense with
common Ophiomorpha

trace fossils.

The hummocky
cross-stratified
sandstone is an

indicator of storm
influence deposited in

the upper to lower
shoreface shallow

marine environment,
typically above the

storm-wave
base [42,46].

Interpretation: The identified carbonaceous mudstones and thin coal seams indicate
peat-mire conditions in a vegetated floodplain. The observed carbonaceous organic ma-
terials and undifferentiated plant materials in the mudstone facies caused the floodplain
deposits to be composed of thinly interbedded sandstone and mudstone (SFi) facies, with
paleosols manifesting surface processes. The observed sandstone facies is an indicator
of energy variations during deposition. The cross-stratified sandstone and heterolithic
interbedding facies indicate crevasse splay deposits, where the material was deposited
across floodplains after crossing the main channel [47]. Skolithos trace fossil observed in
the mudstone facies is believed to have formed due to an overbank avulsion and passively
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infilled tracks from the coarser-grained facies of the floodplain setting. Suspension of mud
deposits in extensive floodplains or inter-distributary channel embayments often supports
the source and supply of fresh water with occasional marine incursions. The rare and
concentrated Ophiomorpha trace fossil observed within the heterolithic lenticular facies sup-
ports the marine influence within the transitional floodplain to a tidally influenced setting.
Additionally, the discovery of echinoderm and gastropod mold castings in the heterolithic
lenticular facies from outcrop TJ06 implies an early stage of a tidal flat environment.

6.1.2. FA2: Fluvial-Dominated Channel Facies Association

Sedimentology: An erosional base of conglomeratic or trough-cross stratified sand-
stone facies constitutes the fluvial-dominated channel facies association with predominance
of trough cross-bedded sandstone (St) (Figure 6C) [48]. Additionally, horizontally lam-
inated sandstone (Figure 6D) is observed together with the medium- to coarse-grained
massive tabular sandstone. This facies association forms a fining-upward sequence from the
basal coarse-grained sandstone facies underlying the interbedded sandstone and mudstone
(Figure 6E) to the mudstone or shale facies at the top. In the massive tabular sandstone
facies, laminated carbonaceous materials were present. The fluvial-dominated channel
facies association is commonly perceived in the sedimentary succession of outcrop TJ08
(Figure 4).

Ichnology: Bioturbation is sparse to absent. The low distribution of the Ophiomorpha
trace fossil is distinguished in the trough cross-bedded sandstone facies from outcrop TJ08.

Interpretation: Fluvial-dominated channel fill bodies are derived from freshwater
rivers. The cross-stratified sandstones suggest that high-energy, unidirectional currents,
resembling fluid flows or sediment gravity flows, were constrained to the fluvial channel
for transport and deposition [48–51]. The associated deposits from this facies association
exhibit an upward fining and thinning pattern, suggesting the river point bars anticipate a
fluvial or tide-influenced meandering channel [52]. The observed trough cross-stratified
sandstone facies represents the migration of three-dimensional dunes in the fluvial sedi-
ments [48,53–55]. The concentrated or monotaxic assemblages of the Ophiomorpha trace
fossil within the trough cross-stratified sandstone further suggest the deposition in the
distributary channels or fluvial channel fill facies association.

6.1.3. FA3: Coastal Peat Mire Facies Association

Sedimentology: The coal facies is predominantly observed specifically in outcrop
TJ04 and TJ06, indicating a coastal peat mire facies association (Figure 4). This facies
association comprises coaly shale (Figure 6F), coal seam of varying thickness from 5 cm to
2 m (Figure 6G), and carbonaceous mudstone facies. Thick, mud-dominated successions
ranging from 1 m to 4 m, overlain by thin coal seams, typically rest on top of the floodplain
and tidal flat facies associations (FA1 and FA4). Mudstone facies of darker greyish color
found in this facies association indicate a high organic matter content. The insignificant
distribution of sand and silt-size sediments supports the identified coastal peat mires setting.
Coal and mudstone facies are observed prevalently at the upper succession of outcrop TJ04
while coaly shale overlain by thick coal seam facies of 90 cm is observed in outcrop TJ06
(Figure 4). Additionally, the presence of coal lenses and laminated carbonaceous materials
are identified in the coaly shale facies from outcrop TJ06 as well as the possible in-situ iron
oxide concretions in the mud-dominated facies (Figure 6H).

Ichnology: Bioturbation is intense to absent.
Interpretation: The prevalence of fine-grained facies implies a deposition typically

from a suspended fallout or low-energy current setting. The high occurrence of coal and
carbonaceous facies suggests an accumulation of plant and organic materials under stable
conditions. The low bioturbation degree verifies the low oxygen conditions in the coastal
paleomire setting. The predominantly thick mud-dominated succession can be trapped
and accumulated effectively, exhibiting the back-mangrove conditions within paleomires.
As in Borneo, modern peat mires are found in back-mangrove conditions where freshwater
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predominates and continuously covers the mire surface [56,57]. Additionally, brackish
conditions could develop within paleomires as the seawater penetrated the back-mangrove
environment. Due to the rising water table in parts of a peatland, peat accumulation and
plant growth will be significantly hampered in the afflicted areas [58]. As a result, low-lying
areas of the mire will be inundated, causing the deposition of clastic sediments, while peat
accretion continues in the unaffected regions [58]. The thick coal seam, as observed in
outcrop TJ05, could accumulate in the low-lying mires on coastal plains farther inland,
in areas that are comparatively protected from storm surges and overbank flooding from
rivers and tidal channels [59]. The intermittent structure, varying thickness, and the parting
abundance of the coal facies further imply the transitional types of mires [60], which may
indicate that portions of the mire complex were arbitrarily invaded by fluvial overbank
debris or coastal flooding [59]. The intense bioturbation represented by the mottling of
beds, possibly from undefined trace fossils, disrupted primary sedimentary structures.

6.1.4. FA4: Tidal Flat Facies Association

Sedimentology: The tidal flat facies association is commonly observed in all the studied
outcrops, comprising a wide lithofacies variation, which includes sandstone-dominated,
mudstone-dominated, heterolithic, and sandstone- and mudstone-interbedded facies. The
heterolithic flaser and lenticular facies displayed varying sizes of sandstone lenses and
mud drapes. The heterolithic bedding ranges from flaser to lenticular facies, indicating
a fining-upward sequence. The heterolithic flaser facies, of high sandstone proportion
(Figure 7A), exhibit bed thicknesses varying from 1 to 7 m that are gradationally underlying
the muddy heterolithic lenticular facies (Figure 7B). Mud drapes, coal lenses, sandstone
lenses, and carbonaceous material laminations are commonly found within the heterolithic
facies (Figure 7C).

Ichnology: Bioturbation is moderate to sparse. A low abundance of Ophiomorpha
trace fossil within the heterolithic lenticular facies is only observed in outcrop TJ04, with
moderate assemblages in the heterolithic flaser facies and massive sandstone facies of
outcrops TJ05 and TJ06. Additionally, Skolithos trace fossil within the mudstone facies is
only observed in outcrop TJ03 (Figure 7D).

Interpretation: The prevalent heterolithic flaser and lenticular facies with the occur-
rence of mud drapes and its associated trace fossil assemblages imply an overall tidal flat
facies association. The dominant mud deposited in the intertidal to subtidal zones during
intervals of slack water suggests deposition in alternating high- and low-energy currents.
Tidal deposits may be identified by the presence of sand-mud doublets, rhythmites, and
unidirectional deposits with reactivation surfaces. The changes from sand flats, and mixed
flats to mud flats, presumably in the progradation parasequence, are represented by fining-
upward successions on tidal flats [61,62] In retrogradational parasequence, reverse grading
is common, resulting in a coarsening-upwards trend from mud flats to sand flats, as shown
in outcrop TJ06 (Figure 4). The interrelation of the stratigraphic location with other facies
associations implies the sedimentation of mud flat, mixed flat, and sand tidal flat deposits
in the upper to lower delta plain settings. The variety of grain sizes, from a sand flat to a
mud flat, is also indicative of a deposit within an extensive tidal flat [63]. The identified
coal lenses (Figure 7E) originated from the surrounding coastal peat mires and were carried
by waves and currents onto the tidal flat, whereas the mud drapes were deposited at a
high slack-water period [64,65]. Ophiomorpha and Skolithos trace fossil assemblages are rare
in mudstone and sandstone, indicating that only a few species were able to survive and
produce such imprints under stressed conditions [66]. During low tide (ebb) and high tide
(flood), these stressed conditions are frequently present on the lower delta plain [67]. The
low abundance of Skolithos vertical trace fossil is common in a higher energy zone of the
tidal flat, while the tidal flat facies with merely Ophiomorpha trace fossil suggests a tidally
exposed, stressed paleoenvironment with varying pore-water oxygenation.
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6.1.5. FA5: Delta Front Facies Association

Sedimentology: The delta front facies association displays a coarsening-upward suc-
cession from the dominant mudstone, interbedded sandstone, and mudstone, heterolithic
to the medium-coarse-grained massive tabular sandstone facies at the top. Laminated
carbonaceous materials and coal lenses are observed within the heterolithic flaser facies
(Figure 6E) with the presence of in situ iron concretions observed in the mudstone facies
(Figure 6H). The sandstone beds comprised individual massive tabular sandstone (Sm),
horizontal laminated sandstone (Sh), planar cross-bedded sandstone (Sp), and heterolithic
flaser (Hf) facies. The heterolithic bedding displayed a coarsening-upward sequence from
lenticular wavy to flaser facies (Figure 6F). Rhythmic mud drapes are commonly observed
in cross-laminae and ripple patterns in the heterolithic flaser facies.

Ichnology: Bioturbation is generally absent.
Interpretation: Significant supply of coarse-grained sandstone facies is observed in this

facies association. The massive sandstone facies is believed to be deposited by the strong
currents that move in the direction of the delta front’s toe [43–45] The presence of fine-
grained heterolithic facies, together with a mixture of unidirectional or bidirectional current,
wave, and tidal-influenced geological sedimentary structures are distinguished from the
marginal-marine, mid-distal delta-front deposits [46]. As a result of the strong wave activity,
fluid mud is formed in the delta-front environment, allowing for the resuspension of
previous mud deposits, and later redeposited on top of the storm beds of a similar storm [68].
The lack of trace fossils is associated with lower heterogeneity (stressed conditions) or
poorer dispersion of ichnofauna, supporting a freshwater or brackish influence during
times of river flood into the delta-front environment.

6.1.6. FA6: Mouth Bar Facies Association

Sedimentology: Typically, this mouth bar facies association rests above the delta front
facies association, forming a coarsening-upward sandy succession with thin basal mudstone
facies. In the massive sandstone facies, mud drapes and laminated carbonaceous material
are present. The massive sandstone facies, with thickness ranging from 2 to 6 m, is observed
to wedge out, forming channel-like bodies (Figure 6A). As observed in outcrop TJ07, the
mouth bar facies association is represented by the coarsening-upward sequence from
the heterolithic lenticular facies of high mudstone proportion to the massive sandstone
facies with mud drapes (Figure 4). In outcrop TJ04, a single coarse-grained massive
sandstone facies with laminated carbonaceous materials suggests a deposit associated with
the mouth bar.

Ichnology: Bioturbation is generally absent.
Interpretation: The associated facies point to sedimentation in a mouth bar setting,

in which a direct supply of sand by terminal distributary channels takes place. The fine-
grained facies is absent, since the high and consistent river discharge transported the finer
material farther from the river mouth. It is believed that the associated channel-like and
laterally wedging-out sandstone facies represent mouth bar deposits on a subaqueous
delta front with recurrent subaerial exposure [69]. This mouth bar facies association is
considered to represent the deposit of a fluvial-dominated and tidally influenced mouth
bar in possible brackish water conditions, from the predominance of current-generated
facies, the combination of possibly fluvial and tide-generated facies, coarsening-upward
facies succession, and lack of marine ichnofauna [70,71].

6.1.7. FA7: Upper Shoreface Facies Association

Sedimentology: Medium-coarse-grained massive tabular sandstones dominate this
facies association, with laminated carbonaceous materials and thin mudstone interbeds.
The massive tabular medium-grained sandstone exhibits hummocky cross-stratification
(HCS), an indicator of the shoreface environment (Figure 7G). The upper shoreface facies
association displayed a coarsening-upward succession from heterolithic lenticular facies,
interbedded sandstone and mudstone facies, and hummocky cross-stratified sandstone
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facies to the massive sandstone-dominated facies. The predominant massive sandstone
facies range from 1 m to 5 m thick, and the hummocky cross-stratified sandstone facies of
1 m thick are observed in outcrop TJ04.

Ichnology: Bioturbation is intense to sparse, with a prevalence of Ophiomorpha trace
fossil (Figure 7H), which occurs abundantly in the massive tabular sandstone facies and
sparsely in the heterolithic lenticular facies.

Interpretation: The upper shoreface facies association is produced from a shallow
marine environment, consistent with the predominance of wave and storm-generated
deposits, traction current-generated deposits, and sandstone-dominated facies. Hum-
mocky cross-stratified sandstone facies suggest a storm-influenced setting above the storm-
wave base, with waning flow deposition reflected by the overlying symmetrical wave
ripples [42,46,72,73]. Thick-bedded sandstone is an indicator of a high-energy winnowing
process by transported currents during deposition. The high concentration of sandstone
facies suggests a shoreward setting in which the fairweather wave action in shallow marine
areas prevents the heavy suspended mud deposits. The prograding wave- or storm-
influenced shoreline at a shallower subtidal shoreface zone may be represented by the FA7.
The sedimentary structures of storm-influenced indication together with the Ophiomor-
pha trace fossils implied an environment in the upper shoreface [74,75]. The primary
sedimentary structures are destroyed by the strong bioturbation, forming possible beds
with mottling.

6.2. Bulk Geochemistry Analysis
6.2.1. Ultimate Analysis

Elemental or ultimate CHNS analysis of the selected samples indicates generally N-
depleted organic matter in the mudstone and coal samples of the Tanjong Formation. Table 3
displays the ultimate analysis results acquired from eight mudstone and three coal samples
of the Tanjong Formation. From the ultimate analysis, the examined mudstones record
a very high O content (94.59–98.87 wt%) with an average of 97.15 wt%, while the coals
contained a comparatively high C and O content, (32.36–73.5 wt%) and (17.02–63.51 wt%),
averaging to 59.46 wt% and 32.83 wt%. The calculated O concentration is higher in the
mudstone samples compared to the coal samples. The ultimate analysis data resulted
in a high O and C content for both mudstone and coal samples, relatively moderate S
(0.23%–3.42%), with an average of 1.41%, H (0.16%–4.84%) with an average of 1.51%,
followed by low N content (0.11%–1.57%), with an average of 0.5%. The results of the
calculated H to C (H/C) atomic ratio vary between 0.75 and 0.83 for coal samples and
2.69 to 26.65 for mudstone samples, while O to C (O/C) atomic ratio varies between 0.17
and 1.47 for coals and 28.87 to 200.63 for mudstones. The resulting H/C and O/C atomic
ratios revealed that the mudstone samples contribute to higher H/C and O/C ratios than
coal samples.

6.2.2. FTIR Analysis

The FTIR analysis was carried out to distinguish the minerals that are present in the
mudstone and coal samples of the Tanjong Formation. Peak assignments were analyzed
based on published literature [11–13,76–78]. The FTIR spectra of the Tanjong Formation
mudstone and coal samples were determined in mid-infrared region absorbance mode
at 450 cm−1 to 4000 cm−1 wavelength resolution (Figure 8). The mudstone and coal
samples were analyzed for the different functional groups of hydrocarbons from FTIR
analysis (Table 4). The spectra in most of the modalities displayed several band groups of
organic matter and inorganic matrix, which include the hydroxyl compound (O-H stretch),
saturated aliphatic (methyl and methylene stretch), and aromatic ring (aryl) for the organic
matter bands. Additionally, the inorganic constituents comprise possible Si-O and Al-O
bands, with mainly quartz clay minerals (e.g., illite, smectite, kaolinite), and iron oxide.
Specifically, the Tanjong Formation mudstones revealed a prominent free hydroxyl O-H
stretching at 3395.42 cm−1 to 3699.71 cm−1, aromatic overtone and combination bands at
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1870.63 cm−1 to 1880.21 cm−1, aromatic C=C stretching, which is evident at 1630.09 cm−1

to 1648.17 cm−1, further aromatic in-plane C-H bending, and aromatic out-of-plane C-H
bending, which is detected in the range from 1028.79 cm−1 to 1033.36 cm−1 and 648.08 cm−1

to 915.48 cm−1. Meanwhile, the possible inorganic constituents originating from Si-O-Al
vibrations are represented by the bands at 3620.68 to 3699.71, 1031.43 to 1031.51, 912.72 to
915.48, 529.60 to 535.27, and 469.9 to 470.8, whereby the intense and broad bands at 3620.68
to 3699.71 could be attributed to kaolinite and illite minerals; Si-O or Al-O molecular
vibration absorbance peaks range from 428.08 cm−1 to 535.27 cm−1. Minor aliphatic C-H,
CH2 or CH3, and aliphatic ether stretching peaks are observed in low occurrence within
the mudstone samples.

Table 3. Ultimate CHNS analysis with calculated oxygen of the studied mudstone and coal samples.

Sample ID Lithology
Ultimate Analysis Atomic Ratio

C/N
C (wt%) H (wt%) N (wt%) S (wt%) O (wt%) H/C O/C

TJ-01-mst Mudstone 1.43 0.51 0.33 0.31 97.43 4.22 51.13 4.33

TJ-02-mst Mudstone 0.70 0.16 0.18 0.47 98.50 2.69 105.59 3.81

TJ-03-mst Mudstone 0.50 0.24 0.13 1.19 97.94 5.70 147.04 3.99

TJ-04-mst Mudstone 2.46 1.05 0.11 1.79 94.59 5.08 28.87 21.70

TJ-04-coal (a) Coal 72.51 4.55 1.57 3.42 17.95 0.75 0.19 46.21

TJ-04-coal (b) Coal 73.50 4.84 1.53 3.10 17.02 0.79 0.17 48.14

TJ-05-mst Mudstone 0.57 0.59 0.12 0.23 98.49 12.33 129.70 4.60

TJ-06-mst Mudstone 0.37 0.35 0.12 0.29 98.87 11.40 200.63 3.16

TJ-06-coal
seam Coal 32.36 2.26 0.85 1.02 63.51 0.83 1.47 38.11

TJ-08-mst Mudstone 1.80 0.65 0.20 2.58 94.77 4.29 39.51 8.87

C—Carbon, H—Hydrogen, N—Nitrogen, S—Sulfur, O—Calculated oxygen content = 100 − (C + H + N + S).
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470.44 cm−1. Additionally, the coal samples exhibit two peaks of asymmetric and symmet-
ric C-H methylene stretching vibrations at 2930 cm−1 and 2840 cm−1, respectively, on the 
shortwave shoulder of the broad OH continuum spectrum [80–82]. Aromatic overtone, 
combination bands, and aliphatic ethers are absent in the Tanjong Formation coals.

Figure 8. FTIR spectra of the (A) mudstone and (B) coal samples of the Tanjong Formation.
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Table 4. Functional groups distinguished from FTIR spectra of the Tanjong Formation mudstone and coal samples.

Sample ID

Wavenumber (cm−1)

Free Hydroxyl Saturated Aliphatic Aromatic Ring Aryl Inorganic Compounds

(O-H) (C-H) (CH2 , CH3) Aliphatic
Ethers

Aromatic
Combination

Bands
(C=C) (C-H)

in-Plane
(C-H)

out-of-Plane (Si-O) (Mg, Al)-OH (Al-O) Illite,
Smectite Quartz Quartz Silica Iron Oxides

TJ-01-mst 3626.09–3422.84 1428.43 1873.2 1637.71 1028.79 828.99–648.08 1028.79 828.99 828.99,
3626.09

694.03,
3626.09 529.92–470.80 694.03–470.8

TJ-02-mst 3620.68–3422.03 1870.63 1648.17 1032.54 796.65–693.20 3620.68 693.20,
3620.68 531.20–470.60 693.20–470.6

TJ-03-mst 3621.53–3420.94 1871.17 1637.71 1031.51 796.42–648.23 3621.53 693.52,
3621.53 529.60–470.11 693.52–470.11

TJ-04-mst 3699.14–3411.60 1008.76 1872.75 1630.09 1033.36 913.07–694.71 1008.76 3699.14 694.71,
3699.14 535.27–470.47 694.71–470.47

TJ-04-coal (b) 3401.04 2917.63–2852.17 1440.41–1374.42 1597.28 1031.43 871.40–747.86 871.4 531.62–469.74 469.74

TJ-04-coal (a) 3431.82 2917.16 1440.62 1604.6 1032.14 534.75–470.44 470.44

TJ-05-mst 3696.93–3433.25 1875.21 1638.75 1032.68 915.48–694.01 915.48 3696.93 694.01,
3696.93 529.85–470.21 694.01–470.21

TJ-06-mst 3699.58–3433.85 2926.23 1638.56 1033.08 913.69–693.77 3699.58 693.77,
3699.58 530.48–470.25 693.77–470.25

TJ-06-coal
seam 3421.82 2922.19 1429.42 1623.3 1032.41 912.97–694.17 694.17 534.44–479.26 694.17–479.26

TJ-08-mst 3699.71–3395.42 1008.3 1871.32 1637.3 1033.32 912.72–693.87 1008.30–
912.72 3699.71 693.87,

3699.71 534.56–428.08 693.87–469.9



Minerals 2023, 13, 494 20 of 28

The coal samples of the Tanjong Formation are identified by broad OH stretching
vibrations, which could also be attributed to H-O-H vibrations of adsorbed water present
in the smectite clay minerals at 3401.04 to 3431.82 cm−1 [79], aliphatic C-H stretching peaks
prominently at 2917.16 to 2852.17 cm−1, aromatic C=C stretching peak ranges at 1597.28 to
1623.30 cm−1, possible CH2 or CH3 stretching peaks at 1374.42 to 1440.62 cm−1, aromatic
in-plane C-H bending and aromatic out-of-plane C-H bending ranging from 1031.43 to
1032.41 cm−1 and 694.17 to 912.97 cm−1, together with the possible inorganic constituents
of either Si-O or mainly quartz and aluminosilicate minerals (e.g., clay and silicate min-
erals) vibration absorbance peaks evident at 1031.43, 912.97, 531.62 to 534.75, and 469.74
to 470.44 cm−1. Additionally, the coal samples exhibit two peaks of asymmetric and sym-
metric C-H methylene stretching vibrations at 2930 cm−1 and 2840 cm−1, respectively, on
the shortwave shoulder of the broad OH continuum spectrum [80–82]. Aromatic overtone,
combination bands, and aliphatic ethers are absent in the Tanjong Formation coals.

6.3. Palynology

The examined palynomorphs from the coal and mudstone samples of the Tanjong
Formation are presented in the vertical frequency distribution of important taxa (Table 5).
Palynomorph distribution is generally low in the examined samples, with a rich distribution
being observed only in a limited number of horizons. The discovered palynomorph
groups, comprising marine (aquatic) and continental (terrestrial) materials, support the
tropical vegetation. Major palynomorphs from the genera Sapotaceae and Stenochlaena are
recognized in coals from the Tanjong Formation, together with the recorded pteridophytic
spores from the families Cyatheaceae, Polypodiaceae, and Schizaeaceae. The plants from these
families suggest environments ranging from mires or marshy to subaquatic conditions. The
analyzed palynomorph assemblages are of terrestrial palynofossils, indicative of a near-
shore depositional setting [83]. Low pollen and spore assemblages characterize the coal
samples with negligible taxa, originating from vegetated peat mire and riparian areas. The
Arenga type, Calamus type, Cyrtostachys, Dactylocladus type, Elaeocarpus type, Ilex type, and
Pandanus, as well as one grain of a rainforest species, the Lithocarpus type, and grass pollen
from the Gramineae or Poaceae families were reported. In the upper section coal-bearing
sample TJ-04b, only an individual grain of Florschuetzia trilobata was found, making it hard
for the relative age dating identification without any supporting marker pollen. Moreover,
the vitrinite equivalent blackish-dark phytoclasts dominate the coal samples.

The palynomorph assemblages in the mudstone samples of the Tanjong Formation
are higher than in coal samples. The total assemblage was dominated by angiosperm
pollen from the families Caesalpiniaceae, Gramineae or Poaceae, Magnoliaceae, Papilionaceae,
Proteaceae, Rhizophoraceae, Rubiaceae, and Sapotaceae in the mudstone samples. The Avicen-
nia type, Rhizophora type, and Florschuetzia type (Florschuetzia trilobata and Florschuetzia
levipoli) mangrove-to-bac- mangrove assemblages suggest a brackish setting [84]. The
coastal peat mire species Alchornea, Barringtonia, Blumeodendron, Calophyllum type, Casuarina
type, Dactylocladus type, Elaeocarpus type, Gonystylus type, Pometia, and Stemonurus are
examples of those that belong to the hinterland group. A single pteridophytic spore was
represented by Laevigatosporites sp. (Schizaeaceae) in mudstone sample TJ-01. Additionally,
riparian components from the Myrtaceae family, Pandanus, and Ilex type are recorded in
the examined samples. The recognized Florschuetzia group pollens, originating from the
mangrove genus Sonneratia, including the Florschuetzia levipoli (Sonneratia caseolaris) and
Florschuetzia trilobata, act as a significant indicator in dating Miocene sedimentary deposits,
particularly within Borneo and its surrounding regions, suggesting an age within the Early
to Middle Miocene [57].



Minerals 2023, 13, 494 21 of 28

Table 5. Distribution chart showing palynomorphs species of the analyzed coal and mudstone samples in the Tanjong Formation.
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TJ-01 Mudstone Fm Floodplain 1 1 2 1 1 1 1 1 1 1 1 1 1 2 1 1
TJ-02 Mudstone SFi Tidal flat 1
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TJ-06 Coal C Coastal peat
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7. Discussion
7.1. Organic Matter Origin

Based on the CHNS analysis, the sulfur concentrations (S wt%) for coal and mudstone
samples ranged between 1.02–3.42 and 0.23–2.58, respectively, indicating the varying de-
grees of marine influence on the organic matter of Tanjong Formation sediments. Rocks
formed in reducing, hypersaline marine environments generally contain higher sulfur
concentrations, while rocks with lower sulfur content are likely formed in freshwater la-
custrine settings [85,86]. The low sulfur content and overall diagenetic environment of the
Tanjong Formation mudstone deposits suggest sulfate-reducing conditions associated with
deposition in marginal marine and brackish water [87]. The organic matter origin of the
Tanjong Formation deposits was determined using organic C/N ratios. High C/N ratios of
21.7 for mudstone and 38.11–48.14 for coal suggest the origin from terrestrial plants or fresh
land-derived organic matter. The high C/N ratio may be due to the preferential nitrogen
loss in organic matter derived from phytoplankton through suboxic diagenesis or could be
an indicator of an initial composition of terrestrial organic matter. Additionally, low C/N
ratios for the Tanjong Formation mudstones ranged between 2.48 and 8.87, suggesting that
the organic matter was either unaltered algal organic matter or marine plankton [88,89].
This implies that the organic matter in the Tanjong Formation mudstone originated from
algal marine plankton of a sulfate-reducing environment, with some influence from the
freshwater setting, based on the integrated sulfur concentrations and C/N ratio. Fur-
thermore, the organic matter for the Tanjong Formation coals has a considerable degree
of marine influence, indicating that it originated from fresh land-derived or terrestrial
plant settings.

Numerous studies have emphasized the importance of using FTIR techniques to
rapidly and accurately quantify the organic and mineralogical components of coal [90,91],
shale [92,93], and other sedimentary rocks. Since organic matter functional groups reveal
the majority of their distinctive vibration modes in the IR spectral region, FTIR techniques
can be used to gain quantitative findings on the mineral compositions of geological rock
samples [94]. The amount of material present is correlated with the peaks of the graphs
produced by this study. The FTIR spectra of the Tanjong Formation mudstone and coal
samples (Figure 8) show the dominance of aromatic compounds, which include the aromatic
overtone and combination bands, aromatic C=C, aromatic C-H in-plane, and aromatic C-H
out-of-plane bending peaks. The predominance of aromatic compounds supports the
terrestrial origin of organic matter in the Tanjong Formation coals. In contrast to coal,
mudstone typically exhibits weaker vibration bands of aliphatic C-H at 2800 to 3000 cm−1

in the infrared spectrum. Minor occurrences of aliphatic compounds, such as the aliphatic
C-H bending peaks, are observed within all the coal samples, while the aliphatic ether
bending peaks were observed within mudstone samples TJ-04-mst and TJ-08-mst.

Additionally, absorbance peaks in the OH- stretching vibration are prominent in all
spectral groupings from 3620.68 cm−1 to 3699.71 cm−1, which are associated with quartz,
phyllosilicates kaolinite, or clay mineral constituents [79,95], such as illite and smectite
minerals [96,97]. Validation from the accompanying bands ranging from 1870.63 cm−1 to
1880.21 cm−1 indicates similar contributions of quartz and illite or smectite minerals [98,99].
The dominant overtone bands in quartz and silica, and the primary bending vibrations
of water absorption corresponded to the bending peaks ranging from 1597.28 cm−1 to
1648.17 cm−1 [100]. The bands between 1028.79 cm−1 and 912.72 cm−1 correspond to Si-O
of clay and quartz minerals, followed by the (Mg, Al)-OH vibrations in clay minerals
dominating the bands at 915.48 cm−1 [101]. The peaks at 828.99 cm−1 and 871.40 cm−1

correspond to vibrations of Al-O in clay minerals. The identification of illite and smec-
tite minerals is indicated by the low concentration but steady peaks at 828.99 cm−1 [99].
Additionally, the mid-IR subregion, between 800 cm−1 and 400 cm−1, comprises the high-
est prominent quartz lattice vibrations, with the dominant quartz band ranging from
693.20 cm−1 to 694.71 cm−1, and is well-resolved to provide primary information on the
quartz of the inorganic matrix. Quartz silica linked to the influenced SiO molecular vibra-
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tions from 428.08 cm−1 to 535.27 cm−1 is also found in the mudstone and coal samples [102].
Nearly all the samples exhibit bands between 469.74 cm−1 and 694.71 cm−1, which is most
likely related to iron oxides. The predominance of Si-O and Al-O indicates kaolinitic-rich
rocks formed in warm and semi-arid conditions. Comparably, coal accounts for a significant
portion of the quartz and kaolinite composition. The high aromatization and humification
processes allow for stronger polymerization with increasing molecular weight [103], which
validates the kerogen type III origin with humic and terrestrial contribution from higher
plants that produce “aromatic” pyrolysates. Overall, the interpretation from bulk geo-
chemical analyses indicates the source of organic matter from terrestrial to shallow marine
environments, with a predominance of kerogen type III gas-generating potential, rich in aro-
matic compounds and adequate aliphatic compounds for the Tanjong Formation samples.

7.2. Paleodepositional Environment Model

The integrated sedimentological facies analysis, ichnological analysis, bulk geochemi-
cal and palynological analyses of the Tanjong Formation deposits displayed a predominance
of fine-grained sedimentary facies composed of the floodplain, tidal flat, and delta front
facies associations in the lower section. The middle section predominated in coal seams
indicative of a coastal peat mire facies association, while the upper section comprised
coarse-grained dominated facies of the fluvial channel fill, mouth bar, and upper shoreface
facies associations. The relationship between the river, wave, and tide actions is consider-
able, as shown by the facies associations of varying depositional systems. The wave and
tide processes contribute to the higher distribution involving the FA3, FA4, FA5, FA6, and
FA7, in comparison with the minor distribution of the river process in FA1 and FA2 of
fluvial deposits. The overall paleodepositional model from fluvial deltaic to shallow marine
sub-environments of the Tanjong Formation (Figure 9) is characterized by channelized flu-
vial tidal flats ranging from sand flats to mud flats, delta front comprising mud-dominated
and heterolithic (flaser and lenticular) facies, and sand-dominated facies in the mouth
bar and upper shoreface, with predominated coal facies of coastal mires. The salt marsh
deposits evolved further inland, while deposited sediments from intertidal flats formed
close to the basin margin [104]. The subtidal extension of nearby mangrove and tidal flat
sub-environments is also developed by the low-energy traction and suspended tidal flat
deposits. The coarse sandstone matrix of heterolithic flaser facies partly represents the
delta plain and delta front, while the vertical sequence of the fluvial-tidal sandstone and
heterolithic facies represents a pro-gradational delta succession. The vertical sequence of
mouth bars, fluvial channel fills, and tidal bars is considered to be deposited in distributary
channels. The vertical succession trends from the coarse-grained upper shoreface into
the fine-grained coastal mires are thought to represent the landward shallowing of the
environment. From the sedimentary log succession, outcrop TJ04 exhibited the almost
full range of facies associations (FA1, FA3, FA4, FA5, FA6, and FA7), transitioning from a
sandstone-dominated delta front, mouth bar, and concentrated hummocky cross-stratified
sandstone facies of the upper shoreface to a mudstone-dominated floodplain and tidal flat,
overlain by occasional coastal peat mires and/or back-mangrove settings.

Four coal and three mudstone samples from the palynological investigation revealed
a transition from mangrove to back-mangrove and/or coastal peat mire settings (Table 5),
of which the specific stratigraphic sampling points were recorded in the sedimentary
logs (Figures 3–5). The abundance of the Rhizophoraceae family in the palynomorph
assemblage indicates mixed-mangrove source vegetation. Moreover, a low distribution of
palynotaxa in the coal samples constitutes freshwater palynomorphs from peat mires and
riparian vegetation beyond the tidal-limited zone. Additionally, the mudstone samples
of the Tanjong Formation indicated peat mire, coastal, and riparian plant species, denot-
ing a lower coastal plain close to the marine setting. The mangrove and back-mangrove
palynomorph assemblages identified in the coaly horizon are also conceivable as a tran-
sition from tidal mud flats into coastal peat mires. The recorded palynomorphs from the
families Cyatheaceae, Polypodiaceae, Schizaeaceae and Caesalpiniaceae, Magnoliaceae,
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Papilionaceae, Proteaceae, Rhizophoraceae, Rubiaceae, and Sapotaceae in both coal and
mudstone samples point to the vicinity of the terrestrial source (fluvio-deltaic systems)
connected to the lower energy of a shallow marine setting [105,106]. Overall, the identified
palynoflora corresponds to the transition between freshwater peat mire to coastal man-
grove, with precursor peat that could be accumulated under freshwater or oligohaline peat
mires within back-mangrove conditions.

Minerals 2023, 13, x FOR PEER REVIEW 27 of 32 
 

 

 
Figure 9. Paleodepositional model for the studied Tanjong Formation with different sub-environ-
ments from FA1 to FA7. 

Four coal and three mudstone samples from the palynological investigation revealed 
a transition from mangrove to back-mangrove and/or coastal peat mire settings (Table 5), 
of which the specific stratigraphic sampling points were recorded in the sedimentary logs 
(Figures 3–5). The abundance of the Rhizophoraceae family in the palynomorph assem-
blage indicates mixed-mangrove source vegetation. Moreover, a low distribution of paly-
notaxa in the coal samples constitutes freshwater palynomorphs from peat mires and ri-
parian vegetation beyond the tidal-limited zone. Additionally, the mudstone samples of 
the Tanjong Formation indicated peat mire, coastal, and riparian plant species, denoting 
a lower coastal plain close to the marine setting. The mangrove and back-mangrove paly-
nomorph assemblages identified in the coaly horizon are also conceivable as a transition 
from tidal mud flats into coastal peat mires. The recorded palynomorphs from the families 
Cyatheaceae, Polypodiaceae, Schizaeaceae and Caesalpiniaceae, Magnoliaceae, Papiliona-
ceae, Proteaceae, Rhizophoraceae, Rubiaceae, and Sapotaceae in both coal and mudstone 
samples point to the vicinity of the terrestrial source (fluvio-deltaic systems) connected to 
the lower energy of a shallow marine setting [105,106]. Overall, the identified palynoflora 
corresponds to the transition between freshwater peat mire to coastal mangrove, with pre-
cursor peat that could be accumulated under freshwater or oligohaline peat mires within 
back-mangrove conditions. 

8. Conclusions 
This study combined an integrated sedimentological, bulk geochemical, and palyno-

logical analysis of the Tanjong Formation coal and mudstone facies to determine the or-
ganic matter origin, mineral composition, and environmental conditions for reconstruct-
ing the paleodepositional model. Based on the in-depth sedimentological facies analysis, 
twelve lithofacies were identified and further grouped into seven facies associations, con-
sisting of sub-environments ranging from the floodplain, fluvial channel fill, coastal peat 

Figure 9. Paleodepositional model for the studied Tanjong Formation with different sub-
environments from FA1 to FA7.

8. Conclusions

This study combined an integrated sedimentological, bulk geochemical, and palyno-
logical analysis of the Tanjong Formation coal and mudstone facies to determine the organic
matter origin, mineral composition, and environmental conditions for reconstructing the
paleodepositional model. Based on the in-depth sedimentological facies analysis, twelve
lithofacies were identified and further grouped into seven facies associations, consisting
of sub-environments ranging from the floodplain, fluvial channel fill, coastal peat mire,
tidal flat, delta front, and mouth bar to the upper shoreface. The organic matter origin and
its mineral composition were well defined by the interpreted elemental CHNS and FTIR
analysis. The low sulfur content and high C/N ratio of the Tanjong Formation mudstones
indicate that most of the organic matter originated from algal marine plankton in a sulfate-
reducing environment, suggesting a freshwater lacustrine setting. Conversely, the organic
matter extracted from the coals had a greater marine influence, postulating an origin from
terrestrial plants or fresh land-derived settings. The dominance of aromatic compounds
from the FTIR spectra with the presence of inorganic compounds, such as quartz, kaolinite,
illites, and smectites minerals, suggest the potentiality of organic materials originating from
terrestrial settings and corroborates the findings from the CHNSO analysis.

The distribution chart of identified palynomorphs species is characterized by high
occurrences of pollen with an affinity for mangrove to back-mangrove settings, i.e., Avi-
cennia, Florschuetzia, and Rhizophora, in the Tanjong Formation mudstones. Meanwhile, a
freshwater or coastal peat mire setting is marked by Arenga, Cyrtostachys, Elaeocarpus, and
Gramineae in the Tanjong Formation coals, indicative of the transition from mangrove to
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back-mangrove and coastal peat mire settings. In conclusion, the reconstructed paleodepo-
sitional model of the Miocene Tanjong Formation deposits spans transitional fluvial, deltaic,
and shallow marine environments.
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