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Abstract: The Upper Miocene-Pliocene Kampungbaru Formation crops out in the easternmost part
of the Lower Kutai Basin, Indonesia. The sedimentological analysis of seven outcrops was carried
out, and a total of twenty-five samples from these outcrops was analyzed for bulk geochemistry,
organic petrography, and bulk and clay mineralogy to assess the effect of the climate and depositional
environment on organic matter enrichment. The Kampungbaru Formation consists of interbedded
sandstone, siltstone, claystone, and thick coal beds, which were classified into eleven lithofacies.
Subsequently, seven facies associations were identified, namely the fluvial-dominated distributary
channel, sheet-like sandstone, tide-influenced distributary channel, mouth bar, crevasse splay, delta
plain, and delta front. The coal facies generally have a high amount of total organic carbon (TOC,
5.1-16.9; avg. 10.11 wt.%), and non-coal layers range from 0.03 to 4.22 wt.% (avg. 1.54 wt.%). The
dominant maceral is vitrinite, while liptinite occurs only rarely in the samples. Organic matter is
inferred to have originated from terrestrial plants growing in mangrove swamps. Identified clay
minerals include varying proportions of kaolinite, illite, chlorite, and mixed layer illite/smectite
(I/S). Kaolinite, which commonly constitutes up to 30% of the clay volume, indicates intensive
chemical weathering during a warm and humid climate. In accordance with the Képpen climate
classification, the paleoclimate during the deposition of the Kampungbaru Formation is classified as
type Af, which is a tropical rainforest. Tropical climate was favorable for the growth of higher plants
and deposition of organic matter under anoxic conditions and led to higher amounts of TOC in the
Kampungbaru Formation.

Keywords: depositional environment; Kampungbaru Formation; Lower Kutai Basin; organic matter
accumulation; paleoclimate; Upper Miocene-Pliocene

1. Introduction

Mudstones, shale, and coal are sedimentary rocks that have unique physical and
chemical properties associated with their organic and inorganic components [1,2]. The
organic matter enrichment of fine-grained sedimentary rocks is significantly influenced
by climatic conditions and the sedimentary environment, as well as the changes within
these settings [3]. Climate change directly affects sediment supply and water stratification,
as well as the enrichment and preservation of organic matter. Worldwide, large amounts
of terrestrial organic matter are transported by fluvial systems into oceans. The quantity
and distribution of organic matter in sediments are strongly controlled by environmental
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processes, and therefore, the analysis of the depositional paleoenvironment can lead to
a better understanding of organic matter enrichment. Ultimately, different depositional
environments influence the type and quality of organic matter, which, in turn, affects the
formation of oil and gas.

Delta sediments, such as the Mahakam Delta of Indonesia, provide insights into
organic matter accumulation and their (paleo)climatic controls. The persistent wet climate
is highlighted as a crucial factor contributing to the formation of organic-rich source rocks
in the circum-Borneo region during the Middle Miocene [4,5]. Based on the biomarker
analyses and the examination of pollen records, Widodo [6] proposed a climatic shift
towards cooler and drier conditions at the end of the Late Miocene in the Mahakam Delta
region along the eastern Kalimantan. This climatic change is linked to a transition from
rainforest vegetation to more open savanna vegetation and an increase in Gramineae pollen.
These findings contribute to our understanding of past climate dynamics and ecosystem
responses in the region during the Miocene epoch [4-6].

Fine-grained lithologies are known to contain significant amounts of organic material,
which transforms into hydrocarbons under specific geological conditions. Several mega
sequences with a shallowing upward trend from bathyal mudstones to delta plain/fluvial
channel sandstone were deposited during the eastward progradation of the deltaic system
in the eastern part of the Kutai Basin [7-9]. The basin with thick Miocene and Pliocene
sediments that have been proven to contain large hydrocarbon reserves has been inten-
sively studied for more than a century, indicating its ongoing importance in the global
energy landscape [10].

Existing studies that included the Lower Kutai Basin have mainly focused on pa-
leoclimate reconstructions on general sedimentary characteristics of deltaic successions
within the Mahakam Delta or have dealt with the hydrocarbon potential of the Miocene
Balikpapan Formation [7,9], which represents the most important source rock in the basin.
The focus of this study is the overlying, relatively poorly known Kampungbaru Formation,
which consists of alternating sandstone, siltstone, claystone, and coal. Sediments of the
formation were deposited in the southeastern part of the Lower Kutai Basin during the
Upper Miocene to Pliocene period [7]. Detailed knowledge of the depositional environment
and climatic conditions is a key factor that enables the better assessment of organic matter
enrichment and of the potential for hydrocarbon generation and accumulation within the
Kampungbaru Formation. However, research on the reconstruction of the depositional
environment and source rock potential of the formation has never been conducted.

This study benefited from the integrated multidisciplinary approach of sedimentol-
ogy, bulk geochemistry, organic petrography, and clay mineralogy. The objectives include
lithofacies definition, the interpretation of depositional environments, clay mineralogy, and
maceral analysis. The integration of all aspects has improved our understanding of the depo-
sitional and climatic history of the Kampungbaru Formation, with a focus on organic matter
enrichment, distribution, and preservation in sediments of the Kampungbaru Formation.

2. Geological Setting

The Kutai Basin is the largest and deepest Cenozoic basin in Indonesia. The majority
of hydrocarbons in the basin is found in deltaic-to-shallow marine sandstone reservoirs of
Middle-to-Late Miocene age [10-12] (Figure 1A).

The study area is located in the southeastern part of the Lower Kutai Basin (Balikpapan
region) and is delimited by the recent Mahakam Delta to the north and the Adang Fault
(Adang Flexure) to the south. The area further comprises the Samarinda Anticlinorium and
the Paternoster Platform. These structural elements, and especially the Adang Fault, played
a key role in the structural evolution of the Balikpapan region [13,14]. The Kampungbaru
and Balikpapan formations (Figure 1B) provide insights into the sedimentary history of the
Balikpapan region, including varying depositional environments and processes [14]. The
Upper Miocene to Pliocene Kampungbaru Formation is typically 100 to 800 m thick and
consists of sandstone, siltstone, and claystone intercalated with coal. Commonly occurring
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coal seams and lignite beds are typically less than 3 m thick. The Kampungbaru Formation
was deposited in a deltaic and shallow marine environment (Figure 1C) [15].
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Figure 1. (A) Geological map of Borneo (modified after [16]); (B) The study area is located in the
Balikpapan area in the southern part of the Lower Kutai Basin. The sampling locations are shown by
numbers. (C) Stratigraphy and lithology of the Kutai Basin modified after [7,15]. This study focused
on the Kampungbaru Formation, as indicated by the orange box.

3. Materials and Methods
3.1. Field Data

A total of twenty-five samples were collected from six outcrop sections belonging to
the Kampungbaru Formation in the Balikpapan region in order to study sedimentology,
clay mineralogy, organic content, and organic matter distribution and preservation. The
total thickness of the measured sections is 35 m.

3.2. Leco Elemental Analysis

The total organic carbon (TOC) content was determined on about 100 mg of the pow-
dered samples with a LECO RC-612 Carbon Analyzer manufactured by LECO Corporation,
an American company with analytical errors less than +1%. The TOC analyses were con-
ducted at the Department of Geology, University of Vienna, Austria. Total inorganic carbon
(TIC = TC — TOC) was used to calculate calcite equivalent percentages (CEq = TIC x 8.34 [%)]).
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3.3. Organic Petrography

A total of five samples were chosen for organic petrography analysis. The selection
criteria were based on the stratigraphic distribution of the samples and the availability of
geochemical data. The organic petrography analysis involved the examination of polished
blocks of rock samples under both white and fluorescent light using a Leica DM 4P mi-
croscope fitted with a 50 oil immersion objective (Department of Applied Geosciences
and Geophysics, Montanuniversitaet Leoben, Austria) with specific emphasis on maceral
analysis and point counting. The use of standardized procedures and terminology enhances
the reliability and comparability of the results. Approximately 1500 points for mudstone
samples and 500 points for coal samples were counted during the analysis. Point counting
is a method to quantitatively assess the distribution of different components in a rock sam-
ple. The results obtained from the point counting were normalized to represent 100 percent
organic matter. Normalization allows for a standardized comparison of different samples.
The terminology used in the analysis aligns with the International Committee for Coal and
Organic Petrology (ICCP) classification system [17-19].

3.4. X-ray Diffraction (XRD)

The XRD analyses were carried out at the Department of Geology, University of
Vienna, Austria. The mineralogical examination using X-ray diffraction comprised two
phases. As part of the initial phase, bulk mineralogical analyses were conducted on thirteen
mudstone samples using a Panalytical PW 3040/60 X'Pert PRO X-ray diffractometer with
CuKa radiation (40 kV, 40 mA, step size 0.0167, 5 s per step). The second phase included
the analysis of the clay fraction (<2 um) in the fine-grained non-coal samples. For clay
mineralogy analyses, two mudstone samples underwent cleaning and crushing, followed
by treatment with H,O, to eliminate organic matter. Subsequently, the samples were disag-
gregated using a 400 W ultrasonic probe for 3 min. The Atterberg cylinder sedimentation
method was used to separate the clay size fraction (<2 pm) in (24 h 33 min). The clay
fraction was dried at 60 °C and then saturated with K* and Mg?*. Approximately 10 mg of
the samples were dispersed in 1 mL of distilled water and placed on glass slides, drying
overnight at room temperature. The oriented Mg- and K-samples were measured and
subsequently saturated with ethylene glycol (EG) and glycerol (Gly) at 60 °C for 12 h. Addi-
tional K-samples were heated to 550 °C for 2 h. X-ray diffraction patterns obtained from the
oriented mounts were qualitatively interpreted according to Brindley and Brown [20] and
Moore and Reynolds [21]. The quantitative evaluation of X-ray patterns was performed
using the Schultz [22] method.

4. Results
4.1. Lithofacies Characteristics

Eleven lithofacies were identified in the Kampungbaru Formation based on lithology
(after [23]), texture, and sedimentary structures. Their characteristics are given in detail in
Table 1 and are shown in Figure 2. The lithofacies include sandstone, siltstone, claystone,
and coal. The spatial distribution of the lithofacies of the Kampungbaru Formation is
shown in Figure 3, together with five vertical measured profiles from selected outcrops.

Sandstones are typically grey-white, beige-to-yellow, medium-to coarse-grained, mod-
erately or well sorted, and are commonly friable (Figure 2A-E). Sedimentary structures
observed in sandstones include cross-bedding, horizontal lamination, and ripple cross-
lamination. Siltstone and claystone are characterized by beige, yellow-to-dark-grey, and
black colors. They are commonly friable and exhibit lamination or have a massive appear-
ance (Figure 2H,I). The fine-grained lithofacies are often interbedded with sandstone facies,
forming heterolithics (Figure 2F,G). Dark-grey-to-black coal contains plant fragments and
is often disintegrated (Figure 2J). Elsewhere, coal exhibits poorly developed lamination,
very weak cleat-, or appears structureless.
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Table 1. Eleven lithofacies identified in the Kampungbaru Formation. Lithofacies summarized in

Table 1 are shown in Figure 2.

Facies Description Interpretation Figures
Fine-to medium-grained sandstone, moderately
Massive to very well sorted, beige-to-yellow color, Hyperconcentrated flow or a
Sm weathered, thickness ranging from 0.5 to 3 m, high-energy bedload Figure 2A
sandstone ..
channel geometry, common coal fragments, deposition [24,25]
bioturbation—vertical burrows and mottling.
Fine-to-medium-grained sandstone, typically
Planar white, yellow, orange, and grey colors, sometimes Two-dimensional
cross-bedded Sp hard and compact, planar cross-bedding, fining subaqueous sandy dunes Figure 2B
sandstone upward, 1-4 m thick, rare bioturbation (simple (lower flow regime) [25,26]
burrows).
Medium-grained sandstone, beige color, .
. Sinuous-crested bedforms
Trough-bedded subrounded to rounded grains, moderately to .
St . . that are formed under a Figure 2C
sandstone well sorted, trough-cross bedding, <1.5 m thick, .
lower flow regime [25,26]
and a lateral extent of 2 m.
Rippled Fme—gr.amed sandstor}e, rlpple. lamination, beige Migration of current ripples
. color, interbedded with massive claystone, soft ; . .
laminated Sr . . . in lower-flow-regime Figure 2D
sediment deformation, 2 m thick, and a lateral ..
sandstone conditions [24-26]
extent of =5 m.
. Fine-to-medium-grained, laterally pervasive
Horizontally . . . .
laminated sandstone of beige-to-yellow color interbedded Suspension settling from
Dsh with light grey siltstone, heterolithic, horizontal standing water or weak Figure 2E
sandstone and . N .
. to locally wavy fine lamination, with a lateral currents [24-26]
siltstone
extent for tens of meters.
Heterolitic facies comprises interbedded Fine-grained sediments are
beige-to-yellow sandstone, grey siltstone, and deposited from weak
Sandstone- claystone; predominant sandstone is fine-grained, currents in a lower flow
dominated H1 well-sorted, forming thin layers or lenses, and regime or from suspension Figure 2F
heterolith usually structureless (facies Sm). Current ripples [25,26]. Sandstone is
are also preserved (Sr) with soft sediment deposited by a higher-energy
deformation (load structure). current [27,28].
Deposits originated from
Heterolithic, laminated claystone and very currents and from
fine-grained sandstone; sandstone forms thin suspension [25,26],
Mudstone- . . .. .
. discontinuous layers or lenses and bidirectional currents, and .
dominated H2 . : IR Figure 2G
heterolith wavy-to-lenticular bedding. Sandstone beds are a variation in mud and sand
few mm to 2 cm thick; bidirectional current content are the result of the
ripples possibly slightly wave-modified. increasing and decreasing
speed of current [27]
. . L1ght—to-dark—grey color, sﬂtyl claystone, Suspension settling from
Laminated silty horizontal to sub-horizontal lamination, a few ! .
Csl . . ; standing water or from weak Figure 2H
claystone meters thick, laterally extending for the first tens
currents [24-26]
of meters.
Beige-to-grey massive claystone, forming thick
. beds or lenses, often interbedded with facies Cl . . .
Massive claystone Cm and Cs], rare bioturbation (unbranched animal Suspension settling [24-26] Figure 21
burrows), £1 m thick.
Beige-to-dark-grey claystone, disintegrated,
Laminated al horizontal lamination, which can be interbedded Suspension settling Fieure 21
Claystone with coal. +1-2 m thick, with a lateral extent [28,29] &
of 5 m.
Massive beds, lenses, or thin coal layers .
. ORI Calm hydrodynamic
interbedded within siltstone, claystone, and conditions that allow the
Coal C occasionally sandstone, abundant coalified Figure 2]

organic matter (plant fragments).
It is £2-4 m thick with a lateral extent of 12 m.

preservation of organic
matter [25,29-31]
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Figure 2. Representative lithofacies of the Kampungbaru Formation: (A) Massive sandstone (Sm);
(B) planar cross-bedded sandstone (Sp); (C) trough-bedded sandstone (St); (D) ripple cross-laminated
sandstone (Sr); (E) horizontally laminated sandstone and siltstone (Dsh); (F) sandstone-dominated het-
erolith (H1); (G) mudstone-dominated heterolith (H2); (H) laminated silty claystone (Csl); (I) massive
claystone (Cm) and laminated claystone (Cl); and (J) coal (C). See Table 1 for details.
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Figure 3. Measured stratigraphic profiles of selected outcrops in the Balikpapan Area. For the
location, see Figure 1.

4.2. Facies Associations

Seven genetic facie associations were identified in the Kampungbaru Formation,
namely the fluvial-dominated distributary channel, sheet-like sandstone, tide-influenced
distributary channel, mouth bar, crevasse splay, delta plain, and delta front (Table 2 and
Figure 4).

Table 2. Description and interpretation of the facie associations documented in the Kampungbaru

Formation.
Facie Association Description Interpretation Figure
Sandstone bodies represent
deposits (bars and dunes) of
Fluvial- Medium-to-coarse-grained sandstone comprises tth dl.s tr1buta}‘ y channel with
- . L . uvial dominance located
dominated CH facies Sm, Sp, St, and Sr incised into facies Cm and tvpically on the upper delta Fieure 4A B
distributary Cl, fining upwards, 1-1.5 m thick, and laterally M ly in. Th PP & /
channel extending for 51 m, amalgamation of channels. prail. fheresa
predominant unidirectional
current and bedload
deposition. [24,25].
Medium-grained Sandstone bodies are
Sheet-like massive sandstone (facies Sm) and sandstone with  interpreted as deposits of an
sandstone ucC faint cross-bedding unconfined fluvial flood Figure 4A
(facies Sp); c. 0.5 m thick; sheet-like-to-tabular event on the delta plain
geometry; and a slightly undulating erosional base. [25,32,33].
Fine-to-medium-grained sandstone consists of Large-scale bars and
facies, Sm and Sp, and sandstone facies vertically smaller-scale dunes were
pass into heterolithic facies Dsh (interbedded deposited in the distributary
Tide-influenced sandstone and siltstone) and laminated silty channel that typically occurs
distributary DC claystone (facies Csl), fining-upward trend, on the lower delta plain. Figure 4A
channel erosional base, incised in fine-grained sediments or Tidal processes influence
coal, common mud-intraclasts and coal fragments water circulation up the
at the base of the channel, bioturbation distributary channel

and mottling. [27,34-37].
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Table 2. Cont.
Facie Association Description Interpretation Figure
Small lenticular or laterally prevalent sheet-like
thinly bedded sandstone bodies (facies Sm) that are
completely encased in fine-grained sediments of .
Crevasse splay s the delta plain, well-sorted and fine-grained Crevasse splay Figure 4E
sandstone, facies Sm, horizontally bedded, and
beige color.
Very fme—to—medlum—gralr}ed sand; well sorted and Mouth bar, tidal influence:
well rounded; massive sandstone (Sm), . .
. . I the distal mouth bar portion
Tide-influenced parallel-bedded; sandstone-dominated heterolithic is shown in Figure 3d; the
mouth bar MB  facies (H1), ripple cross-lamination (Sr); coarsening roximal part of the m/ou th Figure 4C,D
upward; thickening-upward, closely related to proxu part orth
. L . bar is shown in Figure 3c
delta front facies association. +3 m thick and a [37-39]
lateral extent of 13 m. ’
Laminated or massive
. claystone (facies Cl, Cm), silty claystone (Csl), Delta plain .
Delta plain bP interlayered with coal beds (C); and a lateral extent [27,38,40] Figure 4A,D,E
of 15 m, max. 6 m thick.
Laminated grey claystone (Cl), massive beige
claystone (Cm), heterolithic facies (H2 and Dsh), coarseDrfilria _fll;or;’;}éetren d
Delta front DF current ripples (Sr) coarsening-upward trend, <3 m &up Figure 4C,D

thick, lateral extent of £12 m, and overlain by
mouth bar deposits.

indicates progradation, tidal
influence [10,27,40].
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Figure 4. Facies associations of the Kampungbaru Formation: (A) fluvial-dominated distributary
channels (upper part of outcrop) and tide-influenced distributary channel on lower delta plain (lower
part of the outcrop), locality Balikpapan Regency; (B) upper delta plain with amalgamated fluvial-
dominated distributary channels, locality Sepinggan Pratama; (C) delta front and proximal mouth bar
deposits, locality Bukit Damai Indah; (D) delta front to distal mouth bar deposits, locality Perusda;
and (E) lower delta plain with predominant claystone, crevasse splays and thick coal deposits, locality
Bukit Lestari.

4.2.1. Fluvial-Dominated Distributary Channel Facies Association (CH)

This facies association includes c. 1-1.5 m thick sandstone bodies with concave-up
and erosional bases (Figure 4A,B). Sandstone is medium to coarse-grained, has a massive
appearance (facies Sm) or exhibits planar and trough cross-bedding (facies Sp and St).
Massive sandstone occurs close to the base of the channel and passes vertically into cross-
bedded sandstone. Asymmetrical ripples are found in the upper part of the channel
fill (Sr). Successions exhibit a fining-upward trend; sandstone bed is locally capped by
a layer of massive claystone. Sandstone bodies pass laterally into fine-grained facies
elsewhere (Figure 4A). Channels are incised in massive or laminated claystone and coal
beds (Figure 4A,B).

Interpretation: sandstones can be interpreted as deposits of the fluvial-dominated
portion of distributary channels, most probably located on the upper delta plain (e.g., [32]).
Uni-directional traction currents predominated in the channels that are often amalgamated.
Fine-grained facies that are preserved in between the sandstones represent delta plain
deposits or reflect channel abandonment.
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4.2.2. Sheet-like Sandstone (UC)

This facies association represents a minor portion of all facies associations encountered
in the study area. It is characterized by medium-grained massive sandstones (facies Sm)
and sandstones with faint cross-bedding (facies Sp) (Figure 4A). The bases of sandstone
beds are generally non-erosional and sharp, but they can also be slightly undulating in
geometry and erosional (although not as profound as bychannel sandstones). These types
of sandstone are laterally extensive, and c. 0.5 m thick.

Interpretation: These sandstones are interpreted to represent an unconfined fluvial
flood event outside of the main channel on the delta plain [28,33].

4.2.3. Tide-Influenced Distributary Channel (DC)

This facies association consists of fine-to-medium-grained sandstones that exhibit
planar cross-bedding or are massive (facies Sp and Sm). Mud intraclasts and coal fragments
are commonly found at the base of sand bedforms. Massive sandstone is locally bioturbated
and exhibits mottling. The sandstone bodies laterally extend for the first few tens of meters
and are a few meters thick. In places, sandstone is vertically replaced by heterolithic facies,
Dsh, and by massive or laminated claystone and silty claystone (Cm, Cl, and Csl). The entire
succession is fining upward (Figure 4A). Heterolithic facies, Dsh, consists of horizontally or
wavy laminated siltstones, sporadically occurring thinly bedded claystone and thicker beds
of sandstone. Some channels are predominantly filled by fine-grained facies (claystone and
siltstone). The color of the sediment vertically changes from beige-yellow to grey. Younger
channels incise into older channels or are separated from them by fine-grained delta plain
deposits. Some channel succession is overlain by coal bed.

Interpretation: The large-scale dipping cross-strata in the lower part of the outcrop
in Figure 4A are interpreted as a result of the migration of a sand bar (?sidebar) in a
distributary channel [34-36]. Smaller-scale sets of facies Sp represent dunes that migrate on
the channel floor or on the top of the bar [37]. In general, large bedforms migrating down
the distributary channel indicate fluvial dominance in the channel. Overlying heterolithic
and fine-grained facies are interpreted as an indication of increasingly dominating tidal
processes in distributary channels.

4.2.4. Mouth Bar (MB)

These facies association consists of massive sandstone (facies Sm), interbedded lam-
inated very fine-to-medium-grained sandstone, siltstone and claystone (facies H1), and
ripple cross-laminated sandstone (facies Sr). Very fine-to-medium-grained sandstones are
generally well-sorted. Bed sets coarsen and thicken up in each section. Soft-sediment
deformation is locally present.

Interpretation: Deposits of this facies are interpreted as mouth bar deposits. Pre-
dominant fine-grained sediments of facies H1 in Figure 4D are interpreted to represent
a distal mouth bar, while heterolithic facies H1 and Dsh overlain by massive sandstone
beds (Figure 4C) are interpreted as proximal mouth bar deposits. This association is closely
related to delta front facies association and reflects tidal influence. Sedimentation changes
from traction to suspension deposition with changing flow velocities.

4.2.5. Crevasse Splay

This facies association includes an isolated lenticular sandstone body and laterally
extensive thinly bedded massive sandstone (facies Sm) fully encased in fine-grained sedi-
ments of delta plain sediments (Figure 4E).

Interpretation: Laterally extensive sand bodies of this facies are interpreted as crevasse
splay deposits.

4.2.6. Delta Plain

Delta plain facies association comprises massive, laminated, and silty claystone (facies
Cm, C], and Csl). They are commonly intercalated with coal beds and can reach several
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meters in thickness (Figure 4A,D,E). The color of fine-grained sediments of this association
varies from beige to dark-grey. Coal is present in the form of variably thick laterally
pervasive beds or as lenses. This association occurs interlayered with distributary channel
and crevasse splay associations. Mud intraclasts and coal fragments are commonly found
reworked in channel deposits. Bioturbation is generally rare and occurs in well-oxygenated
sediments.

Interpretation: Beige claystone facies are interpreted to reflect a well-oxygenated upper
delta plain. They are often interlayered with deposits of fluvial-dominated distributary
channels. Grey-to-dark-grey fine-grained sediments interlayered with thick coal beds
indicate suboxic-to-anoxic conditions developed on the lower delta plain. The presence
of coal particularly indicates the development of peat bog in swampy areas, in which the
accumulation and preservation of organic matter takes place.

4.2.7. Delta Front

This facies association is characterized by parallel bedding and lamination, heterolithic
appearance, and the dominance of dark brown-to-light grey fine-grained facies Cl, Cm, and
H1 (Figure 4D). Laminated claystone is interbedded with subordinate very fine-grained,
mm to cm thick sandstone that forms thin discontinuous layers or lenses (wavy to lenticular
bedding, mud drapes, facies H2). Bidirectional current ripples, possibly slightly wave-
modified, are observed throughout the sections. Facies Dsh consists of thicker sandstone
beds interbedded with siltstone, is up to 3 m thick, and has a lateral extent of £13 m.
This facies association is closely related to the mouth bar facies association and exhibits
coarsening upwards. Bioturbation is rare.

Interpretation: This facies association is interpreted to reflect delta front deposition.
The coarsening upwards and association with overlying mouth bar deposits indicates delta
progradation. The abundance of heterolithic facies, mud drapes, and bidirectional current
ripples points to significant tidal influence (Figure 4D). Reduced tidal influence and more
significant fluvial input are interpreted for the generally sandier succession documented
in Figure 4C (the upper part of the delta front succession, Dsh facies), possibly indicating
proximal delta front environment.

4.3. Leco Elemental Analysis

The studied Upper Miocene-Pliocene sedimentary rocks from the Kampungbaru
Formation in the Lower Kutai Basin underwent analysis to determine several parameters,
including total organic carbon (TOC), total inorganic carbon (TIC), and calcite equivalent.
TOC levels were examined in both coal and non-coal samples, yielding a range between
5.14 and 16.87 of the weight percentage (wt.%) with an average of 10.11 wt.% for coal, and
between 0.03 and 4.22 wt.% with an average of 1.54 wt.% for the fine-grained non-coal
samples. The coal samples from the Prona section (sample BPN. 4.7) exhibited relatively
high TOC values of 78.80 wt.%. Regarding TIC values, coal samples exhibited levels rang-
ing from 0.16 to 1.24 wt.% with an average of 0.52 wt.%, while non-coal samples showed
TIC values ranging from 0.01 to 0.21 wt.% with an average of 0.09 wt.%. Furthermore, the
analysis also included the determination of the calcite equivalent with the maximum per-
centage observed in coals and intercalating sediments ranges between 10.31 and 1.75 wt.%,
with average values of 4.30 and 0.73 wt.%, respectively. All samples in the Kampungbaru
Formation have low carbonate contents (<2 wt.% TIC, <15 wt.% Calcite equiv., Figure 5).
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Figure 5. The vertical distribution of total organic carbon (TOC), total inorganic carbon (TIC), and
calcite equivalent percentage in the Kampungbaru Formation.

4.4. Organic Petrography

According to the maceral composition in the samples (Table 3), the dominant maceral
group in these fine-grained non-coal and coal samples of the Kampungbaru Formation is
vitrinite, followed by liptinite and inertinite. Fine-grained non-coal samples of the Kam-
pungbaru Formation mainly consist of detrital clay-sized minerals with dominant vitrinite
ranges from 71 to 79.6 vol.% (avg. 75.30 vol.%) (Figure 6A). The liptinite maceral present
ranges from 16.90 to 27.4 vol.% (avg. 22.15 vol.%), and is dominated by the liptodetrinite
submaceral (Figure 6B). Inertinite occurs in low percentages; it ranges from 1.5 to 3.50 vol.%
(avg. 2.55 vol.%). A small amount of funginite from the inertinite group is also found
(typically less than 1% of the total macerals and occurs as dispersed particles in the mineral
matrix (Figure 6C). The Upper Miocene-Pliocene coal samples in the Kampungbaru Forma-
tion are dominated by the vitrinite maceral group with values between 60.7 and 84.6 vol.%
with an average of 72.65 vol.% and commonly contain subordinate textinite associated
with cutinite (Figure 6D). The liptinite content in the studied samples ranges from 9.8 to
27.5 vol.% (avg. 18.65 vol.%), and the most abundant liptinites were dominated by cutinite.
In situ resinite is the most common form in the Balikpapan area and can be classified into
primary resinite and secondary resinite (Figure 6D). Suberinite occurs in minor amounts
(avg. 2.5 vol.%) with greenish-yellow-to-orange fluorescence (Figure 6E). The inertinite
group is very low in the studied samples, ranging from 5.60 to 11.8 vol.% (avg. 8.7 vol.%)
and is predominantly represented by funginite and cells filled with exsudatinite (Figure 6F).
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Table 3. The percentages of the main maceral groups. Vitrinite, liptinite, and inertinite were deter-
mined as proportions of the total macerals present within the samples.

Samples ID Lithology Vitrinite (vol.%) L(IVP:II'I(:/?; Ir(l:(r,tllf,z)t €
BPN 4.5 Non-coal 78.6 19.9 15
BPN 2.5 Non-coal 71 274 1.6
BPN 3.2 Non-coal 79.6 16.9 3.5
BPN 1.3 Coal 60.7 27.5 11.8
BPN 3.7 Coal 84.6 9.8 5.6

Vitrinite

o

®
-

d " »
¥ Funginiter «

v v»
.
5 . . 7.,

'4

Figure 6. Microphotographs of the maceral composition of selected fine-grained non-coal (A-C) and
coal (D-F) samples in the study area (left: white light; right: fluorescent light): (A) detrital clay
size minerals with dominant vitrinite; (B) liptinite dominated by the liptodetrinite submaceral;
(C) multicellular funginite and cells filled with exsudatinite; (D) coal with a high amount of textinite
associates with cutinite and resinite; (E) coal that is rich in suberinite with greenish-yellow-to-orange
fluorescence; and (F) funginite containing multi-celled fungal spores.

4.5. Mineralogical Characterization
4.5.1. Bulk Mineralogy

Semi-quantitative XRD results of 14 mudstone samples include varying proportions
of clay and non-clay minerals. Quartz was identified by reflections at 1.81 A, 228 A, 247 A,
334 A, and 4.26 A. Pyrite was determined at 1.91 A, 242 A,2.70 A. Clay minerals, including
kaolinite and illite, were determined at 1.50 A, 1.67 A, 2.56 A, 3.24 A, 3.59 A, and 7.18 A
(Figure 7). The fine-grained non-coal samples are dominated by clay minerals (33.4-63.0%,
avg. = 47%), quartz (23.8-60.5%, avg. = 37%), and pyrite (6.0-32.4%, avg. = 16%). The
semi-quantitative mineral analyses are shown in Table 4.
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Figure 7. X-ray diffraction pattern of the bulk mudstone samples from the Prona section. For the
location of the Prona section, see Figure 1B.

Table 4. Bulk mineralogy of mudstone samples from the Kampungbaru Formation.

Section Samples Clay Minerals % Quartz % Pyrite %
BPN 2.3 334 60.5 6.1
Perusda BPN 2.4 44.4 448 10.8
BPN 2.5 42.2 42.2 15.6
Bukit Damai Indah BPN 6.3 45.0 38.6 l6.4
BPN 4.3 423 37.0 20.7
BPN 4.4 38.9 36.7 244
Prona BPN 4.5 453 38.4 16.3
BPN 4.6 42.6 414 16.0
BPN 5.1 59.3 31.5 9.2
BPN 5.2 59.2 28.7 12.1
Bukit Lestari BPN 5.3 63.0 247 12.3
BPN 5.4 43.8 23.8 324
BPN 5.5 50.8 29.6 19.6

4.5.2. Clay Mineralogy (<2 pm Fraction)

Representative XRD patterns of air-dried Mg- and K-saturated, glycerol (Gly)-treated
and heated samples are shown in Figure 8. The results of the clay fraction mineral analyses
of the non-coal samples show that the most abundant clay minerals are illite, kaolinite,
chlorite, and also mixed-layer illite/smectite (I/S). Illite is recognized by its 3.33 A, 4.95 A,
and 9.89 A peaks. Chlorite is distinguished by its 3.56 A, 4.90 A, and 7.15 A peaks, while
kaolinite is identified by its characteristic peaks of 3.56 A and 7.15 A. Tllite/smectite-mixed
and layered clay minerals were identified by the peak at 12 A in the Mg-saturated sample
that changed its position to 13-14 A in the ethylene-glycol (EG) and Gly-saturated samples.
Based on clay analysis, kaolinite (30—41%) and mixed-layer illite/smectite (I/S) (32—42%)
are the most prevalent clay minerals, followed by illite (23%) and rare chlorite (2-4%).
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Figure 8. X-ray diffraction patterns of the clay fraction of mudstone sample from the Prona section
saturated with Mg, K, Mg, and glycerol (Gly), K, and ethylene glycol (EG), and heated to 550 °C.

5. Discussion
5.1. Organic Matter and Mineral Characteristics

Hydrocarbon generation is primarily linked to the type of organic matter present in the
rocks with the quantity of hydrocarbons generated while being influenced by the abundance
of organic matter [41,42]. The origin of organic matter in the fine-grained non-coal and
coal samples from the study area indicates a terrestrial source predominantly derived from
materials such as bark, wood, and leaves [5]. The organic matter accumulation in the
Kampungbaru Formation is, thus, interpreted to be primarily associated with a lower delta
plain environment covered by Nypa palms and mangrove swamps. The accumulation of
plant remains in this environment is influenced by tides, where materials are reworked and
separated. Unstable degraded products are winnowed out with fine sediments enriched in
organic matter. Coarse shore-zone accumulations, despite retaining a significant number of
degraded products, are buried by sediments and transformed into lignite. The processes
of burial, compaction, and slow maturation contribute to the generation of hydrocarbons
from the organic materials in these sedimentary rocks [43—45].

Samples from the Kampungbaru Formation consistently exhibit low carbonate con-
tents, characterized by TIC levels below 2 wt.% and calcite equivalent percentages below
15 wt.%. This uniformity in carbonate content suggests a prevailing trend of limited car-
bonate mineralization within the formation across all sampled lithological units. Such
findings provide valuable insights into the geochemical composition of the Kampungbaru
Formation, indicating a predominantly non-carbonate depositional environment and shed-
ding light on the sedimentary processes and diagenetic pathways that have influenced the
formation’s evolution within the geological context of the study area.

Based on the petrographic analyses conducted on both the fine-grained non-coal and
coal samples derived from the Kampungbaru Formation, it is evident that all samples
exhibit a notable abundance of vitrinite, alongside a prevalent presence of liptinite and
minor amounts of inertinite (Figure 9 and Table 3). Mineral components comprising pre-
dominantly clay and pyrite were identified within the samples. The presence of pyrite can
be attributed to the activity of sulfate-reducing bacteria within a reducing environment [46].
In such environments where organic matter preservation is facilitated, pyrite formation
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occurs as a result of the bacterial action on sulfate ions. This association highlights the
significance of reducing conditions in preserving organic matter, thus contributing to the
observed high vitrinite content and the common presence of liptinite within the Kam-
pungbaru Formation samples. The ternary plot, as proposed by Cornford [47], serves as a
classification tool for determining the type of kerogen present within a sample based on its
petrographic constituents. Specifically, the type of organic matter observed under reflected
light microscopy indicates a predominant presence of type III kerogen, as illustrated in
Figure 9. This classification suggests that the organic matter within the sample exhibits
characteristics associated with type III kerogen, which typically indicates a high proportion
of terrestrial organic material derived from land plants.

Vitrinite

20 Type Il 80

Type IV
@ Mudstone (Residual
@ Coal organic matter)
Liptinite 80 60 40 20 Inertinite

Figure 9. Ternary plot of classification of kerogen type based on maceral composition.

The maceral analysis of the samples in the study area suggests, in general, a close
association between the organic matter and the coal beds, as the concentration of organic
matter is notably higher within the coal-bearing intervals of each section. The presence
of significant quantities of organic matter in the Balikpapan area is linked to the coal-rich
intervals within the formations. Both the continuous distribution of coal seams, as well as
the thin coal laminae and coaly fragments in the non-coals, demonstrate the continuous
strong input of higher plants. The high vitrinite content derived from woody tissue is
similar to the typical arboreal vegetation in most tropical peats in Indo-Malaysian swamps.
In Neogene coal, the proportions of liptinite and inertinite demonstrate a systematic
relationship with the vitrinite content. Specifically, as the vitrinite content increases, there
is a corresponding decrease in the proportions of both liptinite and inertinite. This inverse
correlation indicates a consistent trend wherein a higher vitrinite content is associated with
lower levels of liptinite and inertinite within the coal samples [48-50].

The total organic carbon (TOC) content exhibits a positive correlation with clay min-
eral content (r? = 0.73) (Figure 10A) while displaying a negative correlation with quartz
content (r> = 0.38) within the organic-rich non-coal (Figure 10B) samples. The quartz
present in organic-rich non-coal samples primarily originates from clastic material and
often demonstrates a waxing and waning pattern in association with clay minerals. Clay
minerals possess the capability to adsorb significant amounts of organic matter, leading to
the formation of stable organic—clay complexes. A clear inverse linear correlation between
quartz and TOC exists, confirming that terrigenous mineral input can significantly dilute
organic matter concentrations. The negative correlation observed between TOC and quartz
content can be attributed to the adsorption and stabilization of organic matter by clay
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minerals, which facilitates its accumulation and preservation. Conversely, the positive
correlation between TOC and clay mineral content highlights the role of clay minerals in
promoting organic matter retention within the sedimentary matrix.
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Figure 10. Relationship between the TOC content and the clay mineral (A) and quartz (B) of the
non-coal samples.

5.2. Paleoclimate Condition

The clay mineralogical composition of sediments provides valuable insights into
paleoenvironmental conditions, such as the climate, sea level fluctuations, and tectonic
activity. The composition of clay minerals serves as a valuable indicator of weathering
intensity, specifically the degree of hydrolysis, in a source area [51]. The interpretation of
paleoclimatic data from clay minerals necessitates an understanding of the potential source
areas [52,53] and the modes and strengths of transport processes [54,55]. Variable concen-
trations of clay minerals in sediments are commonly utilized as a reliable proxy to trace
climate changes between arid and humid conditions due to their distinct detrital origin [56].

Today, the East Kalimantan study region is characterized by a humid climate, as
evidenced by rainfall data collected at Balikpapan (1°16’ S) [57]. The entire region is
covered by tropical rainforests (Af classification according to [58]), and the majority of it is
underlain by Cenozoic sedimentary rocks. Rivers originating from the highlands of central
Borneo in East Kalimantan flow into the Makassar Strait. Despite the modern Mahakam
River Delta potentially being sediment-starved, substantial sediment deposits have been
historically transported. Several explanations exist regarding the origin of sediments in
the delta. One possibility is that the Mahakam River cut into and eroded the Cenozoic
fold belt as tectonic uplift progressed between the contemporary Kutai Basin and the
coastline [59]. This process of downcutting and erosion, occurring over a downstream
distance of 100 km, would have generated a considerable amount of sediment. The supply
of sediments was, thus, controlled by the interplay between ongoing tectonics and the
climate, which may have played a secondary role. As most of the sediment deposited in
the Mahakam Delta likely originates from erosion by the antecedent part of the Mahakam
River, further evaluation of the sediment’s source and discharge variations is necessary [60].

Detailed clay mineralogical analyses of outcrop data from the Kampungbaru Forma-
tion (this study) and subsurface well cuttings data from the Sanga-Sanga Block [7] show
that the clay mineral data in surface and subsurface samples are similar, consisting of kaoli-
nite, illite, chlorite and mixed-layer illite/smectite (I/S) (Figure 11). Non-coal samples from
the Kampungbaru Formation exhibit a consistent clay mineral composition comprising
kaolinite, mixed-layer illite/smectite (I/S), illite, and chlorite (Figure 11). Kaolinite, formed
by the monosialitization of parent rocks, is the predominant clay mineral, indicating inten-
sive hydrolysis under a warm and humid climate. The presence of kaolinite suggests warm
temperatures, and its association with humid conditions indicates a climate with abundant
rainfall. The mixed layer mineral illite/smectite (I/S) is interpreted to reflect varying
climatic conditions and possibly seasonal changes with warmer and wetter conditions,
followed by cooler and drier intervals.
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Figure 11. Integration of clay mineral data of outcrop from Balikpapan area and cutting samples
from Sanga-Sanga Block published by Jamaluddin [7].

The paleoclimate during the deposition of the Kampungbaru Formation can also be
further inferred from the types of sediments and preserved organic matter. The fluvio-
deltaic clastic sediments interlayered with common coal beds indicate that the studied
region likely experienced a warm and humid climate during the Upper Miocene-Pliocene
period. Moreover, the coal samples from the Kampungbaru Formation are characterized by
a dominant vitrinite maceral group (Figure 6) with values between 17 and 42.5 vol.% (with
an average of 29.75 vol.%). These findings suggest that the region was covered by abundant
vegetation during the Upper Miocene-Pliocene period, just like today, further pointing to a
warm and humid climate at the time of the deposition. The climate-controlled the growth
of plants, which can be interpreted as a main source of organic matter in the formation.
The coal deposits found in the outcrops originated mainly from terrestrial organic material,
such as higher plants and trees, which accumulated in low-energy, waterlogged settings
within the deltaic system. It is very likely that a warm and humid climate, together with
ongoing tectonic activity in the basin, controlled high terrigenous clastic influx during the
deposition of the Kampungbaru Formation. The evaluation of tectonic activity in the basin
and its significance is, however, beyond the scope of this study. Nevertheless, according to
some authors [4], the Kampungbaru Formation lies unconformably above the Balikpapan
Formation, further supporting active tectonics in the Kutai Basin.

5.3. Depositional Environments

The analysis and interpretation of lithofacies associations have led to a better under-
stating of the depositional environment of the Kampungbaru Formation in the Balikpapan
area. Well- to medium-sorted sandstones, siltstones, and claystones, with their sedimen-
tary structures and external and internal geometries, suggest a deltaic environment. The
defined facies associations helped to differentiate between individual sub-environments,
such as distributary channels, the delta plain with swampy areas, and the delta front. The
channels, which exhibit fluvial dominance, are interpreted to occur within the upper delta
plain. Fluvial-dominated distributary channel successions consist of thick (0.5 m to several
meters), locally amalgamated sand bodies interbedded with thin claystone or siltstone
beds and often do not interlay with coal beds (Figure 12A). Coal beds are more frequently
interbedded with sediments of tide-influenced distributary channels (Figure 12B). Bidi-
rectional current ripples, mud drapes, and wavy and lenticular beddings suggest tidal
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influence within distributary channels that were located on a lower delta plain covered
with peat bogs and swamps. Distributary channels and rarely encountered out-of-channel
unconfined flows represent high-energy environments associated with predominant sand-
stone deposition, while delta plain siltstones and claystone reflect low-energy settings, only
locally disrupted by sandstone bodies of crevasse splay origin. The channel amalgamation,
which is described only from the upper portions of the distributary channel (Figure 12A),
could reflect a lower A/S ratio, increased fluvial sediment discharge, or high sedimen-
tation rate. In the lower portion of the fluvial/deltaic system, channels are commonly
isolated and do not show amalgamation. For comparison, Snedden et al. [61] concluded
that the Upper Miocene Mahakam Deltaic sediments reflect increased sediment supply and
high subsidence.

Legend:

- Distributary channel Fluvial currents % Nypa palm
I:l Crevasse splay Tidal currents M Mangrove swamp
- Mouth bar

Figure 12. Schematic reconstruction of the depositional environment of the Upper Miocene—Pliocene
Kampungbaru Formation with fluvial- and tide-influenced delta. Localities: (A) Sepinggan Pratama,
(B) Balikpapan Regency, (C) Bukit Damai Indah, (D) Perusda, and (E) Bukit Lestari. For locations,
see Figure 1.
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The identified facies associations in the Upper Miocene-Pliocene successions suggest
a dynamic and complex deltaic system. Cross-stratified sandstones provide evidence
of bedforms that migrated down the channel and indicate fluvial dominance and active
sediment transport within the delta. Tidal influence that is mostly observed in the lower
portions of the channels interacted with decreasing fluvial processes. In general, fluvial-
dominated distributary channels exhibit a higher ratio between sand and shale when
compared to tide-influenced distributary channels. Coal fragments are commonly found
at the erosional channel bases, indicating the erosion and reworking of coal deposits on
the delta plain and, to some degree, lateral channel migration. Interdistributary areas are
characterized by fine-grained sediments interlayered with thick coal beds (Figure 12E).
Increasing tide and also, to some degree, wave influence is observed in the delta front area
dominated by fine-grained sediments. Associated mouth bars are dominated by sandstones
that are interbedded with fine-grained facies and also record tidal influence (Figure 12C,D).

The sediments of the Kampungbaru Formation are interpreted as predominantly
deltaic deposits with marine influence. The sedimentary facies, structures, and external
and internal geometries of the studied successions and sedimentary bodies allowed to
conclude that the Upper Miocene to Pliocene delta was influenced by both fluvial and tide
processes, similar to the recent Mahakam Delta. The Kampungbaru Formation consists of
thick, well-sorted laterally extending distributary channel sandstones, which could serve
as a reservoir rock. Nevertheless, further studies are needed to determine specific reservoir
properties, such as porosity and permeability. Organic, rich, fine-grained sediments of the
lower delta plain, interbedded with thick coal beds, could form a source rock.

6. Conclusions

Based on sedimentology, bulk geochemistry, organic petrography, and the mineralogy
of the Kampungbaru Formation, the paleoenvironmental and paleoclimatic conditions and
their impact on the accumulation of organic matter were examined.

e  Eleven lithofacies were identified and further grouped into seven facies associations as
follows: the fluvial-dominated distributary channel (CH), sheet-like sandstone (UC),
tide-influenced distributary channel (DC), crevasse splay (CS), mouth bar (MB), delta
plain (DP) and delta front (DF). Sediments of the Kampungbaru Formation reflect
deposition in a deltaic environment by predominant fluvial and subordinate tidal
processes.

e  The paleoclimate during deposition of the Upper Miocene and Pliocene Kampungbaru
Formation was generally warm and humid, as evidenced by the dominance of the
vitrinite maceral group. High proportions of vitrinite in the coals indicate that the
original plant material consisted essentially of woody plant tissue, and peatification
occurred under relatively wet-reducing conditions.

e  (Clay mineral analysis revealed the predominance of kaolinite and mixed-layer I/S
supporting further warm and humid climate conditions during the deposition of
the formation.
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