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Abstract: Sedimentary organic matter concentrated in source rocks forms the main source for the for-
mation of hydrocarbons. Its deposition and preservation are strongly controlled by the depositional
environment and paleoclimate. This study evaluates the paleoenvironment and the paleoclimatic
controls of sediments in the Middle Miocene Balikpapan Group, Mahakam Delta of the Lower Kutai
Basin, Indonesia. The sedimentary succession of the Mentawir Formation, encountered in three
wells (MHK 1, MHK 3, and MHK 4), contains interbedded sandstones, siltstones, shales, and coal.
Gamma ray log analysis has revealed four facies associations: (a) funnel-, (b) bell-, (c) cylindrical-,
and (d) bow-shaped patterns, which, together with sedimentological and mineralogical analysis,
suggest a fluvio-deltaic depositional environment during the Middle Miocene in the study area.
Sedimentary successions from wells MHK 1 and MHK 3 comprise interbedded sandstone and silt-
stones and are interpreted to represent repeatedly occurring delta plain, delta front, and prodelta
deposits. The succession encountered in well MHK 4 mostly consists of amalgamated sandstones
and indicates a predominantly fluvial to upper delta plain environment with distributary channels
and crevasse splays interbedded with only thin delta front deposits. X-ray diffraction-clay fraction
analysis shows that the <2 um clay-sized fraction consists of kaolinite (38%-67%), illite (14%—29%),
chlorite (2%-17%), and mixed-layer illite/smectite (I/S) (14%-30%). Kaolinite formation and abun-
dance indicates a hinterland climate classified as type Af (tropical rainforest) and intensive chemical
weathering conditions in the source areas related to tropical to sub-tropical climates with high pre-
cipitation. Under such climatic conditions, kaolinite and I/S mixed-layer minerals are preferentially
formed because the characteristic ions, K*, Na*, Ca?*, and FeZ*, are leached away. Thus, the produc-
tion, transport, distribution, and preservation of sedimentary organic matter in the onshore Mentawir
Formation of the Balikpapan Group are predominantly controlled by the humid tropical climate and
fluvio-deltaic processes.

Keywords: clay mineral; Lower Kutai Basin; Middle Miocene; depositional environment; paleoclimate

1. Introduction

The origin, generation, and preservation of hydrocarbons are significantly influenced
by sedimentary environments because they control the formation and distribution of both
source and reservoir rocks [1,2]. The Kutai Basin and the Mahakam Delta have been
regarded as a significant hydrocarbon province, in which oil and gas are primarily of humic
origin [3-5]. The modern Mahakam Delta area has a wet, equatorial climate with high
humidity and rain all year round [6]. Tidal range decreases from the delta front to the
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upstream Mahakam River and its value ranges from 1 to 3 m [7]. The tropical climate and
fluvio-deltaic-tidal processes are also assumed to be the most important factors for the
formation of petroleum source rocks in the Kutai Basin during the Miocene.

Fine-grained, organic-rich sedimentary rocks can generate hydrocarbons at higher tem-
peratures and pressures [8-12]. Primary organic matter enrichment benefits from high primary
production and adequate organic matter (OM) preservation conditions [1,13-15]. Primary
productivity and preservation are directly and indirectly influenced by environmental factors
such as paleoclimate, salinity, detrital input, and redox conditions [16-18]. More specifically,
high primary production, low detrital input, and anoxic conditions are beneficial for organic
matter enrichment and preservation. Furthermore, paleoclimate exerts a major external
control on the depositional environment regarding parameters such as paleotemperatures
and precipitation, which in turn control weathering, erosion, and terrestrial input.

Clay minerals provide a significant tool that can be used for the interpretation and un-
derstanding of problems related to paleoclimatic variations [19]. Warm and humid climatic
conditions with strong chemical weathering are typified by the formation of kaolinitic clay
minerals, whereas dry and arid climates with dominant physical weathering induce the
formation of illite because these two-layer/three-layer clay minerals are conditioned by
climate. Thus, climate exerts the major controlling factor over the clay type that can be
formed at a particular point in time in a given location [20].

Since the Early Miocene, the Kutai Basin, the largest basin in Indonesia, has become a
major fluvio-deltaic depocenter filled with siliciclastic sediments. From the Early Miocene
to the Pliocene, rapid sedimentation indicates the major basin’s ongoing sediment supply.
The hydrocarbon productive section (the Balikpapan Group) contains shales, sand, and
coal, with carbonates being minor in terms of volume and extent. In the studied petroleum
system of the Kutai Basin, the primary source rocks consist of organic-rich mudrock,
coal seams, and organic-rich sandy facies. These rocks were deposited in fluvial, deltaic,
and tidal settings, largely similar to the modern active Mahakam Delta [21-23]. The
oil-generating potential in the Lower Kutai Basin, generally type III organic matter, is
exceptionally high. In most cases, coal as a hydrocarbon source is more important than
organic-rich shales. Depending on its rank, coal mainly consists of huminite and vitrinite
macerals (type-III kerogen). With increases in rank, liptinite macerals (type II) lose their
H-rich compounds. Shales contain phytoclasts (vitrinite and inertinite) and dispersed
amorphous organic matter in a clay-mineral matrix [24,25]. Hence, coal seams could have
source rock generation potential. Nevertheless, they are generally considered gas—prone,
and high-rank coals are more prone to produce liquid hydrocarbon [25-27].

The shales and coal facies of the Balikpapan Group have relatively high organic car-
bon contents; therefore, they could be generally good source rocks and an example for
coal-derived oil and gas systems [28,29]. The origin of organic matter in the Kutai Basin
is generally believed to be derived from plant debris such as bark, wood, and leaves
mostly influenced by a varying degree of chemical weathering and humid paleoclimate
conditions [23,24,30-32]. This study evaluates the depositional palacenvironment and
paleoclimatic significance during deposition of the Balikpapan Group sediments in Mid-
dle Miocene period based on clay mineral analysis complemented with gamma ray log
interpretation from available wells.

2. Geological Setting

The Cenozoic rift basins of Southeast Asia are situated in the Sundaland region, which
encompasses much of present-day Indochina, Thailand, and western Indonesia (Figure 1).
The countries in the Sundaland region have proved to be rich producers of oil and gas. The
Lower Kutai Basin together with the Upper Kutai Basin (located further west) form the
largest Cenozoic basin in Indonesia [32]. The recent Mahakam Delta is located along the
eastern coast of Kalimantan, the Indonesian portion of the island of Borneo, approximately
50 km south of the equator. The tectono-stratigraphic history of the Kutai Basin was
initially controlled by the complex and prolonged interaction of three plates, namely, the
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Indian-Australian Plate to the south, the Pacific Plate to the east, and the Eurasian Plate to
the north. Essentially, there are three megasequences distinguished in the basin, namely,
the syn-rift, post-rift, and syn-inversion phases, produced from the Eocene to the Late
Miocene [33-37].
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Figure 1. The present-day tectonic elements of Southeast Asia (left) and the tectonic framework of
the Lower Kutai Basin (right) (modified after [33,34,37]).

The Kutai Basin was formed during an extension that also resulted in the opening of
the northern Makassar Strait and the Sulawesi Sea during the Middle Eocene. Later, a series
of half-grabens formed in the Late Eocene during a subsequent regional extensional phase.
In the Middle to Late Eocene, the resulting half-grabens were rapidly filled by syn-rift
deposits. The final phase of basin evolution, an inversion, occurred in the Early Miocene
and resulted in an uplift of the centre of the basin, leading to shallow-marine deposition
in the basin. The basin inversion continued and affected mainly the eastern Lower Kutai
Basin also during the Middle Miocene and Pliocene, further accelerating the process of
delta progradation [38]. Presently, the Mahakam Delta forms the main active depocenter
in the Lower Kutai Basin. In the Middle Miocene, when uplift was moving eastward, the
Mahakam River incised the Samarinda anticlinorium and could not move laterally [38].
Thus, successive deltas have prograded from a single point source near the current head of
the passes.

The paleodepositional environment of the Lower Kutai Basin has been compared to
the modern delta [38—44]. The research area contains several oil and gas fields, where a
combination of structure and stratigraphy is the dominant trapping mechanism. The study
area is located in the Sanga-Sanga block of East Kalimantan and is mostly dominated by
deltaicsediments of the Miocene age [42,45]. The structural setting of the studied region
comprises double plunging anticlines and synclines bounded by thrust faults to the west
and the east (Figure 2).
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Figure 2. Schematic model for the Middle Miocene to recent deltaic progradation post-inversion
facies tract. The blue box indicates the study area. (Modified after [42,46]).

The Miocene sediments of the Lower Kutai Basin are divided into several lithostrati-
graphic units (Figure 3). The Middle Miocene to Pliocene Kampung Baru Group consists of
the deltaic Tanjung Batu Formation to the west and the marine Sepinggan Formation to the
east. The Middle Miocene Balikpapan Group includes the marine Gelingseh Formation’s
upper carbonate to marine clastic Klandasan Tongue and the paralic-deltaic beds of the
Mentawir Formation, respectively. The hydrocarbon-rich sandstone units are stratigraphi-
cally associated with the Mentawir and the Gelingseh Formation of the Balikpapan Group.
The Lower Miocene Bebulu Group consists of the Maruat Formation and Pulau Balang
Formation. These groups and their subdivisions are described at their type and reference
localities [38,47-49].
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Figure 3. Chronostratigraphic chart for the Lower Miocene to present-day Lower Kutai Basin. This
study focused on the Mentawir Formation of the Balikpapan Group (indicated by the red box). The
stratigraphy is based on [47].
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3. Data and Methodology

The interpretation of the depositional environment and paleoclimate of the studied
Middle Miocene Balikpapan Group succession benefited from a combined approach using
electrofacies and mineralogical analysis. All 40 samples used in this study are cutting
samples and were taken from the Mentawir Formation within a depth interval of 57 to
505 m in well MKH3. These samples were used for mineralogical analysis, mainly for
clay mineralogy. The compositional and mineralogical examinations were evaluated using
scanning electron microscopy (SEM-EDS) and X-ray diffraction (XRD) at the Department
of Geology, University of Vienna (Austria). The gamma ray logs from three available wells,
MHK1, MHK3, and MHK4 (Figure 4), led to the identification of characteristic facies types.
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Figure 4. Map showing locations of sampling wells (MHK 1, 3, and 4) in the research area. The location
of the Kutai Basin, East Kalimantan, Indonesia is shown in red colour in the subfigure (upper left).

3.1. X-ray Diffraction (XRD)

Forty cutting samples of shale in well MHK3 were studied to identify the main
mineralogical composition using X-ray diffraction (XRD) analysis. The mineralogical study
of the samples by X-ray diffraction was conducted in two phases: the first one determined
the mineralogy of the powdered bulk sample and the second phase focused on the study of
the <2 um fraction of the samples to analyze the clay fraction. Mineralogical composition
was determined using X-ray powder diffraction (XRD) using a Panalytical PW 3040/60
X'Pert Pro X-ray diffractometer (CuK radiation, 40 kV, 40 mA, step size 0.0167, 5 s for
each step).

For clay mineralogy investigation, samples were first disaggregated with diluted
H,O, to eliminate organic material, then treated with a 400 W ultrasonic probe for 3 min.
Given that clay minerals have a grain size of less than 2 um, an Atterberg cylinder settling
method was used to separate the clay size fraction (24 h 33 min), which was dried at 60 °C.
Oriented clay samples were made by pipetting suspensions (10 mg of sample in 1 mL of
distilled water) onto glass slides and allowing them to air-dry. After analyzing oriented
XRD mounts saturated with Mg and K ions, the samples were saturated with ethylene
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glycol (EG) and glycerol (Gly) at 60 °C for 12 h to detect expandable clay minerals such as
smectite and vermiculite. In addition, the samples were heated to 550 degrees Celsius to
destroy kaolinite and expandable clay minerals [50-52].

3.2. Scanning Electron Microscopy (SEM)

Ten cutting samples originating from well MHK3 were prepared for the SEM analysis
and then coated with a thin carbon layer in order to obtain a conductive surface. SEM and
EBSD used an Inspect S-50 instrument at the University of Vienna (Austria), operated at a
12.50 kV accelerating voltage.

3.3. Electrofacies Analysis

The electrofacies approach was developed and used for discriminating the depositional
environment of facies in the subsurface by using gamma ray (GR) well log responses [53-56].
The systematic application of logs is widely used in hydrocarbon-related sedimentological
studies [57-60]. Gamma ray logs measure the natural radioactivity component of the
respective formation in American Petroleum Institute(API) values. The scale of the gamma
ray log ranges from 0-150 API, where high API values indicate shale and low values
indicate sand. Thus, deflections of the gamma ray log to the right and left are generally
interpreted as shaly and sandy formations, respectively. In general, GR patterns include
cylindrical, funnel, bell, bow, and irregular shapes [61].

4. Results
4.1. Bulk Mineralogy

The mineralogical composition of the 40 XRD samples from the Balikpapan Group
indicate high contents of quartz and clay minerals (kaolinite, illite) (Figure 5). The samples
contain very small to small amounts of muscovite, hematite, oxides (goethite), dolomite,
siderite, and pyrite (0%—-1%). Higher kaolinite contents in coal samples from the study
area are associated with the acidic conditions of the coal-forming environment and mainly
comprise syngenetic minerals. Illite is commonly found in coal interbedded with shallow
marine sediments andfrequently occurring quartz is also syngenetic. Other minerals, such
as siderite, can also form well in the final syngenetic phase and can be considered primary
carbonates if they form under reducing conditions.
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Figure 5. Bulk mineralogy of various Balikpapan Group samples from different depths in well MHK 3,
namely, GML 330 (100 m), GML 540 (165 m), GML 780 (240 m), GML 960 (300 m), GML 1260 (385 m),
and GML 1500 (460 m).
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4.2. Clay Mineralogy (<2 yum Fraction)

Clay mineral distribution is controlled by sedimentary environments, burial history,
and provenance lithologies. Kaolinite and mixed-layer illite/smectite (I/S) are the most
abundant clay minerals encountered in the studied Mentawir Formation (Figure 6A).
XRD results of the sample GML 960 at a depth 295 m indicate that the sample contains
illite/smectite, kaolinite, illite, and chlorite (Figure 6A). Illite is identified by its 10 A, 498 A
peaks. Chlorite is identified by its 14.18 A,713 A, and 3.57 A peaks, while kaolinite is
identified by characteristic peaks of 7.17 A and 3.57 A. The I/S minerals also are identified
by peaks between 10 A and 14.09 A, depending on the treatment. Based on clay mineral
analysis of six cutting samples from depths of 100 m, 160 m, 235 m, 295 m, 385 m, and
457 m, all samples have a uniform clay mineral composition consisting of mixed-layer
illite/smectite (I/S), kaolinite, illite, and chlorite (Figure 6B). Based on clay mineral analysis,
kaolinite is the most common clay mineral in the studied section, composing around
38%—67%, followed by illite (14%-29%), chlorite (2%-17%), and mixed-layer illite/smectite
(I/5) (14%-30%).
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Figure 6. (A) X-ray diffraction patterns of the clay fraction of sample GML 960 (well MHK 3) at the
depth of 295 m saturated with Mg, K, Mg, and glycerol, and K and ethylene glycol and heated to 550 °C;
(B) X-ray diffraction patterns of all MgGly saturated samples of the Balikpapan Group in well MHK 3.
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4.3. Scanning Electron Microscopy (SEM)

Quartz, fragments of lithic material, feldspars, micas, and clay minerals represent the
most common grains found in the samples. As expected, pyrite is detected in organic-rich,
fine-grained sediments deposited in the frontal zone of the delta. It typically occurs as
either framboidal or euhedral crystal or masses with framboids are formed due to an
abundance of carbonaceous matter intimately mixed with detrital iron and preserved under
a strongly anoxic stratified water column (Figure 7A,B). Only a few of the samples have
been examined and found to contain terrigenous woody organic particles, also known as
type III kerogen. They have a distinct compaction-resistant structured shape with arcuate
edges which allows them to be easily distinguished (Figure 7C). The Marcellus organic
matter type and its possible influence on organic matter-hosted pore systems are intriguing.
Small-scale spatial heterogeneity in organic matter-hosted porosity (Figure 7D) has been
observed at the nanometer to micrometre scale in previous studies.

Funginite

Figure 7. SEM images (backscattered electron images) of sample GML 600 (depth 185 m) from well
MHK 3; (A) pyrite and quartz, clay minerals, and clay matrix; (B) platy euhedral kaolinite, fibrous
illite, and mica, (C) woody organic matter (type III kerogen) and organic matter; (D) organic matter
(Funginite)-hosted pores and embedded minerals (quartz).

4.4. Electrofacies Pattern

Studies of sedimentary environments in the Balikpapan Group revealed that vertical
profiles of grain size from a specific environment have certain log characteristics. In this
study, gamma ray logs were used to identify lithologies and to correlate zones between the
wells (Figure 8). The sediments of the Balikpapan Group, examined in three wells. MHK 1,
MHK 3, and MHK 4, consist of interbedded coal with siltstone, claystone, and sandstone.
The type of lithology found in well MHK 1 and well MHK 3 is very similar because the
distance between the two wells is 200 m. Both wells are dominated by shale lithology,
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SW

while well MHK 4, 17 km away from the two other wells, is dominated by sandstone.
Four different gamma ray log shapes were identified in the Balikpapan Group: funnel-,
bell-, cylindrical-, and bow-shaped patterns. These patterns are indicative of distinctive
lithologies, which are associated with certain depositional environments. The vertical
changes in the well logs can reflect changes in relative sea-level (e.g., short-term oscillations
causing a seaward or landward shift of the depositional environment over time) as well as
tectonic subsidence and minimaluplift.

Less marine influence

NE
150 m 17 Km
—"y
Depth! MHK 3 Log Facies i Depth MHK 1 Log Facies ; Depth! MHK 4 Log Facies .
("':) Depih (5096 m- 43905 m) | Shape | Assoclation | Paleoenvironment (,,':) Depth 6096 m-51451m | Shape | Association | &2 eoenvirenment (,,’:) Dopth @141 m-550m) | Shape | Association | Palecenvironment
,_GammaRay (&P o _Gomma Ray (APY .. _Gamma Ray (APY)
gi Flood plain Fluvial plain
100
100 100
Distributary . . ¥
‘channels Delta Plain D\cs;ra\:rj‘t:{y Delta Plain
-
Distributar "
hanmoe. | Upper delta plain
w
Upper Delta Front Upper Delta Front| 200
200 P T 200 ] T S
i Mouth Bar 'y Mouth Bar '
] " Distributary .
® | channels Upper delta plain
L4 -
Fy Prodelta ! Prodelta
] 300 .
300 300 I - -
'y N!urut? baf . Fy Mouth bar B Mouth bar Delta front
: -
i Delta front i Delta front ) :
] ' -
. Distributary N =
channels Delta plain | Distrioutary Delta plain
i ;| channels 400 Distributary
} H channels
400 ] 400
. Delta front o
0 i Delta front - N
' v Upper delta plain
] f Crevasse splay
i i Y
Disvibutary . f T ol
istributar Delta plain ] By
Distributary Delta plain 500 Distributary
F channels channels
500
Fy | I DT
Legend:
o | Crevasse spiay
[ siltstone sandstone [l Shale |

A rersoressive

Funnel shape

' Regressive

Bell shape &5 Bow shape Cylindrical shape

Figure 8. Gamma ray logs of wells MHK 1, 3, and 4 were used to reconstruct a regres-
sive-transgressive cycle within fluvio-deltaic sediments of the Balikpapan Group.

The funnel shape is interpreted as a coarsening upward sequence with sandstones
dominating at the top. The sediments in the Balikpapan Group, having the above trends,
are suggested to be deposited in progradational settings. The funnel shape further indi-
cates an increasing hydrodynamic energy condition upward [53,62], thus supporting the
preservation of organic matter during rapid sedimentation with minimal alteration and
oxidation [53]. The bell-shaped log facies in the Balikpapan Group can be interpreted as a
fining-upward sequence with fine-grained facies (siltstone and claystone) at the top. The
bell shape reflects a retrogradational trend with depositional energy decreasing upwards.
A cylindrical shape indicates a sand-dominated, shale-free sequence with sharp upper and
lower contacts [53]. Depositional energy is essentially constant, indicating an aggradational
pattern of fluvial channels, deltaic distributaries, and tidal sands. It could also point to a
slope and fan channel environment [63]; however, this interpretation is not favored here.
The least occurring bow shape is defined as a cleaning-upward trend overlaid by a dirtying-
upward trend [53]. Medium- to coarse-grained sandstone is overlain and underlain by
fine-grained sediments (e.g., claystone). The shape is interpreted to reflect the lower front
delta environment.
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5. Discussion
5.1. Depositional Environment

The modern Mahakam delta is regarded as a tidal-fluvial-dominated delta sys-
tem [43,64]. The delta system prograded to its current position during the Middle Miocene,
depositing over 4 km of shallow marine and fluvial sediments [44,46]. Based on sample
composition and mineralogical and gamma ray log analyses, the depositional environment
is interpreted to have formed part of the fluvio-deltaic system during the Middle Miocene
(Figure 9).
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Figure 9. Schematic drawing showing fluvio-deltaic depositional environment of the research area
based on the interpretation of gamma ray logs along the NE to SW-trending Sanga-Sanga Block. The
wells include deposits of distributary channel, delta plain, mouth bar/delta front, and prodelta.

In the wells used in this study, prodelta fine-grained facies, delta front sandy-shale
facies, and delta plain sandstone facies were identified. As previously mentioned, wells
MHK 1 and MHK 3 in the southwest have higher proportions of fine-grained facies,
which are interpreted as reflecting deposition along the delta front or in the area of the
prodelta. The sandstones are generally thinner than in well MHK 4 and are divided into
two groups. Thin sandstones, located in the central part of the logs, diplay coarsening
upwards and are often isolated within fine-grained facies (Figure 8). These sandstones are
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interpreted as representing mouth bar deposits in the delta front area. Thicker sandstone
beds, which are present in the upper and lowermost parts of wells MHK 1 and 3, are
commonly interbedded with coal layers and show various degrees of amalgamation. These
are interpreted as deposits of distributary channel on a delta plain.

In contrast, well MHK4 is almost entirely composed of amalgamated sandstones
with funnel, bell, and cylindrical shapes in the gamma ray log (Figure 8). Sandstones
are much thicker than in the two other wells and are only locally interbedded with thin
layers of siltstones and coal. Thick amalgamated sandstones, interpreted as deposited in
distributary channels, are intercalated with three fine-grained units that contain thinly
bedded sandstones. The two lower units are interpreted as reflecting deposition in the inter-
distributary area on the delta plain, with thin sandstones probably representing crevasse
splay deposits. The fine-grained unit in the centre of the well is interpreted to reflect a delta
front with sandy mouth bar deposits (Figure 8).

The research area is typified by high sediment input and rapid sedimentation, as
well as by rapid sea level oscillations, indicated by the alternations of sandstone and
claystone lithologies in the area. Following the inversion tectonic event at the end of the
Early Miocene, a large amount of sediment prograded eastward from the newly formed
Samarinda anticlinorium into the Makassar Strait, where the rate of increase in accommo-
dation appears to have largely matched the rate of sediment input up to the present to form
the active Mahakam Delta [38,40,65]. The fluvio-deltaic system had a single point of entry
for sediment supply and, due to the ongoing basin inversion, most probably also had a
relatively steep gradient. Based on these assumptions, it is proposed here that sediments in
well MHK 4 reflect deposition in the upper part of the system, while wells MHK 1 and 3
could represent lower sections of the fluvio-deltaic system. Interestingly, the amount of coal
layers is significantly higher in wells MHK 1 and 3, indicating existence of peat, mire condi-
tions, or extensive standing pools of water in the low-lying area, where the lateral dispersal
of sediments was possible. In contrast, the higher-lying region, as exemplified by well MHK
4, is characterized by sand-dominated deposition and thick amalgamated channel bodies
with relatively poorly preserved fine-grained floodplain/delta plain deposits, pointing
to vertical stacking with limited lateral depositional extent. The Mahakam distributaries
appear to indicate the existence of a downstream facies change, with clean sand facies
predominating in the upstream zone of the delta plain and muddier and thinner-bedded
mouth bar sand facies in the downstream zone (Figure 9).

In addition, an abrupt vertical facies shift in wells MHK 1 and 3 from the distributary
channel unit to the delta front and prodelta succession, and up to the distributary channels
again, suggests an initial relative low sea level followed by a relative sea level rise and later
by a sea level fall. A similar pattern is observed in well MHK 4, where thick distributary
channels and their amalgamation imply marine regression, whereas deposition of mouth
bar sediment encountered in the central part of the log point to the relative sea-level rise
and deposition of more fine-grained material above the fluvio-deltaic sands. Well log
analysis thus revealed that delta plain deposits predominate in the basal part of the logs.
The central part is characterized by marine transgression and probably maximum flooding
surface because the delta plain environment was vertically replaced by delta front and
prodelta settings in the entire study area. The uppermost section of the logs reflects the
return of delta and the fluvial plain environment, with distributary channels implying a
marine regression. The sandiest section was probably deposited during lowstand and early
transgressive periods, exemplified by a high degree of channel amalgamation and also the
development of swamps in the near-coast area.

5.2. Paleoclimatic Conditions

The climate is considered to be a major determinant of organic matter input. A warm
and humid climate is suitable for terrestrial plant growth, a mineral nutrient supply, and
marine phytoplankton growth [19,66]. Using clay minerals in marine sediments, paleocli-
matic conditions in the hinterland can be estimated [67-69]. The clay mineralogy in the
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Mahakam Delta indicates that the clay fraction is made up of mixed-layer illite/smectite,
kaolinite, detrital illite, and chlorite. Mixed 1/S clay minerals are the intermediate min-
erals for the transformation of smectite to illite. Four main genetic hypotheses for the
origin of smectite and the mixed layer (I/S) exist: (1) reworking of soils and enrichment
by differential settling, (2) alteration of volcanic material, (3) transformation of detrital
minerals, and (4) authigenesis [70]. The majority of the K-feldspar alteration for both the
shale and sandstone samples can be found in the Balikpapan Group. During the dissolu-
tion of K-feldspar and the upward migration of K, dickite particles likely grew in deeper
intervals of the studied sequence, in contact with decarboxylated organic matter-acidified
brines, while K-feldspar dissolved. Crystallization of these early kaolinite grains may have
been aided by the migration of meteoric waters at some point in geologic history. This is
interpreted to result from warm, humid conditions in a position near the equator since the
Miocene (Figure 10). This area is classified today as type Af (tropical rainforest) with a
minimum temperature of 18 °C and precipitation of 60 mm in the driest month of a normal
year [71,72].
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Figure 10. Clay mineral composition of <2 um fraction of the studied area including mixed layer
illite-smectite (black line), illite (green line), kaolinite (red line), and chlorite (blue line). Lithological
section is from well MHK 3.

The paleoclimate of southeast Asia was more humid during the Middle Miocene due
to the reported widespread expansion of rain forests [73]. A warm-humid paleoclimate
was beneficial for organic sources, which were mainly aquatic algae and occasionally higher
plants. A warm-humid paleoclimate with moderate paleosalinity and high fluvial nutrient
input was also favorable for blooms of aquatic algae. The transformation of granitic and
basic rocks into kaolinite takes place during the process of weathering. The Miocene
weathering and subsequent leaching of the kaolinite from these rocks in the source regions
was primarily responsible for its presence in the samples from the Mentawir Formation of
the Balikpapan Group. In addition to the potential sediment supply from an antecedent
stream, there may have been paleoclimate-related variations in the fluvial sediment supply
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to the Mahakam Delta. Similar climate changes have been suggested by other workers
throughout the region [74]. Within the Middle Miocene, indicators of seasonality are also of
limited occurrence, but short-lived acmes of conifer pollen suggest intermittent periods of
cooler climate at times of low sea level [75]; some authors proposed that a climate that was
drier and more seasonal may have been responsible for periods of woodland development
and increased sediment supply.

The organic-rich sediments of the Balikpapan Group were deposited during the
Miocene in a hot and humid climate. These paleoclimate conditions contributed to the
preservation of organic matter as a result of the basin’s abundant terrestrial higher plant
material production (Figure 11). Paleoclimate reconstructions and chronostratigraphic
correlations indicate that deposition began in the latest Early Miocene and culminated
during the Middle Miocene Climatic Optimum (MMCO) [44,76,77]. During the following
global sea-level fall at 13.8 Ma, the delta mainly prograded and estimate the end-MMCO sea-
level fall at 40-60 m, which would have driven or helped to establish a strong progradational
delta succession and the change from a marine-influenced delta-front to more brackish to
fluvial conditions.

NW
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Upper delta plain
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Figure 11. Schematic illustration showing the influence of paleoclimate, distribution, and transport
on fluvio-deltaic sediments and organic matter in the Mahakam Delta.

5.3. Controlling Processes of Organic Matter Accumulation

Organic matter enrichment is a complicated geological processdominated by the inter-
action of various factors. The concentration of organic matter in fluvio-deltaic sediment is
highly variable due to climatic and post-depositional exposure differences [78]. Terrestrial
organic matter dominates marine or aquatic organic matter in such fluvial and deltaic
sequences [79,80]. The accumulation and preservation of organic matter in the proximal
delta is relatively higher than in the distal facies, and consists primarily of vegetal debris
organic matter, such as wood and leaves, associated with thick-bedded shales and coal
seams [25,32]. This variation in organic matter concentration is associated with the process
of organic matter accumulation in recent sediments of the Mahakam Delta, which have
a significantly higher organic matter content in the shallowest settings than in the outer
offshore area [40]. Sedimentary organic matter corresponds to organic material directly
or material indirectly derived from living organisms [81,82]. Quantity and quality in sedi-
ments are primarily the result of the interaction between biomass productivity, biochemical
degradation, and organic matter deposition processes [82]. Organic matter is abundant
along continental margins due to the high primary productivity of coastal waters and/or a
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high input of allochthonous land-derived terrestrial material. In fully marine environments,
marine phytoplankton is the primary source of organic matter, whereas in certain shallow
waters, marine phytobenthos is the primary source if sufficient light for photosynthesis is
present [82]. Different environments have different degradational indices and biological
origins for their entombed organic particles, and that assemblage of organic particles can in-
dicate the depositional environment. Organic matter distribution and composition in delta
channels, delta plain, subtidal platform, and delta front deposits reflects tide-influenced
sedimentary processes. The accumulation of organic material in the Miocene Balikpapan
Group is generally associated with coaly shales and coal in the environment of the delta
plain, where organic material is generally of terrestrial origin. In the research area, the
hydrocarbon source rock was derived from coal during the Miocene era and carbonaceous
shale which was deposited in the fluvial delta-plain to delta-front environment (Figure 11).
The Middle Miocene deposits accumulated in a deltaic environment largely similar to the
modern Mahakam Delta and were covered by alluvial deposits. In such a deltaic sequence,
the majority of organic matter is made up of higher land plants that are deposited close to
but not precisely at the site of plant growth [83].

Organic-rich sediments from the Miocene indicate that the possible source rocks are
delta plain-delta front coals and shales containing predominately type III kerogen organic
matter. Delta front deposits are mostly black, organic-rich mud with plant fragments and
silt laminae. Sulfur and siderite nodules indicate anoxic conditions in these sediments.
Sediments from the Mahakam Delta plain are a mixture of muds and rare to abundant
plant material (mangrove swamp, Nypa swamp, and transitional forest). The upper delta
plain rainforest may also supply sedimentary organic matter. Sedimentary organic matter
can be accounted for by the incorporation of produced leaves into waterways through
direct leaf failure, slumping of channel banks, and sporadic tidal export. The plants in the
lower delta plain make a dense, tangled web of dead Nypa palm petioles, leaves, and aerial
roots [35,39,49]. Sedimentary organic matter in Mahakam deltaic environments comes
mainly from delta plain vegetation. Organic matter from the delta plain, mostly degraded
plant remains, is incorporated into the deltaic system by tidal channel erosion of Nypa and
transitional forest. Vegetal debris such as wood and leaves accumulated in situ and was
preserved by sedimentation, forming thick-layer coaly shales and coal beds.

SEM analysis used a polished block of sample GML 600 (depth 185 m) from well
MHK 3. Samples from the Balikpapan Group are enriched in pyrite present in abundance
in the forms of euhedral, framboidal pyrite and other concretions of a relatively large
size for sedimentary pyrite (Figure 12). The percentages of pyritized phytoclasts indicate
the environmental conditions in which pyrite crystals contaminate sedimentary organic
matter in the delta system. However, pyrite and quartz have a strong correlation with
the occurrence of coal facies in delta plain environments. Pyrite is also present owing to
sulfate-reducing bacterial action in a reducing environment in which the organic matter
(mangrove type) is easily preserved. In the mouth bars of the delta front, the confinement of
the sedimentary environment creates reducing conditions where the organic matter again
loses its molecular oxygen while the sulfate reducing microorganisms cause the formation
of hydrogen sulfide. The large content of pyrite in the sediments indicates the intense
mobilization of free sulfur by iron, which could explain the relatively low sulfur content of
the oil in this area. The varied thin shapes of kaolinitic clay minerals under the SEM with
embayed edges suggest that chemical weathering was stronger than physical weathering.

The diagenetic processes affecting organic matter are mediated by microorganisms,
such as sulfate-reducing bacteria. Their activity contributes to the formation of framboidal
pyrite crystals, resulting in the pyritization of organic matter [84,85]. The percentage of
pyrite-infested phytoclasts is interpreted here as a measure of the sediment’s pyritization.
However, crystals of pyrite were observed dispersed among organic particles on the surface
of fragments of cuticle, or formed within pollen, fungal hyphae, microform lining, etc.
Delta front and prodelta sediments have decreasing TOC values, sedimentation rates,
and organic matter that has been pyritized. In sediments with less organic matter, the
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supply of metabolizable organic matter restricts pyritization and sulphate reduction. In
marine siliciclastic sediments, slower mud deposition increases pyritization [86]. Pyrite-
contaminated organic matter is rare to common in lower delta plain sediments.

Depth| MHK 3
(m) | Depth (60.96 m - 489.05 m)

o_Gamma Ray (AP) .|

200

400

- Shale l:l San&stone - Coal

Figure 12. SEM image showing mineral composition and organic matter in sample MHK 3 (depth of
185 m): (A) Euhedral crystalline pyrite (pyt), I—Illite and K—Kaolinite; (B) Framboidal pyrite (pyt);
(C,D) Different types of organic matter (Funginite). Organic matter contains pores filled with quartz.

6. Conclusions

Results of this study suggest that the depositional environment and paleoclimate
control of Middle Miocene sediments are highly relevant for evaluation of the hydrocarbon
potential in the Lower Kutai Basin, Indonesia. Kaolinite, illite, chlorite, and mixed illite-
smectite layers form the main constituents of the Middle Miocene Mentawir Formation
of the Balikpapan Group. Predominance of kaolinite (38%—-67%) indicates that sediments
of the studied formation were deposited during warm and humid climate conditions.
Sediments of the studied interval were most likely deposited in a transitional fluvio-deltaic
environment. The base level of the fluvial system that supplied sediment to the delta was
controlled by sea-level oscillations, resulting in the deposition of transgressive-regressive
vertical successions and also in lateral facies distribution along the fluvio-deltaic system.
Under warm and humid climatic conditions, plankton was abundant, and organic matter
supply was sufficient in the Middle Miocene Lower Kutai Basin. Most of the sedimentary
organic matter in the Lower Kutai Basin is derived from the delta plain vegetation and is
thus highly dominated by plant debris.
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