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ARTICLE INFO ABSTRACT
Keywords: A sedimentological, biostratigraphic, and petrographical investigation was conducted on exposed
Seulimeum formation sedimentary rocks in the Seulimeum Formation in the Northwest Aceh Basin, Sumatra. Sedi-
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Great Sumatran Fault
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Sumatra

mentary facies analysis suggests a deep-marine depositional environment consists of an inner fan,
middle fan, and outer fan to basin plain deposits. New foraminiferal data designated a late
Miocene to early Pleistocene age for the studied rock unit, equivalent to N17 to N21 zone, with
paleobathymetry in the bathyal environment. Petrographically, the sandstone of the Seulimeum
Formation is included as subarkose, sublithic arenite, and lithic arenite, or classified as litho-
quartzose, feldspatho-litho-quartzose, and litho-feldspatho-quartzose. Provenance analysis sug-
gests that the origin of the sandstones is from the arc orogen sources. Furthermore, it is concluded
that the development of the GSF zone in the late Neogene controls the formation of the deep-
marine depositional setting. The west-south-west part of the fault is the footwall part (the Bar-
isan Mountains), as the main high area of sedimentary source material consisting dominantly of
the Woyla Group, with some contributions from Bentaro volcanic and Paleogene to early Neogene
sediments. Our findings also suggest that the beginning of the Great Sumatran Fault, which
corresponds with the uplift of the Barisan Mountains in the northern part of Sumatra, took place
in the late Miocene, between 8.6 and 5.9 Ma.

1. Introductions

The research area is situated on the northern tip of Sumatra Island, known as Northwest Aceh Basin (Fig. 1). Recent work by Ghosal
et al. [1] named the area as Breueh Basin, elongated NW-SE from the offshore Andaman Sea to the onshore south of Banda Aceh. The
Breueh Basin is bounded by two main faults, the Aceh and the Seulimeum Fault, with a sediment thickness of more than 2 km [1].
These two faults are considered part of the Great Sumatran Fault (GSF) in their most northern domain [1,2]. In the Sumatra subduction
system, the GSF and their Barisan Mountains range form an outstanding feature extending for 1700 km along the island’s length from
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Fig. 1. The geological map of the Banda Aceh, Sumatra, shows the position of the outcrop measured sections: Tebing Putih, Beureunut River, Jawie,
Waduk Keuliling, and Reukih Dayah (modified from Bennett et al. [6]).

the Andaman Sea to Sunda Strait [3,4]. The GSF is a major dextral transcurrent fault zone formed due to the oblique convergence
between the Indian and Eurasian with Australian plates [2,5]. The initiation of the GSF as a transform fault is taught to be related to the
opening of the Andaman Sea spreading system [3,5].

However, the time of the initiation of this fault zone is still a matter of continual speculation. Barber & Crow [3] and Ghosal et al.
[1] suggest that it was initiated in the Middle Miocene (about 15-13 Ma), while Sieh and Natawidjaja [2] and Curray [5] supposed that
the fault system may not be older than four ma (Pliocene). We hypothesized that one method to determine the age of the initiation of
the GSF is by dating the age of sediment in the onshore part of the Breueh Basin, which is thought of as formed due to the initiation of
the GSF.

One of the sand-prone rock formations in the study area that attracts our attention is the Seulimeum Formation. This unit is
widespread in the study area, from the Reukih Dayah in the west to the Tebing Putih area in the east. In the regional geological map of
the Banda Aceh area by Bennett et al. [6], the Seulimeum Formation was mapped as Quaternary in age and reported to have a thickness
of around 500 m. Furthermore, in the study area, several of the exposed Tertiary rocks are the equivalents of the rock unit that include
an important petroleum system from the adjacent producing basin, the onshore North Sumatra Basin in the southeast, and the offshore
Mergui Basin in the northeast [7-11]. Both hydrocarbon-producing basins have the Neogene clastic sediment as one of their main
reservoirs [7,8]. However, to the best of our knowledge, there is only limited published work about the Neogene clastic sediments from
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the Northwest Aceh/Breueh Basin. Therefore, we planned fieldwork to re-mapped and re-dating this representative sandstone rock
unit (the Seulimeum Formation).

This paper reports the result of the recent fieldwork mapping, including the lithofacies, biostratigraphy, and petrography analysis
of the Seulimeum Formation in the Breueh Basin. The aims of this paper are (1) to describe the lithofacies characteristics and their
depositional environment interpretation, (2) to establish a new biostratigraphic dating and paleo bathymetry information based on the
recovered foraminifera, (3) to document the petrographic texture and composition of the sandstone as well as their provenance and
tectonic setting interpretation, (4) to integrate and discuss all the findings into the history of the late Neogene basin forming and basin
filling interpretations.

2. Geological setting

The regional geological information of the study area and surrounding area is provided mainly by Bennett et al. [6], with recent
Tertiary volcanic rocks dating by Lai et al. [12] (Fig. 2). Late Jurassic to early Cretaceous Woyla Group act as the basement for the
Tertiary succession above them. It is divided into two successions of a rather different lithology and structural complexity named the
western and eastern Woyla Group. The westerly part consists of low-grade metavolcanic, volcanogenic sediments and recrystallized
limestones. The more easterly succession is more complex and frequently severely tectonised, which comprises metabasalts, red
radiolarian cherts, meta-limestones, and metarudites is overlain by slates, metavolcanic and volcanogenic sediments in places spatially
associated with serpentinites.

The Tertiary succession is started by the Eocene to early Oligocene Meucampli Formation and consists of sandstones and con-
glomerates with sub-ordinate siltstones, mudstones, and minor limestones. Locally intermediate to mafic volcanic is also present. This
sediment depositional environment was considered paralic to fluvial and partly deltaic sediment. Above them was the late Oligocene to
early Miocene Peunasu Formation, which consisted of reef limestone overlying micaceous sandstones and laminated siltstones and
mudstones. Their environment of deposition is from an open marine setting to a paralic-fluvial part.

The next in the succession is the early to middle Miocene Baro Formation. It comprises calcareous siltstone and mudstone with minor
sandstone and limestone deposited in an open marine setting. The Pliocene Padang Tiji Member is overlying the Baro Formation. It
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Fig. 2. Generalized stratigraphic column of the Banda Aceh area and surrounding [1,6,12,13,14].
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consists of calcareous sandstones and conglomerates with minor mudstones and limestones deposited in the open marine environment.
The last sedimentary succession in the study area is the Quaternary deposit consisting of various clastic sediment and limestone types.

3. Materials and methods

This study is based on the exposed rock unit along the river, cliff, and roadside from five locations (Reukih Dayah, Waduk Keuliling,
Jawie, Beureunut River, dan Tebing Putih) of the Northwest Aceh/Breueh Basin, Aceh, Indonesia (Fig. 1), namely the Seulimeum
Formation. Three methods were used that is lithofacies, biostratigraphy, and petrography analysis. The lithofacies analysis performed
in this study consists of describing the sedimentary rocks in the field and their classification and interpretation into facies and facies
association based on Anderton [15] and Dalrymple [16]. The sedimentary rock unit’s description included lithology, grain size,
sedimentary structures, texture, and bed contact. It was then recorded into composite stratigraphic logs for each observation location,
totaling 385 m succession. The classification was based on the sedimentary features that were thought to have genetic significance,
which in this study was defined mainly based on grain size, sedimentary structures, and texture. The closely related lithofacies are then
grouped into facies associations which are considered to represent a distinctive sub-environment. The interpretations of facies asso-
ciations were mainly based on Nichols [17], Posamentier and Walker [18], Shanmugam [19], Talling et al. [20,21], Kane et al. [22],
and Botziolis et al. [23].

Biostratigraphic (foraminifera) analysis was performed on 18 representative fine-grained samples from five studied sections. One
hundred grams per sample was crushed and then soaked in 10% hydrogen peroxide (H202) solution added, which was added with 1.5 g
NaOH to accelerate the reaction (e.g., Ref. [24]). The samples were soaked until they did not react for approximately 8-12 h. After that,
the samples were washed with running water and filtered with a mesh size of 120. After being filtered, the samples were dried in an
oven for about 4-8 h until completely dry. After drying, samples were taken weighing 1 g to separate the sediment and the fossils.
Separation of fossils and sediments using a binocular microscope with a magnification of 40 x. After being separated, the foraminifera
fossils were determined and attached to the microfossil preparations while counting the number of each individual of each species.
After that, representative fossil for each species was photographed using the microscope and the Zen 2.0 photo application. Local
biozonation is established based on first appearance datum (FAD) and last appearance datum (LAD) of foraminifera index species (e.g.,
Ref. [25]). The schemes of Blow [26] and Wade et al. [27] were adopted for age determination. Paleobathymetry interpretation using
benthic foraminifera was based on Berggren [28], Hedgpeth [29], Ingle [30], and Murray [31].

A total of 14 medium to coarse-sized sandstone samples were collected for petrographic analysis. The samples were prepared as thin
sections (2.5 x 4 cm) and studied using an optical microscope at Universitas Padjadjaran, Bandung, and Universitas Syiah Kuala, Aceh.
The petrographic analysis comprised identifying the compositional of the clasts, characterization of the sandstone, their textural, and
the modal data analysis (e.g., Refs. [32,33]). Observation of the sandstone texture consists of measurements of grain size, grain contact,
roundness, sorting, as well as internal and fabric arrangement. The grain-size scale was used of Wentworth [34] and Blair and
McPherson [35], while sorting and roundness used visual comparison charts of Compton [36] and Powers [37]. The modal analysis
was utilized by the hybrid-point counting method, which combines the criteria and petrographic categories of the classic method
(QFR) and the Gazzi-Dickinson method (QFL) (e.g., Ref. [38]). A total of 1000 points per thin section were counted with the counting
grid settled with a 2 mm vertical and 1/3 mm horizontal separation. The sandstones classification was using the Q-F-R diagram of
Pettijohn [39] and the Q-F-L diagram of Garzanti [40] (e.g. Ref. [41], Qt-F-L and Qm-F-Lt triangular diagrams of Dickinson [42] and
Dickinson et al. [43] were used to establish the provenance.

4. Results and discussions
4.1. Lithofacies

All the studied rock units are included in the Seulimeum Formation. Based on lithology, sedimentary features, and bedding
characteristics, the Seulimeum Formation could be classified into eight different lithofacies (Table 1; Figs. 3-5). Their lithological
characteristic is described as follow.

4.1.1. Conglomerate (F1)

Facies F1 comprises disorganized or structureless matrix-supported conglomerates with various clasts of igneous and metamorphic
rocks, quartz, and sandstone (Fig. 6A-D). The clasts are subangular to angular with a size of 5 mm to 25 c¢m, and they are scattered
randomly with rare imbrication. Their matrix is mainly medium-to coarse-grained sand. The basal contacts of these facies are sharp to
erosional with irregular upper contact. The conglomerate facies thickness varies from 25 cm to 5 m. These facies are present in the
Waduk Keuliling location.

4.1.2. Conglomeratic sandstone (F2)

These facies consist of medium-to coarse-grained sand with subangular to angular granule-to-pebble clasts (Fig. 6E-G). They
commonly show normal grading and massive bedding. Inverse to normally graded, crude horizontal stratification and imbrication of
clasts are observed locally. The clasts are also composed of igneous and metamorphic rock, sandstone, and quartz and are dominantly
in random fabric. These facies shows gradational upper contact with sharp basal contact. This individual facies bed varies in thickness
from 10 cm to 1 m. They can be observed in Reukih Dayah and Waduk Keuliling locations.
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Table 1
Lithofacies classification.
Facies Textures Structures
F1  Conglomerate Clasts comprised of igneous and metamorphic rocks, quartz, Disorganized or structureless
and sandstone. They are subangular to angular with a size of 5
mm to 25 cm. Matrix is mainly represented by medium- to
coarse-grained sandstone
F2  Conglomeratic Medium- to coarse-grained sandstone with subangular to Commonly normal grading and massive bedding. Inverse to
sandstone angular granule-to-pebble clasts. Clasts consist of igneous rock, = normally graded, crude horizontal stratification and
metamorphic rock, sandstone, and quartz imbrication of clasts are observed locally
F3  Thick-bedded Medium- to coarse-grained sandstone with moderate to poorly =~ Mostly massive, with parallel and cross-lamination found
sandstone sorting. Amalgamated beds up to 5 m thick, with rare thin locally. Uncommon graded bedding and dish structures are
mudstone partings between beds observed in places
F4  Sandstone to Centimeter to decimeters alternating bed of sandstone, Overall normal grading form from the sandstone to siltstone

mudstone siltstone, and mudstone. The sandstones are very fine- to fine- and mudstone. The sandstone show structureless, parallel
heterolithics grained lamination, ripple cross-lamination, and normal grading
structures
F5  Slumped sandstone Fine- to coarse-grained sandstone with moderate to poorly Deformed bedding

sorting

F6  Siltstone Sandy siltstone with intercalation of laminated to thinly bedded =~ Massive to faintly laminated, thickly bedded
very fine-grained sandstone

Claystone with intercalation of laminated to centimeters
bedded of very fine-grained sandstone

Centimeter to decimeter bedded of sandy tuff

F7 Claystone Massive, thickly bedded

F8  Sandy tuff Parallel bedding

4.1.3. Thick-bedded sandstone (F3)

The F3 facies is composed of moderate to poorly sorted medium-to coarse-grained sandstone (Fig. 7A-D). These facies are primarily
massive, with parallel and cross-lamination found in places. The sandstone is commonly stacks of amalgamated beds up to 5 m thick,
with rare thin mudstone partings between beds. Individual bed thickness range from 30 cm to 1 m. Uncommon graded bedding and
dish structures are found locally. The facies display sharp basal and upper contacts. These facies are present in all studied sections but
most commonly occur in Waduk Keuliling. Some sandstone layers have tuffaceous nature, which is generally found at the Tebing Putih
and Beureunut River locations.

4.1.4. Sandstone to mudstone heterolithics (F4)

These facies include monotonous successions of a centimeter to decimeters alternating sandstone, siltstone, and mudstone bedded
(Fig. 8A-D). The sandstones are very fine-to fine-grained, sharp to erosional centimeter scale bases that include scour and tool marks.
They are in the form of structureless, parallel, or ripple cross-lamination. Some sandstone beds are also tuffaceous. The interbedded
siltstone and mudstone are commonly dark grey and have massive to faint lamination. Overall this facies shows a normal grading form
from the sandstone above to the siltstone and mudstone layer at the top. The facies are up to 7 m in thickness. They are found in all four
locations but are most common at Tebing Putih and Beureunut River.

4.1.5. Slumped sandstone (F5)

The slumped sandstone facies consist of deformed beds of fine-to coarse-grained sandstone, moderate to poorly sorted (Fig. 8E-H).
Some sandstone beds are tuffaceous. These facies are characterized by the slumped horizon between normal undeformed bedding
below and above it. The deformed beds are up to 10 m thick and are found in Reukih Dayah and Waduk Keuliling.

4.1.6. Siltstone (F6)

These facies are observed in Waduk Keuliling and Jawie locations. It is composed of sandy siltstone with intercalation of laminated
to thinly bedded very fine-grained sandstone (Fig. 9A-D). The siltstone is massive to faintly laminated, thickly bedded, ranging from
50 cm to a total of 12 m thickness. It is primarily calcareous and sometimes contains plant, mollusks, and larger foraminifera debris.
The sandstone as intercalation ranges from less than 1 cm to several centimeters and shows cross to parallel lamination structures.

4.1.7. Claystone (F7)

The claystone facies mainly consist of thickly bedded, massive, light to brownish-grey claystone (Fig. 9E-F). This facies thickness
ranges from two to 8 m. Intercalation of laminated to centimeters bedded of very fine-grained sandstone is locally observed. The
sandstone also shows cross-to-parallel lamination structures. The claystone facies is also found in Waduk Keuliling and Jawie location.

4.1.8. Sandy tuff (F8)

The sandy tuff facies consist of a centimeter to decimeter bedded of white to light brown sandy tuff (Fig. 8A and B). Some layers are
calcareous. These facies are mostly found in the Tebing Putih and Beureunut River locations with a thickness of up to 3,5 m. In the
Waduk Keuliling location, these facies are rarely found as intercalation between the thickly bedded sandstone up to 10 cm thick.
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4.2. Facies association

The facies that are closely related and have intimate physical associations are combined into facies associations. From the eight
recognized lithofacies, it could then be grouped into three facies associations (Figs. 3-5). Each of the FA is thought to correspond to a
unique depositional environment. Overall, the studied rock section is interpreted to represent deep marine deposits accumulated in
submarine fan systems [17,18,20-23,44,45]. Their description and interpretation is as follows.

4.2.1. Inner fan deposit (FA1)

4.2.1.1. Description. FA1 is consist of F1, F2, F3, F4, and F5. A fining-upward pattern of F1, F2 to F3 is commonly observed. These
units are amalgamated together and develop several tens of meters thick of successions. In this FA, F4 and F5 occurred as a minor
intercalation constituent between the thick conglomerate and sandstone successions (F1 — F3). The FA1 reaches a total of 14-25 m
thick and is laterally discontinuous. This facies association is frequently found interbedded with FA2. FA1 is only observed in the
Waduk Keuliling location.

4.2.1.2. Interpretation. FA1 can be divided into two subdeposits: the channel-fill and channel-levee deposits. The channel fill deposit is
characterized by thick conglomerate and sandstone (F1 — F3), which commonly display a fining-upward pattern. The channel-levee
deposit is represented by thin-bedded sandstone to mudstone (F4). The slumped facies (F5) suggest accumulation on an unstable
sloping surface. Rapid deposition of sandstone with trapped pore water followed by failure of the sandstone beds along a weak layer
with high pore pressure may result in the sediments’ movement by a few meters. Consequently, the deposited unit would be identified
as a slump [19]. The upper part of the submarine fan or along the base of the slope is the probable deposition area of these slumped
sandstone facies [46,47]. Overall, FA1 is inferred as accumulated in the inner fan environment, where strong turbidity currents are
confined to the channels. This inner fan sub-environment in the submarine fan systems is marked by the presence of the coarsest
sediment in the system [48,49].

4.2.2. Middle fan deposit (FA2)

4.2.2.1. Description. FA2 is comprised chiefly of F3 with the additional constituent of F2 and F8. The stacked thick-bedded sandstone
of F3 displays an overall coarsening- and thickening-upward succession. Between the stacked sandstone succession, the interbedded
conglomeratic sandstone facies of F2 are commonly found, while the occurrence of sandy tuff (F8) is rarely observed. The amal-
gamation of this facies association may reach up to 45 m in thickness. Lateral continuity (10s of m) of this FA is locally observed. FA2 is
interbedded with FA1 and FA3. This unit was studied at Reukih Dayah, Waduk Keuliling, Tebing Putih, and Beureunut River locations.

4.2.2.2. Interpretation. The thick-bedded sandy turbidites (F3), which show an overall coarsening-up and thickening-up succession,
typify the middle fan deposit [17,48,50]. This feature is thought as the result of depositional lobe progradation. The other deposit
which occurs in this FA is the conglomeratic sandstone facies of F2, which are interpreted as channel deposits on the lobe of the middle
fan area. F8 (sandy tuff) rarely occurred as intercalation between the thick sandstone interval, interpreted as representing a pyroclastic
event during the deposition of the submarine fan system. In summary, FA2 is suggested as the middle fan deposits.

4.2.3. Outer fan to basin plain deposit (FA3)

4.2.3.1. Description. FA3 is characterized by the presence of fine-grained sediments of F4, F6, F7, and F8. The sandstone to mudstone
heterolithics facies of F4 is commonly found interbedded with siltstone and claystone facies of F6 and F7. The sandy tuff facies of F8 are
present as a rare intercalation. Tens of meters of lateral continuity of this FA are found in places. The thickness of this FA is up to 33 m.
FA3 was found at Reukih Dayah, Waduk Keuliling, Tebing Putih, Beureunut River, and Jawie locations.

4.2.3.2. Interpretation. This FA is thought to represent the deposit of the distal parts of the submarine fan. The F4 (sandstone to
mudstone heterolithics) is interpreted as turbidite sheets deposits, while the massive siltstone and mudstone (F6 and F7) are considered
as the interbedded hemipelagic deposit [17,51]. The F8 (sandy tuff) is inferred as the deposit of pyroclastic events around the
deposition site. FA3 is concluded as the outer fan to basin plain deposit in a submarine fan setting which is characterized by the
occurrence of the finest sediment in the system [48,49].

4.3. Foraminifera analysis
From 18 analyzed samples, three are barren of foraminifera, while the other 15 samples yielded good preservation of planktonic

and benthonic foraminifera. The fossils found in the 15 samples are abundant, above 100 specimens per sample. A total of 62 distinct
foraminifera types were recorded from the studied samples, consisting of 23 planktonic types and 39 bentonic forms (Table 2).
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Fig. 5. Stratigraphic logs in the succession of Tebing Putih, Beureunut River, and Jawie locations.

Fig. 6. Outcrop expression of facies F1 and F2 (hammer is ca. 25 cm long): A) Conglomerate layers erosional basal contacts; B, C) Conglomerate
with igneous rock clasts and black minerals; D) Conglomerate with sandstone clasts; E) Conglomeratic sandstone with irregular upper contact
underlying by sandstone layer; F) Conglomeratic sandstone with gravel to cobble-sized clasts, rounded to subangular shapes, including igneous rock
fragments, quartz minerals, and black minerals; G) Conglomeratic sandstone with pebble-sized clasts; H) Conglomeratic sandstone poorly sorted,
rounded to subangular, and cobble-sized clasts.

4.3.1. Age determination

Age determination of the studied section of the Seulimeum Formation is allowed by the presence of several biostratigraphically
significant foraminifera index species for Neogene sediments (Fig. 10A-AJ). They are Globigerinoides conglobatus, Globoturborotalita
woodi, Globoquadrina dehiscens, Globorotalia humerosa, Globorotalia plesiotumida, Globorotalia pseudomiocenica, and Pulleniatina primalis.
From oldest to younger, local biozonation of the Seulimeum Formation could be defined as Globorotalia humerosa - Globoquadrina
dehiscens zone, Globoquadrina dehiscens - Globorotalia plesiotumida zone, and Globorotalia plesiotumida - Globoturborotalita woodi zone.
Based on this biozonation, the Seulimeum Formation is concluded to be deposited from Late Miocene to early Pleistocene, N17 to N21
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Fig. 7. Outcrop expression of facies F3 (people’s height is ca. 169 cm long, a hammer is ca. 25 cm long): A, B) Thick-bedded sandstone intercalated
with tuffaceous Sandstone with the thickness ranging from 30 cm to 3 m; C) Light brown to brown sandstone with medium to coarse grain size; D)
Sandstone with quartz fragments, igneous rocks, and black minerals, with rounded to sub-angular shapes.

zone [26] or equivalent to M13b to PL6 zone of Wade et al. [27], ranging from about 8.6 to 2.3 Ma. The correlation of all the studied
section based on biozonation is provided in Fig. 11, and their interpretation is explained as follow:

The Globorotalia humerosa - Globoquadrina dehiscens zone is defined by the first occurrence of Globorotalia humerosa at the base and
the last occurrence of Globoquadrina dehiscens at the top of the zone. The first occurrence of Globorotalia humerosa are found at sample
WKO1 of Waduk Keuliling section and at sample TP02 of Tebing Putih section. This event are coincide with the first appearance of
Globorotalia plesiotumida and Globorotalia pseudomiocenica at the base of N17 or M13b zone, which is about 8.6 Ma [26,27,52]. This
biozonation was also marked by the first occurrence of Pulleniatina primalis (about 6.8 Ma; [27,52]) at sample JWO01 (Seulimeum
section) and BRO1 (Beureunut River), and the first occurrence of Globigerinoides conglobatus (about 6.5 Ma; [27,52]) at sample RDO1 of
Reukih Dayah section. The last occurrence of Globoquadrina dehiscens (about 5.9 Ma; [27,52]) which marks the top of this zone, is
found at sample WKO03 of the Waduk Keuliling section.

In the middle part of the Seulimeum Formation ranging from about 5.9 to 3.8 Ma, are the Globoquadrina dehiscens - Globorotalia
plesiotumida zone. It refers to the last occurrence of Globoquadrina dehiscens at its base and the last occurrence of Globorotalia plesio-
tumida at the top. The top of this zone is found at sample WK10, Waduk Keuliling section. The event of the last appearance of Glo-
borotalia plesiotumida is about 3.8 Ma [27,52].

The Globorotalia plesiotumida - Globoturborotalita woodi zone, which ranges from about 3.8 to 2.3, is marked the upper part of the
Seulimeum Formation. The last occurrence of Globorotalia plesiotumida divined the base of this zone, while the last appearance of
Globoturborotalita woodi is noted at the top of this zone. The last occurrence of Globoturborotalita woodi is about 2.3 Ma [27,52] which is
observed at sample WK12, Waduk Keuliling section.

4.3.2. Paleobathymetry

Based on benthonic foraminifera assemblage (Fig. 10), paleobathymetry of the Seulimeum Formation is assigned as deposited at the
bathyal environment. Furthermore, the paleobathymetry of the Seulimeum Formation can be divided into an upper bathyal envi-
ronment (200-1000 m water depth) and a lower bathyal environment (1000-4000 m water depth) (Fig. 12) [28-31]. Benthonic taxa
typifying the upper bathyal include Epistomina elegans, Lagenonodosaria scalaris, Quinqueloculina schwantzi, Spiroloculina corrugata,
Streblus batavus, Nonion subturgidum, Trifarina bradyi, Astrononion fijiense, Cibicides grossepunctata, Lagena sulcata, Uvigerina bradyana,
Bulimina pupoides, Siphonodosaria lepidula, Uvigerina aculeata, Bolivinita quadrilatera, Gyroidina neolodanii, and Karreriella bradyi [53,
54]. The lower bathyal taxa are represented by Fursenkoina earlandi, Aphelophragmina semilineata, Bulimina rostratiformis, Saidovina
carinata, and Bulimina subornata [53,54].

Noteworthy is the presence of shelf benthonic assemblages as a mixture with bathyal microfaunas. This is interpreted as the result
of downslope transport of the shelf sediment into the bathyal realm. In summary, the bathyal paleobathymetry interpretation based on
foraminifera is in agreement with the deep marine depositional environment concluded from lithofacies analysis.
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Fig. 8. Outcrop expression of facies F4, F5, and F8 (people’s height is ca. 169 cm long), A, B) The sandy tuff facies (F8) overlying by succession of
the sandstone to mudstone heterolithics facies (F4). C) Repetitions of the sandstone to mudstone heterolithics facies. D) Close up of the sandstone to
mudstone heterolithics facies. E) The slumped sandstone facies (F5) shows the sandstone layer exhibits folding and faulting. F, G) The slumped
sandstone facies (F5) shows displacement of the sandstone layer. H) Folding and irregularly oriented vertical layers in the upper right section of
the photo.

4.4. Petrographic analysis

4.4.1. Texture and composition

The microscopic appearance of analyzed sandstone generally has fragments measuring from 0.05 to 1 mm or very fine-grained sand
to coarse-grained sand based on the Udden-Wentworth grain scale. They have a degree of subangular to rounded, moderately sorted to
poorly sorted. The inter-grain relationships that are often found in the incisions are dominant points and floating, but long contact
inter-grain relationships can also be found in the samples. The sandstone of the Seulimeum Formation shows an immature textural
maturity level, reflecting that the sediments have undergone close transport or have not experienced reworking.

The average composition of the sandstones of the Seulimeum Formation consists of 43% fragments, 41% matrix, 10% cement, and
6% porosity. The fragments composed of the minerals monocrystalline quartz (Qm), feldspars (F), polycrystalline quartz (Qp),

13
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Fig. 9. Outcrop expression of facies F6 and F7 (hammer is ca. 25 cm long, pencil is ca. 15 cm long), (A & B) The siltstone facies (F6) with
intercalation of cross to parallel laminated sandstones. C) Massive Siltstone; D) Siltstone layers contain large foram fossil remains. E, F) Massive
claystone facies (F7).

sedimentary lithics (Ls), volcanic lithics (Lv), plutonic lithics (Lp), quartz in volcanic lithics (QLv), feldspars in volcanic lithics (FLv),
chert (ch), heavy minerals (HM), amphiboles (Amp), mica muscovite (Ms), and fossils (Fs) (Fig. 13; Table 3). The matrix in the
sandstones is composed of clay minerals as well as minerals that look like quartz. The description of each sandstone fragment is as
follows.

4.4.2. Monocrystalline quartz (Qm)

Monocrystalline quartz (Qm) totaled 1952 grains or 19.9% of the total analyzed samples. Their size varies from 0.05 to 1 mm. The
Qm grain with undulose extinction is not observed in the samples. Some of the monocrystalline quartz has overgrowth (growth as
cement), while the others have inclusions of opaque minerals. This quartz appears to have a subrounded grain shape, and they do not
seem to be in its ideal shape. This condition may be caused by abrasion when transported.
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4.4.3. Polycrystalline quartz (Qp)

Polycrystalline quartz (Qp) totaled 86 grains or 1.1% of the total analyzed samples. They range in size from 0.05 to 1 mm.
Polycrystalline quartz was generally composed of more than three types of quartz in one mineral grain (60%), but polycrystalline
quartz, which only consisted of two to three quartz pieces, was also found in the samples (40%).

4.4.4. Plagioclase (P)

There were 292 plagioclase (P) grains, or 3.6%, observed from the total analyzed samples. The plagioclase has an average size of
0.5 mm with grain shapes from subrounded to rounded. They have a Carlsbad-albite twinning with a dark angle of 160-200 with a
mineral refractive index greater than the refractive index of the balsam. Based on that, it can be concluded that the type of plagioclase
is Andesine. Almost all of the plagioclase found was in relatively unfresh conditions/weathered.

4.4.5. Mica
The mica totaled 189 grains or 2.4% of the analyzed samples. The mica found in the sample is muscovite and biotite, ranging from
about 0.1 to 0.2 mm. They are common as muscovite flakes or layers, which are slightly weathered and experience bending.

4.4.6. Sedimentary lithics (Ls)
The sedimentary lithics totaled 119 grains or 1.5% of the total analyzed samples. The sedimentary lithics have a size of about 0.4
mm-0.8 mm. It is dominated by sandstone which is composed of minerals such as quartz. A minor amount of chert is also observed.

4.4.7. Volcanic and plutonic lithics (Lv + Lp)

There were 258 lithic igneous rocks or 3.3% of the total samples tested. They have a size of about 0.1 mm-0.5 mm. The volcanic
lithic dominates the igneous rocks lithic. In general, the volcanic lithic consists of andesite, while the plutonic lithic is composed of
diorite.

Table 3 shows the compositional analysis of sandstone modal point counts. From this analysis, it can be seen that the fragments of
Seulimeum Formation are composed of 19.9% monocrystalline quartz (Qm), 3.6% feldspars (F), 3.2% volcanic lithics (Lv), 2.4% mica
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100 pm

Fig. 10. Photomicrographs of selected planktonic foraminifera (A-G), Benthic foraminifera in lower bathyal (H-L), upper bathyal (M-AC), outer
shelf (AD-AJ) depositional environment of the Seulimeum Formation: A) Globoturborotalita woodi, B) Globorotalia humerosa, C) Globorotalia ple-
siotumida, D) Globorotalia pseudomiocenica, E) Pulleniatina primalis, F) Globigerinoides conglobatus, G) Globoquadrina dehiscens. H) Fursenkoina earlandi,
1) Aphelophragmina semilineata, J) Bulimina rostratiformis, K) Saidovina carinata, L) Bulimina subornata, M) Epistomina elegans, N) Lagenonodosaria
scalaris, O) Quinqueloculina schwantzi, P) Spiroloculina corrugata, Q) Streblus batavus, R) Nonion subturgidum, S) Trifarina bradyi, T) Astrononion fijiense,
U) Cibicides grossepunctata, V) Lagena sulcata, W) Uvigerina bradyana, X) Bulimina pupoides, Y) Siphonodosaria lepidula, Z) Uvigerina aculeata, AA)
Bolivinita quadrilatera, AB) Gyroidina neolodanii, AC) Karreriella bradyi, AD) Ammonia tepida cushman, AE) Ammonia tepida, AF) Asterorotalia gaimardii,
AG) Quinqueloculina latidentella, AH) Fontbotia wuellerstorfi, Al) Lenticulina suborbicularis, AJ) Oolina lineapunctata.

muscovite (Ms), 1.7% heavy mineral, 1.5% sedimentary lithics (Ls), 1.1% polycrystalline quartz (Qp), 1.1% amphibole, 0.8% fossil,
0.6% feldspars in volcanic lithics, 0.2% quartz in volcanic lithics, 0.2% chert, and 0.1% plutonic lithics. Furthermore, the sandstone
compositional data are grouped into Qt, F, L, Qm, and Lt for sandstone classification and provenance analysis.
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Fig. 11. Stratigraphic correlation of the five studied locations (Reukih Dayah, Waduk Keuliling, Jawie, Tebing Putih, and Beureunut River).
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Fig. 12. The depositional environment of the studied section of the Seulimeum Formation.

4.5. Sandstone classification

The classification of the sandstones is based on Pettijohn [39], and Garzanti [40], which uses total quartz, feldspar, lithic, and
matrix components as the basis for its classification. The total quartz (Q), feldspars (F), and rock fragments (R) components in these
rocks were then plotted on the Q-F-R diagram of Pettijohn [39], as shown in Fig. 14A. Based on this diagram, the sandstone of the
Seulimeum Formation is included as subarkose, sublithic arenite, and lithic arenite. Using the triangular quartz (Q), feldspars (F), and
lithics (L) diagram of Garzanti [40] sandstone classification, the sandstone of the Seulimeum Formation is classified as litho-quartzose,
feldspatho-litho-quartzose, and litho-feldspatho-quartzose (Fig. 14B).

4.6. Provenance

The constituent material of sandstone can come from the remnants of erosion from igneous rock, volcanic rock, and metamorphic
rock, or it can also come from pre-existing sedimentary rock. Each of these rocks was formed in different processes and conditions.
Differences in processes and conditions cause differences in mineral composition and the proportions of each mineral in each rock type.
In other words, the results of erosion from igneous rocks will consist of proportions and composition of minerals that differ from the
results of erosion from metamorphic rocks.

The composition of the Seulimeum Formation sandstones suggests that the main source areas are igneous, sedimentary, and
metamorphic rocks. The results of the quartz composition, as shown in Table 3, show that the quartz composition is dominated by
monocrystalline quartz with a percentage of 19.9%. All the monocrystalline quartz present in the observed samples has a uniform
extinction (non-undulatory extinction). According to Tucker [55] and Basu et al. [56], monocrystalline quartz, which has many
non-undulatory extinction properties, generally originates from plutonic igneous rocks. This also indicates that the sandstone of the
Seulimeum Formation has not undergone high-level metamorphism, which can change the quartz to undulatory extinction. The
polycrystalline quartz is only present in the amount of around 1.1%. The minor presence of polycrystalline quartz may be due to the
mineral properties of polycrystalline quartz, which are not as resistant as the monocrystalline quartz, or it can also suggest that the
sandstone of Seulimeum Formation has not experienced reworking [56,57]. Polycrystalline quartz has generally been exposed to
forces that cause quartz to deform and split into several pieces. Individual parts of quartz can become weak zones making them more
susceptible to weathering and abrasion during transport.

18



G.S. Nugraha et al. Heliyon 9 (2023) 20032

Fig. 13. Photomicrographs of thin sections of Sandstone (A-D), sandy tuff (E), and tuffaceous Sandstone (F) from the Seulimeum Formation
(Monocrystalline quartz (Qm), feldspars (F), polycrystalline quartz (Qp), sedimentary lithics (Ls), volcanic lithics (Lv), plutonic lithics (Lp), car-
bonate cement (CC), Fe oxide cement (CFe), Matrix (Mx), chert (ch), heavy mineral (HM), amphibole (Amp), muscovite mica (Ms), fossils (Fs),
intergranular porosity (blue arrows), silica cementation commonly found on fossil shells (red arrows), Fe-oxide cementation that may replace silica
cementation on shells (yellow arrows), and volcanic glass present in small amounts (green arrows).

The analysis of the sandstone modal point counts also shows that both K-feldspar and plagioclase can be found in the samples of the
Seulimeum Formation, with a total of 3.6%. K-feldspar is commonly found in acid igneous rocks and metamorphic rocks such as gneiss
[58]. In addition, K-feldspar can also come from a rework of sedimentary rocks such as arkose sandstones [59]. Plagioclase is a mineral
often found in volcanic igneous rocks, acidic to alkaline igneous rocks, and can also be derived from metamorphic rocks derived from
sedimentary rock protolith. The plagioclase from each rock has characteristics that make it different from plagioclase from other rocks,
such as zoning on plagioclase from volcanic rocks, high albite composition in acid igneous rocks, and high anorthite from alkaline
igneous rocks.

Based on the twinning measurements the plagioclase, the analyzed sample consists of Andensine. The andesine has an albite
composition of about 50-70% which indicates that the plagioclase can originate from intermediate to acid igneous rocks such as
andesite, diorite, trachyte, syenite, rhyolite, and granite but can also originate from metamorphic rocks. The total proportion of
plagioclase that comes from the intermediate rocks such as andesite and diorite should be very abundant, but in the analyzed samples,
the observed plagioclase is only around 3.6%. Likewise, if plagioclase originates from acid igneous rocks, it should be followed by
abundant k-feldspar minerals. However, the presence of k-feldspar is very small. Therefore, plagioclase likely originates from low to
intermediate metamorphic rocks such as schist and phyllite, where plagioclase can form under metamorphic conditions at tempera-
tures of 800°-900 °C. The metamorphic rocks origin is also shown by the lack of zoning in the plagioclase of the analyzed samples [60].
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Table 3

Sandstone modal point counts.
Sample Qm F Qp Ls Lv Lp Lm QLv FLv cC Cfe Mx. ch HM Pore UR Amp Ms Fs
WK13 187 29 6 12 19 0 0 0 0 83 43 440 0 12 57 3 47 49 12
WK10 200 36 7 13 32 0 0 0 0 28 88 516 0 10 45 4 0 21 0
WKO09 279 118 1 1 74 1 0 0 43 12 31 193 4 64 101 5 11 62 0
WKO06 148 19 10 8 25 0 0 0 0 75 22 583 0 0 73 13 4 10 10
WKO04 88 4 7 41 11 0 0 0 0 47 16 693 0 0 76 17 0 0 0
WKO02 185 13 6 14 24 0 0 0 0 89 61 257 1 21 212 0 27 48 41
RDO4 257 63 30 11 42 1 0 12 2 125 21 331 0 11 72 22 0 0 0
RDO1 250 9 19 20 26 2 0 0 3 65 32 237 9 16 304 10 0 0 0

Note: Monocrystalline quartz (Qm), feldspars (F), polycrystalline quartz (Qp), sedimentary lithics (Ls), volcanic lithics (Lv), plutonic lithics (Lp), metamorphic lithics (Lm), quartz in volcanic lithics (QLv),
feldspars in volcanic lithics (FLv), carbonate cement (CC), Fe oxide cement (CFe), Matrix (Mx), chert (ch), heavy mineral (HM), pore, unrecognized (UR), amphibole (Amp), Mika muscovite (Ms), and

fossil (Fs).
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Fig. 14. Fragment composition of the Seulimeum Formation plotted in the Q-F-R (A) and Q-F-L ternary classification (B) [39,40]. Q = quartz,
quartzose, F = feldspar, feldspathic, R = rock fragments, L = lithic, IFQ = litho-feldspatho-quartzose, 1QF = litho-quartzo-feldspathic, qQLF =
quartzo-litho-feldspathic, qFL = quartzo-feldspatho-lithic, fQL = feldspatho-quartzo- lithic, and fLQ = feldspatho-litho-quartzose.

The results of the petrographic analysis show the presence of fragments in the form of sedimentary lithic, volcanic lithic, and
plutonic lithic. This indicates that the source rocks of the Seulimeum Formation may originate from sedimentary and igneous rocks.
The sedimentary lithic fragments found in the sample also indicate that before the Seulimeum Formation was deposited, older sedi-
mentary rocks had been formed in the basin. The petrographic analysis also exhibits that the mica found in the samples is muscovite
and biotite. These minerals are commonly found in igneous rocks but are especially abundant in metamorphic rocks such as schist [61].

4.7. Tectonic setting

The interpretation of the tectonic setting during the deposition of the Seulimeum Formation using the method of Dickinson [42]
and Dickinson et al. [43]. The plotting of Qt-F-L and Qm-F-Lt composition in the triangular diagram suggests that all the sandstone
samples of the Seulimeum Formation accumulated in the recycled orogen or the quartzose recycled tectonic setting (Fig. 15A and B).

The recycled orogen type is a vast complex with three areas that can become source rock: the subduction zone, which has expe-
rienced an uplift; the suture zone around the collision; and the foreland uplift associated with the fold-thrust belt [42]. The fold-thrust
belt can exist in two different tectonic settings associated with collision zones or arc orogens. These three places may be present
simultaneously because non-parallel subduction zones cause them, so one part has experienced a collision while the other is still in a
state of subduction. Furthermore, to differentiate in what part of the recycled orogen zone the sediments accumulated, can use the
Qp-Lv-Ls triangular diagram [62]. The results of the fragments composition plot on the Qp-Lv-Ls diagram show that the origin of the
sandstones of the Seulimeum Formation is from the arc orogen sources (Fig. 15C). Additionally, the occurrence of tuff facies in the
Seulimeum Formation suggests that the deposition of this formation were related to magmatic arc provinces.

4.8. Discussion on the late Neogene basin forming and its depositional system

The oldest rocks in the study area are from the late Mesozoic, known as the Woyla Nappe (Woyla Group and Bentaro Volcanic
Rocks), which represent the basement rocks [6,63]. During the emplacement of Woyla in the late mid-Cretaceous, Sumatra was
exposed to subaerial erosion, but no late Cretaceous to early Palaeogene sediments were recognized in situ. However, volcanic activity
occurred during this time, which in the study area is represented by Granodiorite to diorite intrusives [6,63].

In the middle to late Eocene, there were widespread extensions in Sundaland, including Sumatra and the study area [13]. The
formation of hosts and grabens, which resulted in stratigraphic development, began in the late Eocene to early Oligocene. Sedi-
mentation in the graben results from local horst erosion, which in the study area is represented by the deposition of the Meucampli
Formation in a paralic to the fluviatile environment. During the late Oligocene, the Barisan Mountains are starting to develop as the
main structural element due to a change in the regional tectonic regime. However, the mountain range is still restricted in extent and
height [14].

Extension in the early to middle Miocene is limited in the southwest part of the subduction part of Sundaland [13], also marking the
beginning of transgression, which reached its peak in the middle Miocene [14]. During this time, in the study area, the Peunasu
Formation was deposited in a fluvial-paralic to open marine setting [6]. Volcanic activity was also recorded in the early Miocene by
Breueh Volcanic dan Bentaro Volcanic Rocks [6,12]. A sedimentary rock accumulated in the middle Miocene, known as Padang Tiji
Members, was deposited in an open marine environment [6].

The compression phase in the late Miocene is marked by the development of a widespread fold and thrust belt around the margin of
Sundaland [13]. The study area during this time was in the back-arc basin setting where the studied Seulimeum Formation was
deposited. The depositional model of the late Neogene Seulimeum Formation in the back-arc basin illustrating its relation with their
sediment source and the development of the GSF zone is displayed in Fig. 16 and discussed below.
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Fig. 16. Depositional model of Seulimeum Formation showing facies association in the deep-marine environment. The east-north-east part of the
Great Sumatran Fault zone is the hanging wall part forming the accommodation space for the deposition of the sediments. The west-south-west part
of the Great Sumatran Fault is the footwall part, which becomes the main high area of the sedimentary source material (modified from Refs. [6,
17,641).

Based on the lithofacies analysis, the Seulimeum Formation can be specified as three facies association of a deep-marine deposi-
tional system [17-19,47]. It consists of inner fan deposit (FA1), middle fan deposit (FA2), and outer fan to basin plain deposit (FA3).
Furthermore, it is interpreted that the development of the GSF controls the formation of this deep-marine depositional setting. The GSF
is a dextral slip fault [1,12,65,66] which most probably its movement was relatively normal right-slip fault. During late Neogene, the
east-north-east part of the GSF zone is the hanging wall part forming the accommodation space for the deposition of the Seulimeum
Formation. This newly formed basin, named the Breueh Basin [1], is located above the previous larger basin known as Northwest Aceh
Basin [6,66]. In the late Neogene time, their paleobathymetry shown by foraminifera analysis are in bathyal environment.

The weak zone of the GSF becomes the slope and canyon, which is evidenced by the presence of an inner fan deposit (FA1) near the
fault (Reukih Dayah and Waduk Keuliling location). While further from the slope, the Jawie location is dominated by a suspension
deposit (outer fan to basin plain deposit, FA3). The Tebing Putih and Beureunut River locations located further north from the slope/
fault zone are also characterized by fine-grained sediment of middle fan deposit (FA2) and outer fan to basin plain deposit (FA3). These
two locations are located closer to the Miocene volcanic activity (Breueh Volcanic), resulting in a more dominant thick tuff layer in
their stratigraphic succession.

Moreover, the west-south-west part of the GSF (the Barisan Mountains) is suggested as the footwall part, which becomes the main
high area of weathering and erosion of the sedimentary source material of the Seulimeum Formation. It is concluded that the sediment
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source is dominated by the Woyla Group, with some contributions from Bentaro volcanic and Paleogene to early Neogene sediments, as
shown by the provenance analysis.

Based on the foraminifera analysis, the oldest biozonation of the Seulimeum Formation is the Globorotalia humerosa - Globoquadrina
dehiscens zone which is ranging from 8.6 to 5.9 Ma. This age range are suggested as the age of the beginning of the Breueh Basin
forming due to commencement of the GSF. Therefore, it is inferred that the initiation of GSF in northwestern Sumatra are in the late
Miocene, not older than 8.6 Ma and not younger than 5.9 Ma. This result is in contrast with the earliest opinion about the time of the
initiation of the GSF by Barber & Crow [3] and Ghosal et al. [1] (Middle Miocene) and by Sieh and Natawidjaja [2] and Curray [5]
(Pliocene). This difference is probably caused by the lack of age control of the oldest oceanic crust in the Andaman Sea spreading
system which is tought to be related with initiation of the GSF [67].

Moreover, the initiation of GSF in the late Neogene time also resulted in the further growth and re-emergence of the Barisan
Mountains rather than their first occurrence in the late Oligocene [4]. The major sediment influx from the mountains into the backarc
basins of Sumatra is following this event. The Barisan Mountains range in the late Neogene time became an important source of
sediments. Morton et al. [68] reported that in the middle Miocene, there was a major change in the source of clastic sediments in the
North Sumatra Basin from a granitic terrain Asahan Arch and the Malay Peninsula (to the east or SE) to the area of the Barisan
Mountains (to the west or SW). From the late Miocene onwards, the turbiditic formations become an increasing component in the deep
water sediment throughout the backarc basins of Sumatra. In the North Sumatra Basin, these rock units are known as the Seumpo, the
Upper Baong, and Keutapang Formations [69]. They also acknowledge in the Central Sumatra Basin as the Binio and Lower Petani
Formations [70,71], while in the South Sumatra Basin as the Airbenakat Formation [72]. In the research area, these late Neogene
turbiditic units are now proposed to be represented by the Seulimeum Formation.

5. Conclusions

Seulimum Formation is characterized by eight lithofacies, including conglomerate (F1), conglomeratic sandstone (F2), thick-
bedded sandstone (F3), sandstone to mudstone heterolithics (F4), slumped sandstone (F5), siltstone (F6), claystone (F7), and sandy
tuff (F8). It can be grouped into three facies associations, which are inner fan deposit (FA1), middle fan deposit (FA2), and outer fan to
basin plain deposit (FA3), found in the deep-water depositional setting.

The local biozonation of the Seulimeum Formation, from oldest to younger, defined as Globorotalia humerosa - Globoquadrina
dehiscens zone, Globoquadrina dehiscens - Globorotalia plesiotumida zone, and Globorotalia plesiotumida - Globoturborotalita woodi zone.
Based on this biozonation, the studied section is concluded to be deposited from the late Miocene to the early Pleistocene (N17 to N21),
ranging from about 8.6 to 2.3 Ma. The paleobathymetry is in the bathyal environment.

The sandstone of the Seulimeum Formation is included as subarkose, sublithic arenite, and lithic arenite. They originate from
various igneous, sedimentary, and metamorphic rocks from arc orogen sources. During the late Neogene, the depositional site was
controlled by the development of the GSF zone, which is thought to have a relatively normal right-slip fault allowing the formation of
deep-marine accommodation space in the east-north-east part of the fault. At the same time, the Barisan Mountains, as the footwall
part (west-south-west part of the fault) is considered as the main high area for supplying the sedimentary source material. The
provenance of the Seulimeum Formation is comprised mainly of the Woyla Group, with some contributions from Bentaro volcanic and
Paleogene to early Neogene sediments.

Furthermore, it is inferred from the findings that the initiation of the GSF, which is concurrent with the uplift of the Barisan
Mountains in the northern domain of Sumatra, occurred in the range of 8.6-5.9 Ma (late Miocene).
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