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Abstract
The Early–Middle Miocene Ombilin Formation in the intermontane Ombilin Basin, Central Sumatra, records a critical 
interval of paleoenvironmental change shaped by regional tectonics and global sea-level fluctuations. Despite its sig-
nificance, the formation’s sedimentological architecture, provenance, and sea-level history have been poorly constrained. 
This study integrates detailed outcrop-based sedimentary logging and petrographic analysis to address these gaps. Ten 
lithofacies are identified and grouped into three facies associations: open marine, tidal-influenced channels, and inter-
tidal mixed tidal flats deposits. Their vertical distributions show normal and inverse transitions. The normal transition 
indicates a shift from sublittoral to tidally dominated environments, interpreted as a result of seaward progradation 
driven by increased sediment supply from the uplifting Barisan Mountains and short-term global sea-level falls (e.g. 
SEA34–SEA46). The inverse transition, however, indicates a transgression occurred in the Ombilin Basin. Petrographic 
analysis in the Ombilin Formation show arkosic sandstones sourced primarily from a magmatic arc, consistent with 
contemporaneous volcanism west of the basin, with minor reworking of marine units and older clastic materials. Strati-
graphic evidence suggests an initial regression, likely driven by the uplifting of Barisan Mountain and global sea-level 
fall, which occurred in the Ombilin Basin during Early Miocene. This event was followed by deposition aligned with 
global transgressive trends. These findings provide new insight into the sedimentary evolution, provenance, and tecto-
no-eustatic interplay controlling Ombilin Basin development during the Early–Middle Miocene.
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1. Introduction

The Ombilin Basin has been classified as one of the 
intermontane basins (Koesoemadinata, 2020) within 
the Barisan Mountain Range in Central Sumatra, Indo-
nesia (e.g. Koesoemadinata and Matasak, 1981; 
Habrianta et al., 2018). Owing to this unique tectonic 
location, the basin has been infilled with a substantial 
thickness of Cenozoic sediments, which has been inter-
preted as a response to the region’s dynamic tectonic set-
ting, particularly its proximity to the active Sumatra 
Fault System and the Barisan Mountains (Figure 1a,b; 
e.g. Howells, 1997; Barber et al., 2005). Among the 
sedimentary successions, the Ombilin Formation has 
been highlighted as a crucial stratigraphic unit for inter-
preting the paleoenvironmental history of the basin dur-
ing a phase characterized by regional transgression, the 
occurrence of the Barisan being uplifted (e.g. Koesoe-

madinata and Matasak, 1981; Koning, 1985), and/or a 
transition from a eustatic sea-level fall to a rise in the 
Early Miocene (e.g. Zaim et al., 2012; Morley et al., 
2021).

Despite the recognized significance of the Ombilin 
Formation in recording tectonic activity and sea-level 
fluctuations, limited understanding has been established 
regarding its sedimentological characteristics, prove-
nance, depositional environment, and their linkage to 
global eustatic changes. The formation has generally 
been interpreted as an Early Miocene marine deposit, 
distinguished by grey calcareous shales, clays, and lo-
cally developed bioclastic limestone layers, which have 
been associated with a transitional to neritic depositional 
environment (e.g. Koesoemadinata and Matasak, 
1981; Barber et al., 2005; Linggadipura et al., 2018). 
This previous interpretation of the depositional environ-
ment was supported by a limited analysis of lithofacies 
variability, sedimentary structures, and fossils, con-
straining reconstructions of the paleoenvironments that 
prevailed during its formation. These previous studies, 
however, have not clearly defined the impact of the glob-
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al transition from eustatic fall to rise on the sedimentary 
dynamics of the Ombilin Formation during the Early 
Miocene age. Such a relationship is considered critical 
for a comprehensive paleoenvironmental reconstruction 
of the basin during this period. Moreover, provenance 
studies specifically addressing the Early Miocene Om-
bilin Formation have remained scarce (Adhiperdana, 
2010; Yeni, 2011). The origin of the clastic material is 
regarded as a key element in deciphering the tectonic 
development of the basin and its relation to the adjacent 
geological domains during the Early Miocene.

In this study, the existing gaps in understanding the 
Ombilin Formation have been addressed through an in-
tegrated sedimentological and petrographic investiga-
tion conducted in the area adjacent to the Tanjung Am-
palu Fault, situated within the Sinamar sub-basin of the 
Ombilin Basin. To achieve this, several research ques-
tions have been posed: (1) how can the lateral and verti-
cal variability of facies and depositional environments 
within the Ombilin Formation be characterized?; (2) 
what does the provenance of the formation reveal about 
sediment sources?; and, (3) how are facies architecture 
and provenance related to regional tectonics in Sumatra 
and broader Miocene eustatic trends across Southeast 
Asia? Through the examination of sediment textural and 
compositional characteristics, new insight into the depo-
sitional processes and environmental conditions that 
governed the formation’s development has been ob-
tained. The provenance and potential sediment dispersal 
pathways into the basin have been inferred through pet-
rographic analysis of framework grains. Ultimately, the 
integration of these findings has been employed to re-
construct the paleoenvironmental evolutions of the Om-
bilin Basin during the Early Miocene and to evaluate its 
linkage with regional tectonic activity in Sumatra and 
contemporaneous eustatic sea-level fluctuations across 
Southeast Asia.

2. Geological Settings

The study area is situated within the Ombilin Basin, a 
Cenozoic intermontane basin covering approximately 
25 × 60 km² and aligned parallel to the NW–SE struc-
tural trend of Sumatra (Figure 1; e.g. Koesoemadinata 
and Matasak, 1981; Anastasia et al., 2012; Habrianta 
et al., 2018). This basin is located within the Bukit Ba-
risan Mountain range, on the continental crust where the 
magmatic arc and the Sumatra Fault Zone (SFZ) are also 
present (e.g. Van Bemmelen, 1949; Situmorang et al., 
1991; Noeradi et al., 2005; Zaim et al., 2012). The 
eastern margin of the basin is bounded by the Takung 
Fault, whereas its western and southern flanks are bor-
dered by pre-Cenozoic lithologies composed of lime-
stone, metamorphic, and granitic complexes, as well as 
by the NW-trending Barisan Fault System (Figure 1b; 
e.g. Koesoemadinata and Matasak, 1981; Koning, 
1985; Noeradi et al., 2005). Toward the northwest, the 

basin is observed to transition into either the basement 
ridge of the Tungkar High or the active volcanic centers 
of Marapi and Malintang (Koning, 1985). Furthermore, 
the basin is transected centrally by N–S trending Tan-
jung Ampalu Fault, subdividing it into the Paleogene-
aged Talawi sub-basin in the west and the Neogene-aged 
Sinamar sub-basin in the east (Figure 1b; e.g. Koning, 
1985; Situmorang et al., 1991; Barber et al., 2005).

The Ombilin Basin has been filled with up to 4600 m 
of Eocene to Middle Miocene deposits, which overlie 
the pre-rift Pre-Cenozoic basement (e.g. Koning, 1985; 
Whateley and Jordan, 1989). The pre-Cenozoic base-
ment units are exposed along the basin margins, repre-
sented by Permian to Upper Cretaceous granites, Middle 
to Late Triassic limestones, and Permo-Carboniferous 
limestones, and considered part of the Mergui and Woy-
la accretionary terrains (e.g. Fletcher and Yarmanto, 
1993; Noeradi et al., 2005). The Eocene to Middle Mio-
cene deposits, however, are believed to have been erod-
ed for approximately 3600 meters in the western side of 
the basin (Whateley and Jordan, 1989). The Eocene to 
Middle Miocene deposits reflect tectonostratigraphic 
stages in the Ombilin Basin (see Figure 2).

The initial period of Ombilin Basin filling was reflect-
ed by the deposition of early syn-rift formations, uncon-
formably overlying the Pre-Cenozoic Basement (Fig-
ures 1b, d and 2; Koning, 1985; Fletcher and Yar-
manto, 1993). The early syn-rift formations consist of 
interfingering deposits of the alluvial fans, and the lake 
and lacustrine deposits of the Brani and Sangkarewang 
formation, respectively (e.g. Whateley and Jordan, 
1989; Koesoemadinata and Matasak, 1981). Debates 
regarding age determination of these formations have 
arisen, with proposed ages ranging from Paleocene 
(Koesoemadinata and Matasak, 1981; Whateley and 
Jordan, 1989), Paleocene to Early Eocene (Noeradi et 
al., 2005), Eocene (e.g. Fletcher and Yarmanto, 1993; 
Situmorang et al., 1991; Murray, 2020), or Eocene to 
Oligocene (Barber et al., 2005). These formations were 
deposited during the formation of the graben (Van Bem-
melen, 1947; Barber et al., 2005) and are associated 
with: (i) Middle Cretaceous to Early Cenozoic orogene-
sis (e.g. Katili and Hehuwat, 1967; Koesoemadinata 
and Matasak, 1981); (ii) the nucleation of the en-eche-
lon array of the Sumatra Fault Zone (SFZ; Koning, 
1985; Situmorang et al., 1991); or (iii) the extensional 
rifting of back-arc settings in response to subduction 
(e.g. Fletcher and Yarmanto, 1993; Noeradi et al., 
2005).

The late syn-rift formation was deposited either un-
conformably (Barber et al., 2005) or conformably 
(Koesoemadinata and Matasak, 1981; Noeradi et al., 
2005) above the early syn-rift formations and is repre-
sented by the fluvio-deltaic deposits of the Sawahlunto 
Formation (see Figures 1b-d and 2). This formation is 
characterized by fining-upward sequences of interbed-
ded fine to medium sandstones, shales, and coals (What-
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Figure 1. a) Regional map of 
Sumatra, showing the location of 
the Ombilin Basin. b) Simplified 
geological map of the study area 
in the Ombilin Basin (compiled 

from Barber et al, 2005; Zaim et 
al., 2012). c) Structural cross-
sections across the study area 

(Putra et al., 2021).

eley and Jordan, 1989; Fletcher and Yarmanto, 1993), 
which transition upward into thick-bedded sandstones 
and shales (Koesoemadinata and Matasak, 1981), and 
laterally into glauconitic conglomeratic sandstones (No-
eradi et al., 2005). Deposition of this formation has 
been interpreted to have occurred in meandering fluvial 
to deltaic environments (Koesoemadinata and Mata-
sak, 1981; Noeradi et al., 2005), with the age variously 
assigned from the Eocene (Koesoemadinata and Mata-
sak, 1981; Whateley and Jordan, 1989; Murray, 
2020) to Oligocene–Early Miocene (Bartram and Nu-
grahaningsih, 1990; Situmorang et al., 1991; Fletcher 
and Yarmanto, 1993; Noeradi et al., 2005).

The late stage of basin infill in the Ombilin Basin has 
been marked by the deposition of post-rift successions. 
During the early post-rift phase, the Sawahtambang For-

mation was deposited either conformably (Koesoema-
dinata and Matasak, 1981) or unconformably (Kon-
ing, 1985; Whateley and Jordan, 1989) above the 
Sawahlunto Formation (see Figures 1b-d and 2). The 
Sawahtambang Formation is characterized by thick, 
channelled and cross-bedded quartzose to feldspathic 
sandstones and conglomerates, transitioning upward 
into fine-grained sandstones, mudrocks, thin coal beds, 
and interbedded tuffs (e.g. Noeradi et al., 2005; Barber 
et al., 2005). This formation is interpreted to have been 
deposited within a fluvial-dominated environment (Koe-
soemadinata and Matasak, 1981; Howells, 1997). 
This event occurred between the Eocene to Early Mio-
cene (e.g. Koning et al., 1985; Noeradi et al., 2005), 
when back-arc subsidence, magmatic arc activation, and 
strike-slip deformation along the Sumatra Fault System 
occurred (Howells, 1997; Barber et al., 2005).
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Figure 2. a) Simplified regional 
tectono- and lithostratigraphy in 
the Ombilin Basin according to 
Noeradi et al (2005) and Barber 
et al (2005), modified to 
accommodate the latest 
published age of early syn-rift 
(Early Eocene) and Sawahlunto 
Formation (Middle-Late Eocene) 
from Murray (2020). b) Mudlog 
of Sinamar 1, covering the 
Ombilin Formation and its 
paleoenvironment based on 
biostratigraphy data (Koning, 
1985). See the location of 
Sinamar-1 in Figure 1.

During the late post-rift phase, the Ombilin Forma-
tion and Ranau Tuff were deposited (Koesoemadinata 
and Matasak, 1981; Noeradi et al., 2005), with the 
Ombilin Formation unconformably (Koning, 1985; 
Whateley and Jordan, 1989) or conformably (Fletcher 
and Yarmanto, 1993; Noeradi et al., 2005) overlying 
the Sawahtambang Formation (Figures 1b-d and 2). Al-
though initially reported only in the Sinamar sub-basin, 
which extends laterally from Batumanjulur near the Tan-
jung Ampalu Fault to the eastern margin of the sub-basin 
(Koning, 1985; Anastasia et al., 2012), the Ombilin 
Formation has also been identified in the Talawi sub-
basin (Linggadipura et al., 2018). Seismic data indicate 
this formation has a thickness of approximately 2740–
4000 m in the northern limb of the basin (Koning, 1985; 
Anastasia et al., 2012), while up to 692 m was encoun-
tered in the Sinamar-1 (Fletcher and Yarmanto, 1993; 
Noeradi et al., 2005; Figure 2). However, the true 
thickness of this formation remains uncertain due to 
post-depositional erosion. The lower part of the forma-
tion is marked by calcareous mudrock with limestone 
nodules and thin foraminiferal limestone lenses or beds 
(Koesoemadinata and Matasak, 1981; Howells, 1997; 
Anastasia et al., 2012), which grades upward into car-

bonaceous, calcareous, and silty to sandy mudrocks in-
terbedded with sandstone and/or tuff (Koesoemadinata 
and Matasak, 1981; Noeradi et al., 2005; Habrianta 
et al., 2018). The sandstones are typically very fine- to 
fine-grained, calcareous, and glauconitic (Noeradi et 
al., 2005). The deposition of this formation has been in-
terpreted as neritic to bathyal in the Sinamar Sub-basin, 
based on biostratigraphic data (e.g. Koesoemadinata 
and Matasak, 1981; Koning, 1985). In contrast, a tran-
sitional environment has been suggested for the Talawi 
Sub-basin (Linggadipura et al., 2018). Deposition of 
this formation coincided with the continued uplift of the 
Barisan Mountains (Moss and Carter, 1996; Barber et 
al., 2005; Erdi et al., 2025), volcanic activity in the ba-
sin’s northeastern margin (Koesoemadinata and Mata-
sak, 1981), and regional subsidence (Howells, 1997).

Following the deposition of the Ombilin Formation, 
the Ranau Tuff was locally deposited and is unconform-
ably overlying the Ombilin Formation within the Om-
bilin Basin (Figures 1b and 2; Koesoemadinata and 
Matasak, 1981; Habrianta et al., 2018). This tuff unit 
has been interpreted to have been deposited during the 
Pleistocene (Koesoemadinata and Matasak, 1981; 
Habrianta et al., 2018), or from the Pliocene to Recent 



63� Facies Architecture and Sedimentary Provenance of the Miocene Ombilin Formation…

Rudarsko-geološko-naftni zbornik 2026, 41 (2), pp. 59-84, https://doi.org/10.17794/rgn.2026.2.5

(Fletcher and Yarmanto, 1993). It is composed of an-
desitic to basaltic lava flows, lahar deposits, and tuffs 
(Fletcher and Yarmanto, 1993).

3. Methods

Two methods were conducted in this study, consisting 
of sedimentary logging and petrographic analysis. The 
sedimentary logging was conducted to uncover sedi-
mentary characteristics, while petrographic analysis was 
conducted to unravel sandstone characteristics and the 
provenance of the Ombilin Formations.

3.1. Sedimentary Logging

Geological data were collected through three meas-
ured outcrop sections located within a 12 km radius of 
Sijunjung, West Sumatra, specifically in the Sinamar 
Sub-basin (see Figure 1b). The outcrops, aligned with 
the regional N–S strike of the Tanjung Ampalu Fault, 
provided excellent vertical but limited lateral exposures. 
Two localities, which are Wali Nagari Bukit Bual and 
Sungai Batang Ombilin, were examined, and approxi-
mately 80 m of the Ombilin Formation was measured. In 
this study, higher-resolution logging was conducted to 
document sedimentary features for facies analysis, in-
cluding grain size, sorting, roundness, color, sedimenta-
ry structures, bed thickness, fossil content, and bounding 
contacts. Facies and facies associations were interpreted 
based on lithology, sedimentary structures, and vertical 
stacking patterns following standard methodologies 
(e.g. Anderton, 1985; Zakaria et al., 2013).

3.2. �Petrography, Sandstone Classifications  
and Provenance

Twenty petrographic samples were collected from the 
measured outcrop sections of the Ombilin Formation, of 
which seven were selected for detailed petrographic 
analysis. The seven samples were used to illustrate (1) 
non-calcareous, sand-rich sediments, (2) sandy calcare-
ous sediments, and (3) limestone, which collectively re-
flect the sedimentary compositions of the Ombilin For-
mation. Thin sections were prepared from these samples, 
impregnated with blue-stained epoxy resin to enhance 
porosity visualization, and examined under a transmitted 
light petrographic microscope (Zeiss Axio Imager A2m). 
Detrital components (e.g. quartz, feldspars, lithic frag-
ments), authigenic minerals (e.g. heavy and accessory 
minerals, silicates), biogenic materials (e.g. bioclasts), 
matrix, and cement were identified. Petrography was 
employed as a primary method for provenance analysis, 
in line with standard practices for initial sandstone prov-
enance studies (e.g. Augustsson, 2021). Sandstone com-
position was recalculated using point counting to gener-
ate ternary plots for classification and provenance pur-
poses (e.g. Dickinson, 1985; Malaza et al., 2015). 
These data were plotted on QFL diagrams of Pettijohn 

(1975), Folk (1980), and Dickinson et al. (1983; 1985) 
to infer sandstone classifications, tectonic settings, and 
sedimentary provenances.

4. Results

The methodology outlined previously was applied, 
and the results are presented in this chapter. The findings 
comprise descriptions of facies associations and petro-
graphic characteristics of the Ombilin Formation.

4.1. Facies Associations of the Ombilin Formation

Ten lithofacies were identified based on distinctive fea-
tures such as grain size, sorting, roundness, sedimentary 
structures, fossil content, and bedform-to-outcrop geom-
etry (C1–C3 and S1–S7; Figure 3 and Table 1). These 
were grouped into three facies associations (FA1–FA3) 
according to their characteristics, occurrence, and vertical 
stacking patterns (see Figure 3 and Table 2). FA1 were 
observed in sections C and D, situated southward and 
northeastward of section B. The FA2 and FA3, however, 
were recognized in sections B, located east of the Tanjung 
Ampalu Fault (see Figure 1b). Strike-projection onto a 
cross-section indicates that section B lies between sec-
tions C and D and is separated by subsurface normal 
faults, although no surface expression of these faults, such 
as repetition of sedimentary log, was observed during log-
ging (see Figure 1c). This stratigraphic relationship sug-
gests that FA1 in section C is older than the FA2 and the 
FA3, while FA1 in section D is younger than the FA2 and 
the FA3 in section B (see Figure 3). The three facies as-
sociations are described in detail below.

4.1.1. Facies Association 1 (FA1)

The FA1 is comprised of three lithofacies, being rep-
resented by alternations of calcareous mudrock (C1), 
calcareous ripple-stratified sandstone (C2), and stratified 
limestone (C3; Figure 3 and Table 2). The C1 is defined 
by up to 8 m thick, dark grey, silt-grained, calcareous 
mudrocks, containing shell fragments and locally dis-
playing parallel laminations (C1; Figure 4a–c and Ta-
bles 1–2). Sharp contacts are observed at both the base 
and top of the C1 with either the C2 or the C3 within 
FA1, while locally, the top surface is truncated by an 
erosional contact with the S1 of the FA2 (see Figure 3).

Facies C2 is observed in alternation with the calcare-
ous mudrock of C1 within FA1 (see Figure 3 and Tables 
1–2). The C2 is defined by up to approximately 0.5 m 
thick, greenish light grey, well-sorted, rounded, very 
fine- to fine-grained calcareous sandstones containing 
glauconite and displaying internal parallel and ripple 
laminations (see Figure 4d). Sharp contacts are present 
at both the base and top of the C2, with the adjacent C1 
within FA1.

The final facies within the FA1 is the C3, occurring as 
alternations with C1 (see Figure 3 and Tables 1-2). It is 
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characterized by up to 1.5 m thick, yellowish light grey, 
grain-supported, presence of carbonate mud, horizon-
tally stratified limestone (see Figure 4c). Their character 
of grain-supported with carbonate mud is shown, sug-
gesting packstone of Dunham’s (1962) classification. 
Sharp contacts are observed at both the top and base of 
the C3 with the adjacent C1 facies within FA1 (see Fig-
ures 3 and 4c).

4.1.2. Facies Association 2 (FA2)

The FA2 is composed of four lithofacies, typically 
represented by alternations of amalgamated sandstone 
(S1), interbedded sandstone and mudrock (S2), massive 
sandstone (S3), and/or cross-stratified sandstone (S4) 
(see Figure 3 and Table 2). The lithofacies S1 occurs 
interbedded with the S3 and/or the S4 and is character-
ized by conglomerate beds at the base, overlain by fining-
upward, amalgamated sandstones (S1; Figure 5a–c and 
Table 1-2). The conglomerates, up to approximately 0.8 
m thick, are reddish-brown, poorly sorted, and composed 
of sub-rounded to rounded gravel clasts, including igne-
ous rock and mudrock fragments with plant remains and 
coal (see Figure 6a). The overlying sandstones are up to 
0.7 m thick, reddish-brown, and similarly poorly sorted, 
containing fine- to coarse-grained, sub-rounded to round-
ed grains. Parallel lamination and local laminated 
mudrock and coal stringers occur at the top of the sand-
stone beds (see Figure 6b), with white-grey claystone 
being up to 1 cm thick. The basal contact of the S1 is 
typically erosional against the S2 and the S3 of the FA2, 
or calcareous mudrock (C1) of the FA1, but is sharp 
against the S4 within the FA2 (see Figure 3). Its overlay-
ing contact is sharp with either S3 of the FA2 or the het-
erolithic bedding (S5) of Facies Association 3 (FA3).

Lithofacies S2 is defined by interbedded sandstone 
and mudrock and occurs alternating with S3 and/or S4 
(S2; Figures 3, 5b, d, and Tables 1-2). The sandstones 
reach up to 0.6 m thick, are reddish-brown, poorly sort-
ed, and composed of fine- to coarse-grained, sub-angular 
to sub-rounded particles, exhibiting parallel lamination 
(see Figure 5b, d). The mudrocks, up to 0.3 m thick, are 
light yellowish, massive, and composed of silt-grained 
materials. The basal contact of the S2 is sharply defined 
against the underlying S1, the S3 of the FA2, or the S5 of 
the FA3. The upper boundary of the S2, however, is 
sharp against the overlying S3 of the FA2 or ripple-lam-
inated sandstones (S6) and massive mudrocks (S7) of 
the FA3 (see Figure 3).

Lithofacies S3 is defined by massive and structureless 
sandstones and occurs either as a singular facies or in 
alternation with S1, S2, and/or S4 (S3; Figures 3, 5a, e, 
and Tables 1-2). This lithofacies S3 is characterized by 
reddish-brown, massive, poorly sorted sandstones, up to 
7 m thick, composed of fine- to coarse-grained, sub-
rounded to rounded particles. The basal contacts of the 
S3 are sharply defined against the S1, the S2, or the S4 
of the FA2, and the S7 of the FA3 (see Figure 3). The 
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Figure 3. Sedimentary log of the 
Ombilin Formation in this study, 
being measured in Wali Nagari 
Bukit Bual, Sijunjung Province in 
section B-B’ and D-D’ (a, c) and 
Sungai Batang Ombilin in section 
C-C (b). Strike-projection of the 
measured log in Figure 1b onto 
A-A’ section (see Figure 1c) 
shows that the measured log of 
C-C’, B-B’ and D reflect the 
Ombilin Formation from bottom 
to top. The petrographic samples 
are recorded on S3, C2, and C3 for 
P1, P2, and P3, respectively. The 
biostratigraphic samples of Erdi 
(2011) are recorded on C1 for M1 
and M2.

upper contacts of the S3 are also sharp, occurring against 
the S2 or the S4 of the FA2, or the S5 and the S7 of the 
FA3. Still, the S3 locally has erosion contact with the 
overlying S1 sandstones of the FA2.

The final facies within the FA1 is represented by 
lithofacies S4, being defined as cross-stratified sand-
stones and observed in alternation with S1, S2, and/or 
S3 (see Figure 3 and Tables 1-2). This lithofacies S4 is 
characterized by reddish-brown, poorly sorted, fine- to 
coarse-grained sandstones up to 0.6 m thick, composed 

Table 2. Facies associations (FA) of the Ombilin Formation

Facies Association 
and code Lithofacies Interpretation

Facies Association 1 
(FA1) C1, C2, C2 Open marine

Facies Association 2 
(FA2) S1, S2, S3, S4 Tidal channel

Facies Association 3 
(FA3) S5, S6, S7 Mixed tidal flat 
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Figure 4. Field photographs illustrating the characteristics of facies association 1 (FA1), showing: (a) thick sequence  
of calcareous mudrock (C1); (b) presence of shell fragments in the C1; (c) interbedding of the C1 and stratified limestone (C3); 

(d) presence of calcareous ripple-stratified sandstone (C2).

of sub-rounded to rounded grains (see Figures 3 and 4e; 
Table 1). Planar and herringbone cross-stratifications 
are present within the sandstones of the S4 (see Figures 
5e and 6d). The basal contact is sharp against the S3, 
while the upper boundary is sharply defined against ei-
ther the S1 or the S3 within the FA2 (see Figure 3).

4.1.3. Facies Association 3 (FA3)

The FA3 is defined by three lithofacies, typically rep-
resented by a singular S5, or occasionally by alternations 
between heterolithic bedding (S5), ripple-laminated 
sandstones (S6), and/or massive mudrocks (S7; Figure 3 
and Tables 1-2). The S5 facies is marked by up to 2 m 
thick heterolithic bedding, composed of interlaminated 
sandstones and claystone. The sandstones are character-
ized by reddish-brown, well-sorted, rounded, fine- to 
coarse-grained laminations, each up to 1 cm thick, and 
internally display wavy and flaser bedding (see Figure 
6e; Table 1). In contrast, the claystone is distinguished 
by light yellowish-grey, massive, clay-textured lamina-

tions of similar thickness. The base of the S5 is bounded 
sharply by either the S7 of the FA3 or the massive sand-
stones (S3) of FA2, while the top is typically in a sharp 
contact with either the S7 of FA3 or the S2 of FA2 (see 
Figure 3). Locally, the top contact is erosional, overly-
ing the S1 of the FA2.

The S6 is made of symmetric ripple-laminated sand-
stones, typically occurring in alternation with S5 and/or 
S7 within FA3 (see Figure 3; Tables 1–2). This facies is 
characterized by up to 0.4 m thick, yellowish-grey, poor-
ly sorted, sub-rounded to rounded, fine- to coarse-
grained sandstones, internally showing symmetric ripple 
and parallel laminations, and locally containing abun-
dant bioturbations (see Figure 6f–h). The bioturbations 
show cylindrical burrows of up to 0.5 cm in diameter, 
filled with fine-grained sand and enclosed by medium- 
to coarse-grained sands, interpreted as Skolithos linearis 
(cf. Knaust, 2015; Knaust et al., 2018; Figure 6g). 
Other bioturbations consist of cylindrical burrows with 
fine-grained sandy cores and surrounded by fine- to me-
dium-grained friable sandstone, resembling Laevicyclus 
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Figure 5. Field photographs illustrating the characteristics of: (a-e) facies association 2 (FA2) that consists of amalgamated 
sandstone (S1), interbedded sandstones and mudrocks (S2), massive sandstones (S3), cross-stratified sandstones (S4),  

and (f) facies association 3 (FA3) that consists of massive mudrocks (S7).

parvus (cf. Knaust, 2015; Knaust et al., 2018; Figure 
6h). The base of the S6 is marked by a sharp contact 
with the S7 of FA3, while the top contact is sharp against 
either the S3 of FA2 or the S7 within FA3 (see Figure 3).

The final facies identified within FA3 is the S7, which 
is composed of massive mudrock (S7; Figures 3, 5f,  

and Tables 1-2). This facies alternates with S5 and  
S6. The S7 is characterized by up to 3 m thick, light 
yellowish-grey, massive, silt-grained mudrock. The base 
of the S7 is marked by a sharp contact with either the  
S2 or S3 of FA2, or with S5 or S6 within FA3. The top  
of the S7 is also similarly bounded by sharp contacts 
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Figure 6. Characteristics of facies association 2 (FA2) and facies association 2 (FA3). The FA2 is characterized by:  
(a) mud clasts, including coal fragments, in S1; (b) parallel lamination with coal stringer in S1; (c) plant fragment in S1;  

and (d) herringbone structures in S4. The FA2, however, is characterized by: (e) flaser bedding in S5; (f) parallel  
and symmetric ripple laminations in S6; and trace fossils in S6 such as (g) Skolithos and (h) Laevicyclus.

with the S3 of FA2 or with S5 or S6 within FA3 (see 
Figure 3).

4.2. Petrography of the Ombilin Formation

Petrography analyses were conducted to unravel the 
texture and composition of sandstone and limestone in 
the Ombilin Formation. Three selected petrography 
analysis was presented, given these three samples reflect 
non-calcareous, sand-rich sediment, sandy calcareous 
sediments, and limestone. Petrography of non-calcare-
ous, sand-rich sediment was reflected by the S3. On the 
other hand, the petrography of sandy calcareous sedi-
ments was illustrated by C2, while the limestone was 
reflected by the C3.

4.2.1. Petrography of C2

Petrographic analysis of the C2 facies within the FA1 
was performed to determine the texture and composition 
of calcareous, ripple-stratified sandstones in the Ombilin 
Formation (P2; Figure 3). The C2 is consists of averages 

of 0.8% quartz, 30.8% feldspar, 5.3% lithic fragments, 
30.1% bioclasts, 23.7% accessory minerals, 2.4% sili-
cate minerals, 4.8% matrix, and 2.1% cement (see Fig-
ure 7; Table 3-4). Grain sizes range from 0.1 to 0.45 
mm, indicating a very fine- to medium-grained sand-
stone according to Wentworth’s (1922) classification.

Detrital minerals in the C2, including quartz, feldspar, 
and lithic fragments, exhibit compositional variability 
(see Figure 7; Table 3). The quartz is generally rare, 
with some samples completely lacking it. When present, 
the quartz contains monocrystalline grains. Feldspar, 
however, dominates the detrital framework. These grains 
are sub-rounded and usually display linear or point con-
tacts. Lithic fragments are mostly of volcanic origin, 
characterized by sub-angular to sub-rounded shapes and 
long contacts with adjacent grains (see Figure 7e–f). 
Normalized point counting was conducted to determine 
percentages of QFL compositions in the C2, showing 
feldspar, quartz, and lithic fragments average making up 
77.3%, 1.4% and 21.27% of the framework, respectively 
(see Table 5).
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Table 3. Summary of composition and texture of petrography from the Ombilin Formation.

Sample Composition Textures and features
Calcareous, 
ripple-stratified 
sandstone (C2) Quartz

Grain size: from 0.1 to 0.2 mm (very fine- to fine-grained)
Shape: mostly sub-rounded 
Strained: high strained
Contact: linear and point contact

Feldspar
Grain size: from 0.1 to 0.45 mm (very fine- to medium-grained)
Shape: mostly sub-rounded 
Contact: linear and point contact

Lithic 
fragments Volcanic fragment

Grain size: from 0.3 to 0.4 mm (medium-grained)
Shape: sub-angular to sub-rounded 
Contact: long contact

Bioclast Grain size: from 0.18 to 0.3 mm (fine- to medium-grained)
Occurrences: foraminiferal skeletal fragments 

Accessory 
mineral

Glauconite Grain size: average of 0.2 mm (fine-grained)
Occurrences: act as grains; commonly interlock with feldspars

Chlorite Grain size: average of 0.2 mm (fine-grained)
Occurrences: as detrital monomineralic grains

Silicate 
mineral Pyroxenes Grain size: average of 0.2 mm (fine-grained)

Occurrences: act as grains; commonly form prismatic shape
Matrix

Calcite Occurrences: filling intergranular pore spaces; locally replaces bioclast 
shellsCement

Stratified 
limestone (C3)

Quartz

Grain size: from 0.08 to 0.2 mm (very fine- to fine-grained)
Shape: rounded
Strained: moderate-high strained
Contact: linear and point contact

Feldspar
Grain size: from 0.08 to 0.2 mm (very fine- to fine-grained)
Shape: rounded
Contacts: linear and point contacts

Bioclast Grain size: from 0.18 to 0.3 mm (fine- to medium-grained)
Occurrences: foraminiferal skeletal fragments 

Calcite Occurrences: replacement of bioclast material
Micrite

Occurrences: filling intergranular pore spaces
Sparry calcite

Massive 
sandstone (S3)

Quartz

Grain size: from 0.3 to 0.5 mm (fine- to coarse-grained)
Shape: mostly sub-rounded 
Strained: moderate-high strained
Contacts: linear and concave-convex contacts

Feldspar
Grain size: from 0.2 to 0.6 mm (fine- to coarse-grained)
Shape: sub-angular to sub-rounded; prismatic shapes
Contacts: linear contacts

Lithic 
fragments Volcanic fragment

Grain size: from 0.4 to 0.6 mm (medium- to coarse-grained)
Shape: sub-angular to sub-rounded 
Contacts: linear contacts

Accessory 
Mineral

Muscovite
Grain size: from 0.2 to 0.3 mm (fine- to medium-grained)
Shape: sub-rounded to rounded
Alterations: expanding into pore spaces and grow from grains

Opaque Occurrences: commonly as coating and stains on quartz grains

Matrix
Very fine lithic 
fragment and clay 
minerals

Occurrences: fill pore spaces and occur as coating on grains

Cement
Very fine calcite 

Occurrences: cement-filling grain contactsVery fine muscovite
Oxide mineral
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Table 4. Summary of point counting results of compositions in petrography samples from the Ombilin Formation. The 
compositions for sandstones are defined for Zuffa (1980) scheme. The Zuffa code reflect non-carbonate extrabasinal (NCE), 

carbonate intrabasinal (CI), non-carbonate intrabasinal (NCI), carbonate matrix (CMt), carbonate cement (CCm) and 
non-carbonate cement (NCCm). 

Sample Composition

Proportion (%)
Average 

(%)

Classifications of Zuffa (1980)
Sub-Sample

1 2 3 Spatial Compositional Zuffa (1980) 
code

Calcareous, 
ripple-stratified 
sandstone (C2)

Quartz 0 2 0.4 0.8 Extrabasinal Non-carbonate NCE
Feldspar 31 30.6 30.8 30.8 Extrabasinal Non-carbonate NCE
Lithic 
fragments

Volcanic 
fragment 5.5 5 5.4 5.3 Extrabasinal Non-carbonate NCE

Bioclast 30.8 29.5 30 30.1 Intrabasinal Carbonate Cl
Accessory 
mineral

Glauconite 20 21.4 20.5 20.63 Intrabasinal Non-carbonate NCl
Chlorite 3 2.2 4 3.07 Extrabasinal Non-carbonate NCE

Silicate 
mineral Pyroxenes 2.7 2.5 2 2.4 Extrabasinal Non-carbonate NCE

Matrix
Calcite

5 4.6 4.8 4.8 Intrabasinal
Carbonate

CMt
Cement 2 2.2 2.1 2.1  CCm

Stratified 
limestone (C3)

Quartz 7   7    
Feldspar 3   3    
Bioclast 20   30    
Calcite 20   10    
Micrite 35   35    
Sparry calcite 15   15    

Massive 
sandstone (S3)

Quartz 8.6 10.7 10.4 9.9 Extrabasinal Non-carbonate NCE
Feldspar 58.6 57.8 55.1 57.17 Extrabasinal Non-carbonate NCE
Lithic 
fragments

Volcanic 
fragment 15.6 14.8 12.3 14.23 Extrabasinal Non-carbonate NCE

Accessory 
Mineral

Muscovite 3.2 2.3 3.9 3.13 Extrabasinal Non-carbonate NCE
Opaque 5 7 6 6 Intrabasinal Non-carbonate NCl

Matrix

Very fine 
lithic 
fragment  
and clay 
minerals

2 2.4 5 3.13 Extrabasinal Non-carbonate NCE

Cement

Very fine 
calcite and 
muscovite 

2 2.8 3 2.6 Intrabasinal Carbonate and 
non-carbonate

CCm  
and NCCm

Oxide 5 2.2 4.3 3.83 Intrabasinal Non-carbonate NCCm

Table 5. Average of normalized point counting results (percentage) for Petrographic sample from the Ombilin Formation.

Facies Sample 
Number Q F L Avg. Q Avg. F Avg. L Qm Qp Avg. 

Qm Avg. Qp

C2

1 0 76.8 23.2

1.4 77.3 21.27

0 0

1.4 02 3.1 78 18.9 3.1 0

3 1.1 77.2 21.7 1.1 0

S3

4 9.8 73.3 16.9

11.67 70.87 17.5

8.2 1.6

9 2.65 12.7 71.5 15.8 9.6 3.1

6 12.4 67.8 19.8 9.2 3.2
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Figure 7. Photomicrographs from thin sections of calcareous ripple-stratified sandstones (C2) of facies association 1 (FA1) in 
the Ombilin Formation, being taken from P2 (see Figure 3). The thin sections show (a) cross- and (b) parallel- polarized with 

10x magnifications, showing the characteristic of the C2. The C2 in (a) and (b) composed of quartz (Qz), feldspar (Fs), 
bioclast (Fo), glauconite (Gc) and sparry calcite (SCa). The thin sections also show (c) cross- and (d) parallel-polarized with 

10x magnifications, and (e) cross- and (f) parallel-polarized with 25x magnifications. The (c-f) show volcanic fragments (Vr), 
chlorite (Ch), and pyroxene (Px) along sparry calcite (SCa).
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Bioclast fragments are abundant in lithofacies C2, 
with average grain sizes ranging from 0.3 mm to 0.18 
mm. The bioclasts are primarily composed of foraminif-
eral skeletal fragments (see Figure 7a-b, e-f).

Accessory and silicate minerals are also present in the 
C2 (see Figure 7). The accessory minerals are dominat-
ed by glauconite and chlorite. Glauconite grains account 
for an average of 20.63% of the total framework content 
and average 0.2 mm in grain size (see Table 3-4). The 
chlorite, however, occurs as detrital monomineralic 
grains, averaging 3.07% of the total framework and also 
averaging 0.2 mm in size. These grains commonly inter-
lock with feldspars. Silicate minerals are present in mi-
nor amounts, primarily represented by pyroxenes, which 
average 0.2 mm in grain size (see Figure 7c–d).

The matrix and cement are present for an average of 
4.8% and 2.1% respectively, showing a ratio of 2 : 1 (see 
Table 4). They are predominantly composed of calcite 
(see Figure 7). The calcite commonly fills interstitial spac-
es between grains, but also locally replaces bioclast shells, 
contributing to the diagenetic fabric of the C2 facies.

4.2.2. Petrography of C3

Petrographic analysis of the C3 facies within FA1 was 
conducted to determine the texture and composition of 
limestone in the Ombilin Formation (P3; Figure 3). The 
C3 is identified as a poorly sorted, rounded grain, very 
fine to coarse calcarenite (0.08 to 0.7 mm) limestone, 
composing of approximately 20% bioclasts, 20% cal-
cite, 10% detrital minerals, 35% micrite, and 15% sparry 
calcite of cement (see Figure 8; Table 3-4). Following 
Folk (1959; 1980) classification, the limestone is classi-
fied as intrasparite.

Bioclasts and calcite represent the most abundant com-
ponents (see Figure 8). Although most bioclasts are dif-

ficult to identify taxonomically, some are interpreted as 
debris and skeletal fragments of foraminifera (c.f. Flugel, 
2004). Calcite commonly appears as a replacement of bio-
clast material, indicating diagenetic alteration.

Detrital components are primarily represented by 
monocrystalline quartz of up to 7% and feldspar of up to 
3% (see Figure 8; Table 4). These grains contribute to 
the minor clastic input within the limestone. Micrite and 
sparry calcite, however, are also significant, together 
comprising half of the rock volume, predominantly fill-
ing the spaces between grains, and contributing to the 
overall fabric and lithification of the C3 facies.

4.2.3. Petrography of S3

Petrographic analysis of the S3 facies within the FA2 
was conducted to characterize the texture and composi-
tion of non-calcareous sandstones in the Ombilin For-
mation (P1; Figure 3). The S3 is primarily composed of 
quartz (average of 9.9%), feldspar (average of 57.17%), 
lithic fragments (average of 14.23%), accessory (aver-
age of 9.13%), matrix (average of 3.13%), and cement 
(average of 6.43%) (see Figure 9; Table 3-4). Grain 
sizes range from 0.2 to 0.6 mm, indicating a fine- to 
coarse-grained sandstone of Wentworth’s (1922) clas-
sification.

The petrographic analysis revealed that the detrital 
framework in the S3 is dominated by feldspar, followed 
by quartz and lithic fragments, each showing diverse 
morphometric characteristics (see Figure 9). Feldspar is 
characterized by sub-angular to sub-rounded grains, 
prismatic shapes, and linear contacts with adjacent 
grains. Quartz is mostly sub-rounded and exhibits linear 
to convex-concave contacts with one another. Lithic 
fragments are predominantly volcanic in composition. 
The volcanic grains are sub-angular to sub-rounded and 

Figure 8. Photomicrographs from thin sections of stratified limestone (C3) of facies association 1 (FA1) in the Ombilin 
Formation, being taken from P3 (see Figure 3). The thin sections show parallel-polarized with (a) 10x and (b) 25x 

magnifications. The C3 is composed of quartz (Qz), feldspar (Fs), bioclast (Fo), calcite (Ca), along micrite (Mc) and sparry 
calcite (SCa) that fill the spaces between grains.
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Figure 9. Photomicrographs from thin sections of massive sandstone (S3) of facies association 2 (FA2) in the Ombilin 
Formation, being taken from P1 (see Figure 3). The thin sections show (a) cross- and (b) parallel-polarized with 10x 
magnifications, and (c) cross- and (d) parallel-polarized with 25x magnifications. The S3 composed of quartz (Qz),  

feldspar (Fs), volcanic fragments (Vr) and clay (Cy) as matrix, and calcite (Ca) and oxide grains (Ox) as cements.

exhibit linear contacts with neighbouring grains. Nor-
malized point counting was conducted to determine the 
percentage of QFL framework compositions in the S3. 
The framework compositions show that the feldspar, 
quartz, and lithic fragments average 70.87, 11.67, and 
17.5% respectively (see Table 5). The quartz contains an 
average of 9% monocrystalline and 2.6% polycrystalline 
grains.

Accessory minerals include muscovite and opaque 
minerals (see Figure 9). Muscovite occurs with an aver-
age of 3.13%, while opaque minerals are present with an 
average of 6% of the sample. They commonly appear as 
coatings and stains on quartz grains.

The matrix and cement are present in relatively minor 
concentrations with an average of 3.13% and 6.43% re-
spectively, showing the ratio of 1 : 2 (see Figure 9). The 
matrix consists of very fine lithic fragments and clay min-
erals, whereas the cement is mostly composed of very fine 
calcite, muscovite and oxide minerals. Both components 

fill pore spaces and occur as coatings on grains, contribut-
ing to the overall textural maturity of the S3.

5. Discussions

5.1. Sedimentology of the Ombilin Formation

The three facies that have been described above have 
been interpreted, indicating three depositional environ-
ments. The interpretations are described below.

5.1.1. Sedimentology of FA1: open marine

5.1.1.1. Lithofacies and facies association of FA1

The sedimentary processes and depositional environ-
ments of the FA1 have been inferred from the lithologi-
cal characteristics, petrographic features, and sedimen-
tary structures observed in C1 to C3. The character of 
lithology in the FA1 consists of calcareous, massive 
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mudrock (C1), calcareous, ripple-stratified sandstone 
(C2), and stratified limestone (C3). The C1 and C2 are 
similarly observed in Sinamar-1, showing calcareous 
sandstone and calcareous marine-dominated sediments 
(see Figure 2; Koning, 1985).

The fine-grained nature of the calcareous mudrock in 
the C1 is interpreted in this study as products of suspen-
sion setting under low-energy conditions (e.g. Boggs, 
2014; Fakhruddin et al., 2023), and/or from long-dis-
tance horizontal transport of clay aggregates by dynamic 
processes (Plint, 2010). The calcareous composition of 
these sediments has been attributed to the breakdown of 
calcareous bioclasts (Prat, 2010). Still, the sparry cal-
cite in petrography C3 was formed by precipitation from 
carbonate solution. Interpretation of the C1 is consistent 
with previous studies, showing biostratigraphic analysis 
of the C1 (M1–M3; Figure 3), suggesting a littoral ma-
rine setting (Erdi, 2011; Loeblich and Tappan, 1994), 
where it was located between high- and low-tide levels 
(Hedgpeth, 1957).

The calcareous ripple-stratified sandstone of the C2 is 
characterized by the presence of parallel and ripple lam-
inations. These structures have been interpreted as indi-
cators of contrasting flow regimes, with parallel lamina-
tion reflecting deposition under upper flow regime con-
ditions, and ripple lamination indicating lower flow 
regime (e.g. Simons and Richardson, 1963; Boggs, 
2014). The coexistence of both structures has been at-
tributed to weak and episodic oscillatory currents oper-
ating in shallow marine environments (Pratt, 2010; 
Longhitano et al., 2021). Additionally, the occurrence 
of glauconite within the C2 has been interpreted as a 
product of early diagenesis, formed under conditions of 
oxidizing seawater and reducing pore water at depths 
reaching approximately 60 meters (e.g. Odin and Mat-
ter, 1981; Rubio and Lopez-Perez, 2024). When con-
sidered alongside the fine-grained nature of the sand-
stone, the presence of glauconite suggests deposition in 
a lower to middle shoreface setting. This interpretation 
aligns with analogues of glauconite-bearing very fine 
sands in shoreface environments, such as those observed 
along the coast of Rio Grande do Sul (Plint, 2010) or 
Lublin Basin, Poland (Starzec et al., 2023).

Within the FA1, the occurrence of the packstone has 
been identified in the C3. Petrographic observations are 
suggested for the C3 as intrasparite, that has high in al-
lochemical rock and intraclast compositions, suggesting 
a shallow depth with sea level fluctuations of calm and 
high energy environment (Folk, 1959; 1980). Given this 
petrographic observation that suggest sea level fluctua-
tions, this packstone of the C3 has been interpreted as 
having been deposited on the subtidal part of a carbonate 
ramp environment. This interpretation is also consistent 
with analogous occurrences of packstone in Utah, where 
it is distributed as subtidal cycles within carbonate ramps 
(Jones, 2010), and by Mesozoic packstone successions 
in Western Newfoundland and Southern Australia, 

where it is commonly found as a subtidal deposit (e.g. 
James and Bone, 1994; Pratt, 2010). The interpretation 
of the subtidal part of a carbonate ramp environment for 
the C3 is aligned with biostratigraphic data of the Om-
bilin Formation in the Sinamar-1 well, located northeast 
of Section D, which suggests deposition within a sublit-
toral marine zone (Koning, 1985; Figures 1 and 2b).

5.1.1.2 �Vertical distributions and interpretation  
of FA1

The open marine deposits (FA1) are situated beneath 
the tidally influenced channels (FA2), as evidenced by 
an erosional contact between the C1 and the S1 (see Fig-
ure 3). This stratigraphic relationship is further support-
ed by lateral facies changes, with a transition from mud-
prone deposits in the central area (Section C) to sand-
prone deposits toward the northeast (Section B; Figure 
1b and 3). These vertical and lateral facies variations 
reflect a coarsening trend from the FA3 to the FA1 near 
Tanjung Ampalu (section C; Figure 3), indicating a tran-
sition from accumulation of suspended-load fines to 
bedload-dominated transport of tidal-influenced channel 
in this area. However, from this point northeastward 
(section B to D), the vertical and lateral facies show an 
inverse transition, illustrated by the bedload-dominated 
transport of tidal-influenced channel near Tanjung Am-
palu to the accumulation of suspended-load fines in 
more distal open marine settings northeastward. The ob-
servations of normal and inverse transition are aligned 
with biostratigraphy data of Erdi (2011) and Koning 
(1985), revealing a northeastward shift from littoral in 
Section C to sublittoral environments in the Sinamar-1 
(c.f. Figures 1b and 2b). More particularly to the in-
verse transition, this observation indicates that trans-
gression likely occurred during deposition of the FA1 in 
section D, which is likely deposited above FA2 and FA3 
in section B (see Figure 3).

5.1.2. �Sedimentology of FA2: tidal influenced 
channel

5.1.2.1. Lithofacies and facies association of FA2

The sedimentary processes and depositional environ-
ments of the FA2 have been interpreted based on litho-
logical characteristics and sedimentary structures identi-
fied within facies S1 to S4. The basal conglomerates of 
the S1 have been interpreted as representing the early 
stage of channel development (e.g. Bentham et al., 
1993). Alternatively, the basal conglomerate originated 
from lag deposits, being associated with thalweg and 
dune migration (e.g. Kleinhans et al., 2002; Plink-
Bjorklund, 2005; Fakhruddin et al., 2023). The pres-
ence of coal fragments and mud clasts within these con-
glomerates have been attributed to erosion and transpor-
tation of muddy substrates at the channel base (Li et al., 
2017), with tidal influence inferred from the abundance 
of mud clasts, consistent with estuarine fluvial settings 
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(Dalrymple, 2010). The amalgamated geometry of the 
S1 has been interpreted as an indicator of environments 
that contain a high rate of sedimentary discharge (e.g. 
Boggs, 2014). The occurrence of massive sandstones in 
the S3, however, have been interpreted as indicators of 
an environment that contain high depositional rates and 
rapid deposition (e.g. Olariu et al., 2010; Olariu and 
Bhattacharya, 2006; Fakhruddin et al., 2023). These 
S1 and S3 facies have been found in environments, such 
as tidal channels (e.g. Plink-Bjorklund, 2005; Dalrym-
ple, 2010), distributary systems (e.g. Olariu and Bhat-
tacharya, 2006; Gani and Bhattacharya, 2007), or 
delta fronts (e.g. Olariu et al., 2010; Fakhruddin et al., 
2023). Parallel laminations in the S1 and the S2 have 
been linked to upper flow regime conditions and turbu-
lent sediment transport (Paola et al., 1989; Boggs, 
2014), possibly representing planar bed flows in lateral 
accretion sets (e.g. Plink-Bjorklund, 2005). Laminated 
mudrocks and coal stringers in the S1, alongside inter-
bedded sandstone and mudrock in the S2, have been in-
terpreted as rapid accumulation of organic matter near 
floodplains or in abandoned channels (cf. Plink-
Bjorklund, 2005). Furthermore, planar cross-stratified 
sandstones in the S4 have been associated with dune or 
bar migration, while herringbone cross-stratification in 
the S4 has been interpreted as evidence for bidirectional 
currents and 3D dune migration under tidal influence 
(Plink-Bjorklund, 2005; Fakhruddin et al., 2023). 
Collectively, the presence of (i) basal conglomerates, 
which indicate early stage and migration of channels, (ii) 
amalgamated and massive sandstone, which indicates 
high energy environments, (iii) herringbone cross-strati-
fied sandstones, which indicate bidirectional currents, 
support the interpretation that the FA2 represents tidally 
influenced channel deposits.

5.1.2.2. �Vertical distributions and interpretation  
of FA2

The tidal-influenced channels (FA2) have been ob-
served to overlie either mixed tidal flat deposits (FA3) or 
open marine deposits (FA1; Figure 3). The vertical tran-
sition from the mixed tidal flats to the tidally influenced 
channels has been interpreted as evidence for incision of 
channel systems into previously established intertidal, 
mixed tidal flat environments. In contrast, transitions 
from the open marine to the tidal-influenced channel de-
posits suggest an increase in sediment supply from prox-
imal sources. Erosional surfaces at the base of these 
channels, particularly where they overlie the open ma-
rine deposits, is an indication of progradation of tidal 
channels into open marine settings.

5.1.3. Sedimentology of FA3: mixed tidal flats

5.1.3.1. Lithofacies and facies association of FA3

The sedimentary processes and depositional environ-
ments of the FA3 have been inferred from the lithological 

characteristics, sedimentary structures, and bioturbation 
features of S5 to S7. Wavy and flaser stratifications ob-
served in the S5 have been interpreted as products of 
deposition by reversing tidal currents (Reineck and Sin-
gh, 1980), indicative of an intertidal setting characterized 
by diminishing current energy (Dalrymple, 1992). Sym-
metrical rippled laminations in the S6 have been associ-
ated with lower flow regimes (e.g. Simons and Richard-
son, 1961; Boggs, 2014), and are considered to have 
formed during phases of maximum tidal flow (e.g. Plink-
Bjorklund, 2005; Fakhruddin et al., 2023). These in-
terpretations are supported by the occurrence of Skolithos 
linearis and Laevicyclus parvus, which indicate deposi-
tion in shallow marine to nearshore environments under 
tidal influence (Desjardins et al., 2012; Knaust et al., 
2018). The presence of Laevicyclus parvus, an ichnoge-
nus of Siphonicnus, has been linked to marginal-marine 
settings, ranging from proximal offshore and shoreface to 
estuarine and lagoonal environments, often affected by 
variable salinity and freshwater influx (Knaust, 2015; 
2018). Additionally, the rare occurrence of parallel lami-
nation in the S6 has been interpreted as evidence of pla-
nar bed flows from traction current (e.g. Boggs, 2014; 
Plink-Bjorklund, 2005). In contrast, the massive 
mudrocks in the S7 are believed to have been deposited 
from suspension under low-energy conditions (e.g. San-
tos and Rossetti, 2006; Fakhruddin et al., 2023). Col-
lectively, the presence of (i) wavy, flaser, and ripple strat-
ifications, (ii) bioturbation by Skolithos linearis and 
Laevicyclus parvus, (iii) thick massive mudrock, and (iv) 
minor parallel lamination suggest that the FA2 represents 
intertidal, mixed tidal flat deposits.

5.1.3.2. �Vertical distributions and interpretation  
of FA3

The mixed tidal flat deposits (FA3) are commonly po-
sitioned above or interbedded with tidally influenced 
channel deposits (FA2; Figure 3). Vertical transitions 
from the mixed tidal flats to the tidal channel deposits 
have been interpreted to reflect incisions of the tidal 
channel into the underlying mixed tidal flats. Converse-
ly, upward transitions from the tidal channels into the 
mixed tidal flat deposits indicate lateral migration of the 
tidal channel over time.

5.2. �Sandstone Maturity, Classification  
and Provenance

The C2 samples have provided insight into sediment 
maturity, sandstone classification, and provenance relat-
ed to tectonic settings. Detrital and authigenic minerals 
exhibit sub-angular to sub-rounded shapes and poor 
sorting, indicating sub-mature to mature textural charac-
teristics (cf. Folk, 1980), and suggesting limited trans-
port from the source. Compositionally, C2 is dominated 
by feldspar (average of 77.3%) and lithic fragments (av-
erage of 21.27%), with minimal to absent quartz content 
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and a ratio of 2:1 for matrix (average of 4.8%) and ce-
ment (average of 2.1%) (see Table 4-5). These charac-
teristics correspond to arkosic arenite (Pettijohn, 1975) 
or arkose (Folk, 1980) classifications (Figure 10a, b). 
Detrital chlorite grains are present, implying the inclu-
sion of chlorite-bearing allogenic lithics derived from 
metamorphic or igneous sources (Worden et al., 2020). 
Provenance analysis using the Dickinson et al. (1983) 
diagram places the sandstones within the magmatic arc 
field (see Figure 10c), and the high feldspar content sup-
ports derivation from intermediate volcanic sources such 
as andesite (see Table 4). Additionally, the high content 
of bioclast (average of 30.1%) and glauconite (average 
of 20.63%), which illustrate the high composition of car-

bonate intrabasinal (CI) and non-carbonate intrabasinal 
(NCl) respectively, reflecting into the C2 is classified as 
a hybrid arenite (HA) in the triangular diagram of Zuffa 
(1980) (see Figure 10d). Some bioclasts show skeletal 
fragments, likely suggesting a rework of marine materi-
als. These bioclasts were reported to have been deposit-
ed during N4-N5 of the Early Miocene age (Erdi, 2011). 
As such, it is speculated that the marine materials were 
derived from limestone of the Ombilin Basin, which are 
distributed along the basin margin (e.g. Koning, 1985; 
Anastasia et al., 2012). Consequently, the provenance 
of C2 is interpreted as a mixture of volcanic input and 
reworked marine materials. Such interpretations of a 
mixture of volcanic input and reworked marine materi-

Figure 10. The sandstone composition from the petrography of the Ombilin Formation in the Ombilin Basin based on 
schemes proposed by (a) Pettijohn (1975) and (b) Folk (1980). The sandstone in (a) represents arkosic arenite, while  

in (b) represents arkose sandstone. (c) The sandstone compositions are plotted on the diagram of Dickinson et al (1983)  
to indicate their provenance. The abbreviations of Q, F, L reflect standard plots of Quartz, Feldspar, and Lithic grains, 

respectively. (d) Compositions from the petrography are plotted to the schemes proposed by Zuffa (1980). The abbreviation 
of NCE, CI and NCL reflects non-carbonate extrabasinal, carbonate intrabasinal and intrabasinal non-carbonate respectively 

in Table 4. The HA reflects region of hybrid arenite of Zuffa (1980).
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als are aligned with earlier studies that link the Ombilin 
Formation to active volcanism and/or syn-sedimentary 
reworking (Adhiperdana, 2010; Yeni, 2011).

The S3 samples have also revealed information on 
sediment maturity, sandstone classification, and prove-
nance related to tectonic settings. Detrital and authigenic 
grains exhibit sub-angular to sub-rounded shapes and 
poor sorting, indicating a sub-mature to mature texture 
(cf. Folk, 1980), and suggesting limited transport dis-
tance from the source. Compositionally, S3 is dominated 
by feldspar (average of 70.87%), with lower proportions 
of quartz (average of 11.67%) and lithic fragments (av-
erage of 17.5%) (see Table 5). Based on these composi-
tions and combined with a ratio of 1:2 for matrix (aver-
age of 3.13%) and cement (average of 6.43%) (see Ta-
ble 4), the sandstones have been classified as arkosic 
arenite (Pettijohn, 1975) or arkose (Folk, 1980; Figure 
10a, b). Provenance analysis using the Dickinson et al. 
(1983) diagram places the S3 sandstones within the 
magmatic arc field (see Figure 10c). On the other hand, 
high non-carbonate extrabasinal (NCE) is shown by the 
triangular plot of Zuffa (1980) (see Figure 10d), sug-
gesting extrabasinal origin of high feldspar, moderate 
lithic fragments, and low quartz, accessory, and heavy 
mineral content (see Table 4). Given the high feldspar 

content and the tectonic interpretation, the feldspathic 
assemblages in S3 are inferred to reflect an andesitic 
source, similar to the result of the C2.

The high feldspar content and a magmatic arc affinity 
in the S3 and the C2 have been interpreted as consistent 
with the distribution of Early–Middle Miocene volcanic 
lavas in Central Sumatra (see Figure 11). These volcan-
ic products, predominantly andesitic in composition, 
were emplaced near the Sumatra Fault Zone and the Ba-
risan Mountains during the emergence and uplift of the 
Bukit Barisan range in the Early Miocene (Barber et al., 
2005). The provenance of the Ombilin Formation is 
therefore inferred to have been derived from volcanic 
sources situated to the west of the Ombilin Basin (see 
Figure 11). This pattern is similar to observations of 
provenance for the early syn-rift formations that were 
deposited during the Eocene in the Ombilin Basin (How-
ells, 1997; Barber et al., 2005).

The Ombilin Formation is underlaid by the Sawahtam-
bang Formation. Several previous studies have illustrat-
ed the character of the Sawahtambang Formation. The 
conglomerate in this formation composed of sedimenta-
ry clasts, consisting of volcanic, sedimentary, plutonic 
and metamorphic fragments (Howells, 1997). The distri-
bution of these clasts from this previous study show that 

Figure 11. Distributions  
of Early-Middle Miocene  
volcanic units in Sumatra 
(modified from Barber et al., 
2005). The provenance of the 
Ombilin Formation is speculated 
to come from the western part  
of the basin, where a volcanic 
chain is present.
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they are characterized by an upward increase in volcanic 
and sedimentary clast, whereas plutonic and metamor-
phic clast decrease from bottom to top of the formation. 
Petrographic analysis of sandstone in the Sawahtambang 
Formation show characteristic of poor sortation, sub-
angular to sub-rounded grains and non-calcareous (Erdi, 
2011; Putri et al., 2024). These previous studies show 
that the Sawahtambang Formation dominantly in quartz, 
with minor feldspar and sedimentary fragment, reflect-
ing dominantly litharenite and lithic wacke, and minor 
feldsphatic wacke and arkosic arenite. Previous study 
has defined that the Sawahtambang Formation is recy-
cled origin, suggesting its origin was related to long pro-
cess of uplift and erosion (Putri et al., 2024).

The sand-rich sediments in the Ombilin Formation, 
which is illustrated by the C2 and the S3, has different 
characteristics compare with the Sawahtambang Forma-
tion. Although texture, such as grain sized, sortation and 
roundness are similar, mineral compositions of the Om-
bilin Formation show they are relatively higher in feld-
spar than the Sawahtambang Formation. The presence of 
lithic fragments and quartz content in C2 and S3 may 
indicate a rework from underlying formations. We spec-
ulate that the Sawahtambang Formation as an origin of 
this minor mineral content, given that Sawahtambang 
has high levels of quartz and lithic fragments. As such, 
the provenance of C2 and S3 is speculatively a mixture 
of volcanic input, reworked marine materials and clastic 
materials derived from underlying formations.

5.3. �Tectonic Settings and Paleoenvironments  
in Early-Middle Miocene of the Ombilin Basin

The Ombilin Formation has been defined by several 
previous studies, occurring as early as the Early Miocene 
(N4-N5). This formation was deposited during a regional 
transgression in Sumatra (Koesoemadinata and Mata-
sak, 1985; Fletcher and Yarmanto, 1993; Situmorang 
et al., 1991; Barber et al., 2005), and/or global sea-level 
rise (Zaim et al., 2012). However, the transgression doc-
umented in these previous studies are in contradiction to 
global eustatic events of Mi-1a, Mi-1aa, and Mi-1b gla-
ciation events (Miller et al., 1998; Morley et al., 2021). 
These events are illustrated by Early Miocene Southeast 
Asia sea-level curves in SEA34–SEA46 (Morley et al., 
2021; Figure 2). These sea level curve and associated 
events suggest glacial episodes and associated sea-level 
falls occurred during the Early Miocene age in SEA34-
SEA46, being driven by continental ice-sheet expansion 
(Miller et al., 1998; Morley et al., 2021). Still, global 
transgression did occur in Early-Middle Miocene, being 
initiated near SEA52 at the onset of the Middle Miocene 
Climate Optimum (MMCO) and peaking at SEA53 (Fig-
ure 2; De Boer et al., 2010; Holbourn et al., 2013; 
Morley et al., 2021).

The global sea-level fall events in the Early Miocene, 
during the uplifting of Barisan Mountain in Sumatra, are 

likely related to the present study that identifies tidal-
influenced channels, mixed tidal flat and open marine 
depositional environment in the Ombilin Formation near 
Tanjung Ampalu Fault (see Figure 1b). The tidal influ-
enced channel (FA2) and mixed tidal flat (FA3) reflect 
the sub-environment of the estuarine depositional envi-
ronment near Tanjung Ampalu during the deposition of 
the Ombilin Formation. Such sub-environments of es-
tuarine origin are also observed in Spitsbergen (Plink-
Bjorklund, 2005; Plink-Bjorklund and Steel, 2006) 
and Seven River estuaries (Dalrymple, 2010). Such an 
estuarine depositional environment is also observed dur-
ing the Early Miocene Bangko Formation in the Central 
Sumatra Basin, located 17 km northeast from the Om-
bilin Basin (e.g. Hendra et al., 2018). Particularly to the 
tidal influenced channel, this facies overlies the open 
marine deposits (FA1), indicating progradation of tidal 
channels into open marine settings. This observation 
suggests that regression occurred in the Ombilin Basin. 
This regression event might result from uplifting, given 
that isostatic uplifts result in increasing sediment supply 
and shoreline regressions (e.g. Catuneanu, 2006; Tsun-
etaka et al., 2024). This suggestion is consistent with 
the Barisan Mountain that underwent uplift in the Early 
Miocene (Barber et al., 2005). Alternatively, this re-
gression might also relate to eustatic sea level fall, given 
that eustatic sea level fall might destroy accommodation 
space that induces regression and seaward migration of 
shoreline (e.g. Pitman, 1979; Catuneanu, 2006). This 
suggestion is also consistent with Southeast Asia sea-
level curves during the Early Miocene, showing sea-
level falls (SEA34–SEA46; Morley et al., 2021). As 
such, this paper suggests that uplifting of Barisan Moun-
tain and sea-level falls occurred, resulting in the deposi-
tion of a tidal influenced channel (FA2) and mixed tidal 
flat (FA3) near Tanjung Ampalu Fault during Early Mio-
cene (see Figure 12a). Furthermore, the depositional 
environment of the tidal-influenced channel and mixed 
tidal flat in the intertidal, in this study, are consistent 
with observations of tidal flat facies of calcareous shale 
and claystone intercalations and Pelecypods in Talawi 
Sub-basin (Linggadipura et al., 2018). It was speculat-
ed by this study that the Ombilin Formation in the Tala-
wi sub-basin was deposited in the range of supratidal to 
intertidal environments (see Figure 12a). This sugges-
tion is supported by the westward-trending biostratigra-
phy data, which indicate a landward shift to the west, as 
reflected by sub-littoral environments in the Sinamar-1 
and littoral environment in the section C (c.f. Koning, 
1985 and Erdi, 2011).

The calcareous deposits of the Ombilin Formation 
have been interpreted as neritic to bathyal in origin, 
based on biostratigraphy data of Koesoemadinata and 
Matasak, (1981) and Koning (1985). This study, how-
ever, presents the first comprehensive documentation of 
the presence of tidal-influenced channel sandstones and 
mixed tidal flat deposits within the Ombilin Formation, 
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particularly around the basin margins and the Tanjung 
Ampalu Fault in the Early Miocene. This interpretation 
is supported by (1) the landward positioning of tidal-in-
fluenced deposits relative to calcareous mudrock, (2) the 
distribution of early limestone facies along basin mar-
gins (Koning, 1985; Anastasia et al., 2012), (3) in-
creased clastic input attributed to uplift and erosion of 
the Barisan Mountains (Barber et al., 2005), and (4) the 
long-standing activity of N–S-trending faults such as the 
Tanjung Ampalu Fault since the mid-Oligocene (How-
ells, 1997). Additionally, volcanism in the western Om-
bilin Basin during the Early Miocene has been inferred 
as a major provenance source, despite the absence of 
direct age dating from these volcanic centres. This inter-
pretation is supported by (1) radiometric dating of an-
desitic lavas around the Bukit Barisan indicating Early 
Miocene ages (Barber et al., 2005; Figure 11), and (2) 

the immature to sub-mature texture of Ombilin sand-
stones, suggesting short transport distances from vol-
canic sources.

Several previous studies have suggested that the Om-
bilin Formation continued to be deposited during the 
Early–Middle Miocene (Fletcher and Yarmanto, 1993; 
Howells, 1997). This event occurred in response to the 
continuation of a regional transgression in Sumatra 
(Koesoemadinata and Matasak, 1985; Fletcher and 
Yarmanto, 1993; Situmorang et al., 1991; Barber et 
al., 2005), and/or global sea-level rise (Zaim et al., 
2012).

Although comparison between sedimentary log and 
cross-sections show that section D overlies section B 
(c.f. Figure 1b-c and 3a, c), this study, however, did not 
find direct contact between them that indicates certainty 
of transgression. Nevertheless, based on observation 

Figure 12. Paleoenvironment of the Ombilin Basin during: (a) Early Miocene, while regional subsidence and eustatic sea level 
fall occurred in Sumatra and; (b) Early-Middle Miocene, while regional subsidence occurred in Sumatra, eustatic sea level rise 

due to global transgression (SEA52-54 of Morley et al., 2021; Figure 2). The black arrow indicates the North (N) direction.
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that the section D overlies section B, where the open ma-
rine deposit of FA1 overlie the tidal influenced channel 
deposits of FA2, this study is suggests that a transgres-
sion likely occurred (see Figure 12b). It is speculated 
that the calcareous mudrock of the Ombilin Formation, 
initially deposited in the deeper parts of the basin, began 
to accumulate in the study area near the Tanjung Ampalu 
Fault as a result of global transgression that occurred 
from SEA 52 to SEA 54 (Morley et al., 2021). Addition-
ally, during this period, calcareous mudrocks may have 
been deposited in the Talawi Sub-basin. The erosional 
events during the Early–Middle Miocene were driven by 
ongoing uplift and inversion around the Barisan Moun-
tains (Barber et al., 2005). This tectonic activity coin-
cided with the global transgression until SEA 54, fol-
lowed by regional and global regression extending to the 
present (Barber et al., 2005; Morley et al., 2021).

6. Conclusions

An integrated, detailed analysis of sedimentology and 
petrography has been provided for the Early-Middle 
Miocene Ombilin Formation in the Ombilin Basin. Sed-
imentological analysis of sedimentary logging identified 
ten lithofacies, being classified into three facies associa-
tions: a) open marine deposits (FA1); b) tidal-influenced 
channels (FA2); and c) intertidal mixed tidal flats (FA3). 
Their vertical distributions show that FA2-3 are distrib-
uted between FA1, reflecting normal and inverse transi-
tions of suspended-load-fines and bedload-dominated 
transport. The normal transition shows that the FA2-FA3 
reflect seaward progradation of tidal channels above 
open marine settings (FA1). The inverse transition, com-
bined with their spatial distribution along the Tanjung 
Ampalu Fault, shows that the FA2-3 are likely overlaid 
by the FA1, speculating a transgression occurred in the 
Ombilin Basin. Petrographic analysis indicates a sub-
mature to mature arkosic composition, derived primarily 
from a nearby magmatic arc source, with contributions 
from reworked marine and clastic material derived from 
the underlying formation(s). The magmatic source is 
speculated to have originated from Early-Middle Mio-
cene volcanoes located westward of the basin. The evo-
lution of the Ombilin Basin during the Early-Middle 
Miocene is suggested by the analysis of the sedimentary 
logging and the petrography, and was influenced by both 
regional tectonics and global sea-level changes. An ini-
tial regression, likely driven by the uplift of Barisan 
Mountain and global sea level fall, which occurred in the 
Ombilin Basin during the Early Miocene (SEA34–
SEA46). This event was followed by a global transgres-
sion that occurred during the Early-Middle Miocene 
(SEA 52 to SEA 54). This study enhances the under-
standing of paleoenvironmental evolution and the inter-
play of tectonic and sea-level controls on sedimentation 
not only in the intermontane setting of the Ombilin Ba-
sin, but also the Sumatra and South East Asia during the 
Early-Middle Miocene.
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SAŽETAK

Organizacija facijesa i podrijetlo sedimenata miocenske formacije Ombilin: 
međudjelovanje tektonike i eustazije u neogenskome unutarplaninskom bazenu, 
Središnja Sumatra, Indonezija

Ranomiocenska ombilinska formacija u unutarplaninskome Ombilinskom bazenu, Središnja Sumatra, bilježi ključni 
interval paleoekoloških promjena uzrokovanih regionalnom tektonikom i globalnim fluktuacijama razine mora. Unatoč 
važnosti, raspored facijesa sedimentnih stijena, podrijetlo sedimenta i povijest oscilacija razine mora ove formacije slabo 
su istraženi. Ova studija integrira detaljno sedimentološko istraživanje i petrografsku analizu izdanaka s ciljem dobiva-
nja novih spoznaja o navedenim nedostatcima. Identificirano je deset litofacijesa koji su grupirani u tri asocijacije facije-
sa: facijes otvorenoga mora, facijes plimnih kanala i facijes međuplimne zone s plimnom ravnicom. Njihov vertikalni 
raspored upućuje na postojanje normalnih i inverznih prijelaza. Normalni prijelaz upućuje na pomak od sublitoralnih 
do plimom dominiranih okoliša, što se tumači kao rezultat povećanoga donosa sedimenta s uzdignutih planina Barisan 
te kratkoročnim globalnim padom razine mora (npr. SEA34–SEA46). S druge strane, inverzni prijelaz upućuje na trans-
gresiju koja se dogodila u Ombilinskome bazenu. Petrografska analiza u formaciji Ombilin uputila je na postojanje arko-
znih pješčenjaka koji potječu ponajprije iz magmatskoga luka, što je u skladu s istovremenim vulkanizmom koji se odvi-
ja zapadno od promatranoga bazena, ali s manjom preradom marinskih naslaga i starijih klastičnih naslaga. Stratigrafski 
dokazi upućuju na početnu regresiju, vjerojatno uzrokovanu podizanjem planine Barisan i globalnim padom razine 
mora u bazenu Ombilin tijekom ranoga miocena. Nakon ovoga događaja uslijedilo je taloženje praćeno globalnim trans-
gresivnim trendovima. Ovi nalazi pružaju nove znanstvene spoznaje o razvoju sedimentacije, podrijetlu i tektonsko-
eustatičkoj interakciji koja je kontrolirala razvoj bazena Ombilin tijekom ranoga i srednjega miocena.

Ključne riječi: 
naslage povezane s plimom, podbazen Sinamar, sedimentologija, podrijetlo, tektonika
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