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Abstract Provenance and tectonic setting of sandstone and
mudstone units of the Miocene Sibuti Formation from north-
west Borneo have been studied based on the mineralogy, ma-
jor and trace element geochemistry data. The X-ray diffraction
(XRD) and scanning electron microscopy-energy dispersive
spectrometry (SEM-EDS) data revealed that the sandstones
and mudstones were abundant in quartz, pyrite, clay, and
heavy minerals such as zircon, rutile, and some detrital cassit-
erite. Geochemically, the sandstones and mudstones are clas-
sified into quartz arenite, litharenite, sublitharenite, arkose,
and wacke. Quartz arenites are enriched with SiO,, Zr, and
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Th and depleted in Al,O5, CaO, and other elements compared
to other sandstone types, indicating high maturity and inten-
sive weathering. Chemical index of alteration (CIA: 77-90),
plagioclase index of alteration (PTA: 86—100), and A-CN-K
diagram suggest intense weathering in the source area.
Elemental ratios such as La/Sc, Th/Sc, Cr/Th, La/Co, and
Th/Co are similar to sediments derived from the felsic rocks.
Also, the provenance discrimination diagrams suggest
recycled continental nature of these clastic sediments which
are mostly derived from metasedimentary source (Rajang
Formation). Discriminant-function diagram for the tectonic
discrimination of siliciclastic sediments revealed that the sed-
iments of Sibuti Formation were derived from a collision
zone, which is consistent with the geology of the study area.

Keywords Provenance - SEM-EDS - Miocene - Chemical
weathering - Malaysia

Introduction

Whole rock geochemistry of clastic sediments is a powerful
tool to elucidate the evolution of sedimentary basins and has
been widely used to reconstruct the paleoweathering, hydrau-
lic sorting, recycling, provenance, and tectonic setting of the
sedimentary basins (Abou Elmagd et al. 2014; Jorge et al.
2013; Mortazavi et al. 2014; Nagarajan et al. 2014).
Behavior of elements is different during sedimentary process-
es, thus preserve the characteristics of source rocks. Chemical
variations of clastic sediments may yield useful information
about sedimentary evaluation, and thus, the relationship be-
tween source area and sedimentary basin can be extracted
through geochemistry (Perri 2014). Particularly, certain ele-
ments (e.g., Th, Sc, and rare earth elements) withstand against
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weathering, erosion, and transport and preserve the sedimen-
tary record of their source (McLennan et al. 1990). When
sediments are fine grained, petrography does not have their
significance, and thus, any interpretation relies on geochemis-
try (Imchen et al. 2014). Different behavior of elements is
considered in geochemistry to decipher the chemical
weathering (Na and Ca are mobile elements; Nesbitt and
Young 1982) and provenance. High field strength elements
(HFSEs), rare earth elements (REEs), and Cr, Co, and Sc have
more advantage than other elements since they are least af-
fected by secondary processes like diagenesis and metamor-
phism (Cullers and Podkovyrov 2000).

Borneo is ranked as the third largest island in the world,
which covers an area of 748,168 km?. It is located at the
boundaries of Eurasia, Pacific Ocean, and India-Australian
plates, and its motion is affected by the tectonic setting of
these three plates. Borneo Island includes Indonesia
(Kalimantan), East Malaysia (Sarawak and Sabah states of
Malaysia), and Brunei. Particularly, NW Borneo is economi-
cally important due to richness of a world class hydrocarbon
province. The geology of Sarawak consists of three distinct
provinces, namely west Sarawak, central Sarawak, and north
Sarawak. The north Sarawak region occupies the north and
east of the Rajang-Baram watershed. During early Miocene,
microcontinental fragments collided with western edge of
Borneo. Vast amount of clastic sediments (~12 km thickness)
were deposited in the marginal basins on and around Borneo,
throughout the Neogene period (Hall and Nichols 2002). An
alternative model was presented by Kessler (2009, 2010) in
which the fore deep originated by crustal stretch during the
Miocene and faced moderate Miocene compression, plus
strike-slip movements at the Baram line that offsets the
foredeep against central Luconia. Sedimentary Formations
of NW Borneo mainly consist of siliciclastic sediments (sand-
stone, siltstone, and shale) deposited by continuous sedimen-
tation throughout the Tertiary period. North Sarawak region is
underlain by thick sequences of shallow and deep marine sed-
iments (Liechti et al. 1960). The formations are Nyalau, Setap,
Tangap (Suai), Sibuti, Belait, Lambir, Miri, and Tukau, which
range in age from Oligocene to Pliocene. In north Sarawak,
along the coastal regions, outcrops are formed by clastic sed-
iments of Tukau and Miri Formations (Belait group). The
youngest (Pliocene—Pleistocene) sediments are found in
Brunei (Seria and Liang Formations). Though the Neogene
sedimentary successions show lithological similarities over
large areas, there are still some significant changes in lateral
facies observed. Siliciclastic sediments of NW Borneo are
described lithostratigraphically rather than by means of
chronostratigraphy due to limitations of fossil record.
Lithostratigraphy and tectonic setting of northern Borneo have
been described by many studies; however, the tectonic setting
is still being discussed by many authors (Mat-Zin and Tucker
1999; Hutchison et al. 2000; Peng et al. 2004; Hutchison 2005

@ Springer

(references there in); Van der Zee and Urai 2005; Morley et al.
2008; Hall et al. 2008; Kessler 2009, 2010; King et al. 2010;
Hall 2013 (references there in)). Geochemical and mineralog-
ical characters of Neogene Borneo sediments are reported in
limited number of studies (Tanean et al. 1996; van Hattum
et al. 2006, 2013; Nagarajan et al. 2014). However, the geo-
chemistry of the Sibuti sediments has not been studied. In this
study, the mineralogical and geochemical analyses were car-
ried out for the clastic sediments of the Sibuti Formation, NW
Borneo to infer the paleoweathering, source rock characteris-
tics, and tectonic setting.

Geological setting

Sibuti sediments are well exposed in the Bekenu region, and
two outcrops exposed in the Ranchah-Ranchah and Tengah
villages near the Bekenu town were selected for this study,
which are located approximately 70 km toward SW direction
from Miri (Fig. 1). The geophysical and geological evidences
(Moss and Wilson 1998; van Hattum et al. 2013) suggest that
throughout the Cenozoic Era, the SE Asian region was an
exceptionally dynamic tectonic region. According to
Hutchison (2005), the Sibuti sediments are considered as a
member of Setap Formation of Miocene age. Hutchison
(2005) also stated that the lithologies found were shale, with
thin layer of limestone and sandstones. The Sibuti member is
underlain by Suai Formation (fault contact) and overlain by
Lambir Formation along a conformable but abrupt boundary
(Banda 1998; Hutchison 2005). Recent work (unpublished to
date) has identified muddy carbonate ramp settings with a
total carbonate thickness of up to 80 m in an abandoned quarry
near Kampung Opak. Based on the stratigraphic column of
Sarawak, the Sibuti Formation formed between late Oligocene
to early middle Miocene, and it lies between the Nyalau and
Lambir Formations (Ho 1978; Fig. 2a; Liechti et al. 1960).
The Setap Formation is comparable with Meligan Delta (stage
I or TB 2.1-2.3; Balaguru and Lukie 2012), accumulated
during mid-early Miocene. The Meligan Formation is domi-
nated by thick sandy deltaics with subordinate sandy shallow
marine facies, whereas Setap Formation consists of thin bed of
sandstone within the overall shale successions, which repre-
sent that the Setap Formation is being a distal equivalent facies
of the Meligan delta. The Sibuti Formation was subjected to
gentle to moderate folding that led to the formation of shallow
anticlinal and synclinal folds (Wannier et al. 2011). The age of
the Sibuti sediments was assigned as early Miocene based on
the presence of planktonic foraminifera Globigerionoides
obliquus (Simmons et al. 1999), which is further supported
by the presence of Florschuetzia levipoli and Florschuetzia
meridionalis, indicating late early Miocene age. This has been
further confirmed by Vermeij and Raven (2009) based on the
Melongenidae sp. (Melongena murifactor and Pugilina spec.
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Fig. 1 Geology map of NW Borneo shows the study area (after Liechti et al. 1960)

A). The Sibuti Formation is considered as time-
stratigraphically equivalent to Setap Shale Formation and
termed Sibuti member of Setap Shale Formation. However,
the Sibuti Formation can be distinguished from the Setap
Shale Formation based on high fossil content, predominant
marl lenses, and thin limestone beds (Peng et al. 2004).
Based on field relationship, the Sibuti Formation could be
described as a shoal surrounded by deeper shelf to slope shale
deposition, ranging from marly beds, carbonate ramp de-
posits, and also small oyster patch reefs.

Methodology

In total, 73 samples were collected from two outcrops
(Kampongs Ranchah-Ranchah and Tengah) of Sibuti
Formation (Fig. 2b, ¢). Among them, 25 samples (19 from

KGRR and 6 from KGTG) were selected for geochemical
analysis and 15 samples for X-ray diffraction (XRD).
Samples were chosen based on their lithology, locality, and
layer thickness (Fig. 2b, c¢). Selected samples underwent a
cleaning process, and only unweathered rocks were used for
analysis. All samples were then dried at the room temperature
of <40°. Dried samples were crushed and grinded using agate
mortar, down to a size of 75 L.

XRD and X-ray fluorescence (XRF) analyses were per-
formed at geology laboratory, University of Malaya (UM),
Malaysia. The samples were run for loss of ignition (LOI)
and then fused with a borate flux to produce a glass bead for
the analysis of major oxides using XRF (PANalytical
Axios™*¥). For the trace element study, 3 g of powered sam-
ples and approximately 0.5 g of wax binder—Cereox —
were grinded together for 5 min using the agate mortar to bind
the powdered samples together. The mixture was then placed
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in the pellet mould, and orthoboric acid was added to the top ~ PANalytical Axios™**—XRF spectrometers for analysis.
of the samples. The mould was placed on the hydraulic press, = Three US Geological Survey (USGS) certified reference ma-
and pressure of 4000 1b/in®> was induced onto the mould to terials were used in the present study: (1) AGV-2, (2) GSP-2,
produce pressed pellets. The samples were placed into the  and (3) BHVO-1, and its composition were available in the
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USGS website (http://crustal.usgs.gov/geochemical
reference standards/granodiorite.html) as well as by
Govindaraju (1994). The precision of the present study
through monitoring by standards was better than £10 %
except Cu and Pr. Each sample was analyzed at least three
times, and average values of the triplicate analysis were
reported in this study. The relative errors of duplicate
samples were mostly between 0 and 5 %. Some samples
were studied for the scanning electron microscopic (SEM)
analysis at the Petrology Laboratory, Institute of Geophysics,
Universidad Nacional Autonoma de Mexico (UNAM). The
study was undertaken on a Philips XL-30 SEM with a 3.
5 nm of resolution, equipped with EDAX spectrometer (ener-
gy dispersive spectrometry (EDS)) system, to determine the
chemical composition during SEM observations.

XRD analysis was performed using the PANalytical
Empyrean X-Ray Diffractometer. Samples that were analyzed
started from the Theta position of 5° and ending at 70°, at a
temperature of 25 °C and standard generator setting of 40 mA
and 45 kV. The peaks were identified using its software
generator.

Results
Mineralogy

The XRD study indicates that the clastic sediments of Sibuti
member mainly consist of quartz, mica, clay minerals (illite
and kaolinite and chlorite), and zeolites with little feldspar and
heavy minerals (ilmenite and tourmaline). The chemical com-
position measured using SEM-EDS method (qualitative anal-
ysis) reveals that the clastic sediments are rich in light minerals
such as quartz, pyrite (Fig. 3d) clay minerals, and heavy min-
erals such as zircon, rutile, or ilmenite. The concentration of
these minerals is identified by the high content of Si, S, Fe, K,
Zr, and Ti (Fig. 3a—d). A euhedral-shaped zircon mineral is
identified (Fig. 3a). A strong Sn peak was clearly noted from a
sample from Kpg. Tengah outcrop (Fig. 3¢) indicates presence
of detrital cassiterite, which may be recycled from the source
region or derived from tin bearing granites (i.e., van Hattum
et al. 2013).

Elemental variations

Statistical summary of major, trace, and selected rare
earth element concentrations are presented in Table 1.
The siltstones and mudstones were geochemically clas-
sified, and the classified types are used for further
discussion.

Geochemical classification

The geochemical classification provides information on the
differentiation between mature and immature sediments
(Rollinson 1993). Few classification schemes have been pro-
posed to classify the siliciclastic sedimentary rocks using ma-
jor element concentrations (Pettijohn et al. 1972; Crook 1974;
Blatt et al. 1980; Herron 1988). Pettijohn et al. (1972) classi-
fication was based on the graph of log (Na,O/K,0) versus log
(Si0,/Al,03) and is not “particularly reliable” since Na and K
are prone to be mobilized during diagenesis and metamor-
phism (Rollinson 1993). Hence, Herron (1988) modified
Pettijohn’s diagram by replacing log (Na,O/K,0) with log
(Fe,03/K,0) on the y-axis, which rectifies the problem of
alkalis. This modified diagram permits arkoses to be in the
classification, and it also measures the mineral stability and
mostly used in recent studies (e.g., Armstrong-Altrin et al.
2013, 2015).

The Sibuti Formation clastic rocks were classified into
quartz arenites (n=4), litharenites (n==8), sublitharenites (n=
9), arkoses (n=2), subarkoses (n=1) and wackes (n=2)
(Fig. 4; Herron 1988). For further discussion, the subarkose
type is combined together with arkose type (n=3) since it had
less samples.

Major oxides

Among major elements, SiO, shows the largest variation,
ranging from 56.2 to 96.1 wt%, which is higher in quartz
arenites (87-96.1 wt%; 91.5+4.5; n=3) than arkose (66.5—
74.3 wt%; 69.8+£4.0; n=3), sublitharenite (59.5-86.2 wt%;
68.5+7.7; n=9), litharenite (60.6-65.6 wt%; 62.7+2.1; n=
8), and wacke (56.2-56.9 wt%; 56.6+0.6; n=2). Al,O5 con-
tent is higher in wacke (19.4+0.2) than in other sandstone
types such as arkose (18.1%2.1), litharenite (16.7+0.9),
sublitharenite (12.6+2.1), and quartz arenite (5.9+1.9). The
correlation of SiO, versus Al,O5 (r=—-0.90), MgO (r=-0.92),
Fe 03 (r=—0.85), K,0 (r=—0.94), and P,05 (r=—0.82) is sta-
tistically not significant, indicating the quartz dilution effect
(Armstrong-Altrin et al. 2014). In general, SiO, reflects the
quartz content, and Al,O; reflects the clay mineral contents in
the sediments (Jin et al. 2006), which is inversely correlated
(r=-0.90). High SiO, and low Al,O; contents (i.e., quartz
arenites) in the Sibuti Formation clastic sediments indicate
that they are abundant in quartz and depleted in clay minerals.
A statistically significant positive correlation between Al,O;
and K,0O (r=0.98) reveals that the K-bearing minerals have
significant effect on Al distribution, which is controlled by
clay minerals (Jin et al. 2006).

The concentration of Fe,O3 and MgO are higher in wacke
(7.6+0.8 and 2.4+0.01 wt%, respectively) than in other types,
decreasing in the order litharenites>sublitharenites>arkoses>
quartz arenites and displayed a statistically significant positive
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Fig. 3 a—d SEM and EDS
spectrum for the mudstone and
sandstone samples.

correlation (r=0.98). The average K,O content showed min-
imum variation amongst all the sandstones, and the lowest
value is recorded in quartz arenites (0.740.2). The concentra-
tions of MnO (0.0-0.2 wt%), Na,O (0.0-0.8 wt%), CaO (0.0—
5.5 wt%), and P,0Os5 (0.0-0.1 wt%) are low. TiO, showed
minimum variation, which range between 0.4 and 1.4 wt%.
The low contents of CaO and Na,O indicate that these ele-
ments were leached during intensive weathering processes.
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However, sublitharenite shows the highest CaO content
among other types, which is due to abundant shell and coral
fragments. Quartz arenites show the highest TiO, concentra-
tion (0.44-1.40), and the overall average content of TiO,
(0.9140.5) is comparable with post-Archaean Australian
shale (PAAS; Taylor and McLennan 1985). TiO, is negatively
correlated with Al,O5 suggesting that TiO, is not associated
with phyllosillicate minerals especially with illite (Dabard
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Fig.4 Classification of sandstones using log (SiO,/Al,03)-log (Fe,O5*/
K,0) diagram (after Herron 1988)

1990). The titanium oxides may occur as either poorly crys-
talline masses, cryptocrystalline aggregates, or discrete,
euhedral crystals of anatase, ilmenite, brookite, and rutile that
attain a variety of crystal habits. TiO, does not show any
relationship with any major elements which indicates that it
is not associated with either phyllosilicates or ilmenite. Thus,
the high content of TiO, in quartz arenites should be due to the
presence of heavy mineral rutile which has been clearly iden-
tified in the SEM-EDS study (Fig. 3b).

Major elements were normalized against average UCC
values (Taylor and McLennan 1985; McLennan 2001) and
shown in Fig. 5a. Quartz arenites show enrichment in SiO,
and TiO, and depletion in other major elements compared to
other rock types as well as to UCC. All the samples except for
quartz arenites and sublitharenites show enrichment in Al,O5
content. Wackes, litharenites, and sublitharenites are enriched
in Fe,03, and Na,0, K,0, P,0s, and CaO are depleted when
compared with UCC.

Trace element concentrations

Table 1 shows the minimum, maximum, average, and stan-
dard deviation for the trace element concentrations of rock
samples from the Sibuti Formation.

Large ion lithophile elements (LILEs)

RD content varies from 93.8 to 195.7 ppm. The lowest con-
centration of Rb is in quartz arenite (93.8+£10.6) whereas the
highest concentration is in arkoses (195.7+10.5). Rb is posi-
tively correlated with Al,O5 and K,O contents. The high
abundance of Rb suggests that the sediments also consist of
very fine-grained clays and silts (Kessler and Nagarajan
2012). The lowest concentration of Sr is shown by quartz
arenites (165.1£7.9), and the highest concentration is shown
by sublitharenites (252.5+42.1). Ba has a wide variation
among different types of sandstones (~606—1048 ppm). The
lowest and highest concentrations of Ba are recorded in quartz

arenites (606+£262) and arkoses (1048+106), respectively.
The proportion of clay minerals in different rock types could
be the reason explaining the variations in Ba content.
Compared to UCC, Rb and Ba contents are enriched and Sr
content is depleted (Fig. 5b). Overall, Rb, Ba, and Sr recorded
low concentrations in quartz arenites and high in arkoses
(Fig. 5b). Sr and Ba usually reside in plagioclase and K-feld-
spar, respectively (Puchett 1972). But, Ba does not show any
significant correlation with K,O, Al,Os, and Rb indicating
that Ba is not mainly associated with feldspars (Nagarajan
et al. 2007b). Sr shows a strong positive correlation with
CaO (r=0.94) and moderate correlation with Na,O, and
MnO (r=0.54, 0.57, respectively) indicates that Sr is mainly
associated with carbonates and minor amount with Na-
feldspar (albite).

Ferromagnesian trace elements

The Cr content is higher in wacke (119.5+2.7) than in quartz
arenites (102.6+92), litharenites (101.8+4.8), arkoses (89.7+
4.2), and sublitharenites (82.6+19.1). The Ni content is higher
in arkoses (82.4+12.4) than in litharenites (78.4+21.1),
wackes (73.8+£10.4), sublitharenites (59.2+9.8), and quartz
arenites (34.0£3.6). Litharenites show wide variation of Ni
content which ranges from 62.54 to 128.50 ppm. On the other
hand, the concentration of V is high in wackes (145.0+0.2)
while the lowest is shown by quartz arenites (58.3+23.4).
According to Cox and Lowe (1995) and Armstrong-Altrin
etal. (2004), the presence of mica may control the distribution
of Cr and V. In this study, Cr, Ni, and V contents are recorded
higher than UCC, except V content in quartz arenites, which is
lower than in other types and UCC (Fig. 5b). Scandium con-
centration is higher in wackes (22.840.24) than arkoses (12.6
+0.6), litharenites (18+1.8), and sublitharenites (10.8+5). The
average value of Sc in sublitharenites and arkoses are compa-
rable with UCC while other rock types show higher content of
Sc than UCC. Cobalt concentrations in wackes, litharenites,
and sublitharenites range from 29.11 to 26.50 ppm, 18.44 to
24.10 ppm, and 1.65 to 17.03 ppm, respectively, and arkoses
show significant depletion in the concentration of Co, com-
pared with UCC (Fig. 5b). Ferromagnesian trace elements
such as Cr, Ni, V, Co, and Sc in the studied sandstones have
no significant interrelationships, indicating the heterogeneity
in the sediment source. However, Co and Sc show a signifi-
cant relationship with V and Al,Oj3 indicating that Co and Sc
in Sibuti sediments is partly controlled by chlorite and other
accessory non-aluminous silicate minerals (Rahman and
Suzuki 2007).

High-field strength elements such as Y, Zr, Nb, Th, and Hf
in sedimentary rocks can provide information about the source
rocks (McLennan et al. 1990; Nagarajan et al. 2007a; 2007b,
2014; Armstrong-Altrin et al. 2013) since they have minimum
effects on metamorphism and weathering. Quartz arenites
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Fig. 5 Multi-element (a major b 10
trace and REE) normalized a
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show highest concentration of Zr (2559+2652) when com-
pared to wackes, arkoses, litharenites, and sublitharenites.
Large variation in Zr concentration is shown by
sublitharenites (255-2245 ppm) while other rock types re-
corded medium to low variations. The high concentration of
Zr in quartz arenites and litharenites suggest the occurrence of
heavy minerals like zircon probably derived from felsic
dominated/recycled source region (Fig. 5b). Higher Zr and
Hf concentrations are due to the presence of heavy minerals
in the sediments, such as zircon (ZrSiOy), ilmenite (TiO,,
FeO, Fe,03), or rutile (TiO,). Occurrence of zircon in the
studied sediments is confirmed by SEM-EDS analysis
(Fig. 3a) and by linear positive correlation between Zr and
Hf (#=0.98). In particular, high content of Zr in quartz arenites
may be due to sorting effect of sediments during
transportation.

Niobium (Nb) concentration could give an indication of
provenance in geochemical study of clastic rocks (Condie
1993; Skilbeck and Cawood 1994). Most of the samples show
quite high concentration of Nb ranging from 20.5 to 47.1 ppm.
Quartz arenites show the highest concentration of Nb (avg.
47.1£8.3) while the lowest concentration is shown by wackes
(20.5£3.5 ppm). When comparing with PAAS and UCC, Nb
shows slight enrichment in all the samples. High

@ Springer

concentration of Nb in Sibuti Formation could indicate that
there is a significant fractionation of Nb from the source rocks
(Hofmann 1988). Besides that, quartz arenites also show the
highest concentration of Th with an average of 89.5+10.1 and
ranging from 82.60 to 101.10 ppm. On the other hand, the
lowest concentration is recorded by wackes (40.0£5.2 ppm).
Large variation of Th is shown by sublitharenites, ranging
between 37 and 77 ppm. The concentration of Th is higher
than in PAAS and UCC values. Nb, Th, Zr, Ti, Cr, and Hf
contents are enriched in quartz arenites, and a strong positive
relationship amongst these elements clearly indicates that the-
se elements are associated with heavy minerals, which are
common in quartz arenites, and these elements survived
against intensive weathering in the source area and transported
from the source region.

Discussion
Paleoweathering
Chemical weathering progressively modify the original min-

eralogy of basement crystalline rocks, by changing into clays,
secondary oxides, and hydrous minerals (Nesbitt et al. 1997).
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Mineral maturity of sediments mainly reflects the weathering
process, where the degree of conversion of feldspar to alumi-
nous clays is related to intensity of paleoweathering,
paleoclimate, and tectonism (Fedo et al. 1996; Nesbitt et al.
1997; Hurowitz and McLennan 2005; Armstrong-Altrin et al.
2013; Nagarajan et al. 2014). The degree of weathering influ-
enced by several factors such as time and weathering intensity
from physical, chemical, or both. In this study, A-CN-K ter-
nary diagram, chemical index of alteration (CIA), plagioclase
index of alteration (PIA) established by Nesbitt and Young
(1982, 1984), Th/U, and Rb/Sr ratios are used to comprehend
the intensity of paleoweathering in the source region.
A-CN-K diagram illustrates the mobility of elements dur-
ing the chemical weathering phases of source area and post-
depositional chemical modifications (Nesbitt and Young
1982, 1984) particularly the loss of Ca, Na, and Sr that is
proportional to the intensity of weathering (Nyakairu and
Koeberl 2001; Nesbitt et al. 1997). In the A-CN-K plot
(Fig. 6), individual samples plot away from the plagioclase-
K-feldspar join line, UCC, and PAAS indicating moderate to
intense chemical weathering in the source area. All the sam-
ples are plotted parallel to the A-CN line, and the normal
weathering is oriented toward illite indicating the presence
of more illite than kaolinite and smectite which is confirmed
by XRD study. Samples plotted toward illite are interpreted to
be the effect of potassium metasomatism, where post-
depositional processes converts kaolinite to illite; however,
there is no conversion trend observed toward K,O. From the
ternary diagram, the samples mostly plotted between average
granite and UCC line (i.e., granodiorite), suggesting the

Fig. 6 A-CN-K ternary diagram

protolith of the area to be of intermediate to felsic source
rocks.

The intensity and duration of weathering in clastic sedi-
ments can also be evaluated by studying the relationship be-
tween alkali and alkaline earth elements using the indices CIA
and PIA (Nesbitt and Young 1982, 1984). The CIA can be
calculated using the formula (molecular proportion):
CIA=[(Al,0O3 / (AlLO3;+Ca0*+Na,0+K,0)]*100), where
CaO* is the amount of CaO incorporated in the silicate frac-
tion of the rock. The correction of CaO is done as carbonate
contributions were not analyzed in this present study due to
the absence of CO, value. Thus, Bock et al. (1998) assump-
tion was adopted in the regard that CaO values were accepted
only if CaO<Na,O; subsequently, when CaO>Na,O, it was
assumed that the concentration of CaO equals to Na,O. CIA is
a suitable measure for paleoweathering as it monitors the pro-
gressive weathering conditions of feldspars to clay minerals
(Fedo et al. 1995; Armstrong-Altrin et al. 2004). High and low
CIA values (>76 and <50) signify intensive chemical
weathering and unweathered condition at the source areas.
The average values of this study show a wide variation
(Table 1), i.e., as wackes (84), quartz arenites (89+1),
litharenites (83+1.1), sublitharenites (79.1%1.5), and arkoses
(87), which clearly signify that the source area has been sub-
jected to moderate to intensive chemical weathering.
Similarly, the average CIA values are higher than UCC value,
which indicate high weathering intensity in the source region.

The PIA was calculated using the formula: PIA=[(Al,O;—
K50) / (Al,O3+CaO*+Na,0—K,0)]*100. PIA would pro-
vide quantitative estimation of secondary aluminous clay
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mineral from primary feldspars (Nesbitt and Young 1982) and
volcanic glasses (Fedo et al. 1995). During weathering of
feldspar from the source rock, Ca is considerably leached
quickly in comparison to Na and K. Therefore, with increas-
ing intensity of weathering, the total alkali content in the rock
(K,0+Na,0) and ratio of K,O and Na,O would be inversely
related, where decrease in total alkali content meant an in-
crease in the ratio of K,O/Na,O. The reason being that break-
ing down and removal of plagioclase feldspar is preferred
instead of K-feldspars (Nesbitt and Young 1984). In the pres-
ent study, PIA values vary from 86 to 100. PIA value for
wackes (95.5+0.7), quartz arenites (100), arkoses (99+1.0),
litharenite (94.5+1.7), and sublitharenite (89.2+1.9) are
higher than in UCC. High values of CIA (>77) and PIA
(>86) suggests that the clastic sediments were subjected to
intense chemical weathering.

The ratios of Th/U in sedimentary rocks are of profound
interests, as this ratio reflects the weathering profile and the
recycling of the sediments resulted from the loss of U (e.g.,
Bakkiaraj et al. 2010; Rahman and Suzuki 2007). It would
also exhibit weathering intensity from the oxidation result of
insoluble U*" to soluble U" with the loss of solution and
increase of Th/U ratios (McLennan and Taylor 1991). In ad-
dition, Th/U ratio is also useful to infer the probable source of
the clastic sedimentary rocks (Bakkiaraj et al. 2010). In sedi-
mentary rocks, Th/U ratios that are greater than or equal to
four would be characterized as sedimentary rocks originating
from the upper crust or sediment recycling. On the other hand,
Th/U ratios lower than four would be characterized as mag-
matic source contributions (Roddaz et al. 2006). The average
Th/U ratio in quartz arenites (32.0+2.8) is higher than
inarkoses (28.8+0.2), sublitharenites (21.1+3.4), litharenites
(20.7£0.5), and wackes (18.6+1.7). The high Th/U ratio (>4)
reveals that the studied clastic rocks were originated from the
upper crust or recycled sediments. In addition, high Th/U
ratios also signify the removal of U during intensive
weathering (CIA>75) (McLennan et al. 1980).

Hydraulic sorting

Geochemistry of sedimentary rocks can be influenced by hy-
draulic sorting, which may control the distribution of some
trace elements (Armstrong-Altrin et al. 2012, 2014). Zr is
mostly concentrated in zircon, while Sc is concentrated in
mafic components. Zr/Sc ratio can be used as a tracer for
zircon (heavy mineral concentration), and zircon enrichment
in sediments can be studied by relationships between Th/Sc
and Zr/Sc (McLennan et al. 1993). Th/Sc ratios show overall
positive correlation with Zr/Sc for first-cycle sediments, de-
pending on the nature of the source rocks, whereas Zr/Sc
ratios show considerable variation with little accompanying
change in Th/Sc ratios in mature or recycled sediments
(McLennan et al. 1993).

@ Springer

The scatter plot of Th/Sc versus Zr/Sc (after McLennan
et al. 1993) is used to distinguish the contrasting effects be-
tween the source composition and sedimentary processes on
the composition of clastic sedimentary rocks. On the Th/Sc
versus Zr/Sc scatter plot (Fig. 7), samples from the Sibuti
Formation mostly follow the trend 2 (Fig. 7). Sublitharenites
and arkoses clearly show the enrichment of zircon by sedi-
mentary sorting or recycling. However, wackes and some
litharenities follow trend 1 and indicating the nature of prov-
enance. They follow the normal weathering trend and shows
positive correlation (#=0.63), which indicates that the samples
follow the normal igneous differentiation trend and does not
show zircon enrichment. The highest Th/Sc and Zr/Sc values
are shown by sublitharenite. The Th/Sc ratios of the samples
range from 1.60 to 9.68, whereas the ratio of Zr/Sc ranges
from 7.91 to 52.6. The sample number SL25 (sublitharenite)
is not included in the diagram (Fig. 7) due to its high ratio
values of Th/Sc and Zr/Sc. The remaining samples follow
trend 2, where sediments include concentration zircon during
sedimentary sorting and/or recycling. The enrichment of Zr in
the siliciclastic sediments of Sibuti Formation can be
interpreted as the result of recycling processes (Fig. 7). The
Zrt/Hf ratio values range from 19.7 to 41.4, which are compa-
rable with the values reported for zircon minerals (~35-41;
Murali et al. 1983).

Provenance

Geochemical data of clastic sediments were mainly used to
determine the provenance. The ratio of Al,O3/TiO, in clastic
sediments was generally used to predict the source rock com-
position. The Al in igneous rocks resides mostly in feldspars
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Fig. 7 Th/Sc versus Zr/Sc diagram for the Sibuti sandstones (after
McLennan et al. 1993). The addition of zircon due to sediment sorting
and recycling is observed in trend 2
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and Ti in mafic minerals (e.g., olivine, pyroxene, hornblende,
biotite, ilmenite), and the Al,O3/TiO, ratios increase from 3 to
8 in mafic igneous rocks, from 8 to 21 in intermediate igneous
rocks, and from 21 to 70 in felsic igneous rocks (Hayashi et al.
1997). In general, the variation in the Al,O5/TiO, ratio
(~17.1-24.3) suggests that the samples were derived from
intermediate to felsic source rocks. However, one quartz
arenite sample (SL3) shows very low average Al,O3/TiO,
ratio (4.67), which may be due to the high sediment maturity
and/or presence of significant amount of TiO,-rich minerals
(ilmenite, anatase, brookite, and rutile).

REE such as Th and Sc are highly useful for provenance
study, since these elements are immobile during weathering
and are believed to be transported specifically on terrigenous
component of sediments, which reflects the chemistry of the
source rocks (Cullers 2000). The Sibuti siliciclastic sediments
clustered on continental sources field in the Th versus Sc plot
(Fig. 8a). Similarly, on the Th/Sc versus Sc plot (Fig. 8b), the
samples are clustered above the average UCC and PAAS
values and are comparable with average granite composition
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Fig. 8 Bivariate plot of a La versus Sc and b Th/Sc versus Sc for Sibuti
sandstones

and demonstrates that the sediments were derived from silica-
rich continental sources.

Compared to UCC, Cr concentration in felsic rocks is low-
er than in the intermediate rocks. A higher concentration of Cr
(usually 2—10 times) in sedimentary rocks would be a source
contribution from mafic to ultramafic rocks. The low concen-
tration of Cr (<150 ppm), Ni (<100 ppm), and Cr/Ni ratio
between 1.1 and 3.2 but mostly <2 indicates the absence of
widespread mafic/ultramafic rocks in the source region
(Armstrong-Altrin et al. 2014). The occurrence of detrital
chrome spinel within the quartz arenites probably elevated
the Cr concentration up to 20 5 ppm.

Trace element ratios such as Th/Sc, La/Sc, Th/Sc, Zr/Sc,
La/Co, Th/Co, and Cr/Th are sensitive provenance indicators,
and differences in mafic/felsic sources would provide infor-
mation about the provenance of sedimentary rocks (e.g.,
Cullers 2000; Nagarajan et al. 2007b; Bakkiaraj et al. 2010;
Armstrong-Altrin et al. 2012). Geochemical ratios such as La/
Sc, Th/Sc, Th/Cr, Cr/Th, La/Co, and Th/Co of the studied
samples were compared with probable source rocks (granite,
tonalite-trongimite-granite (TTG), felsic volcanic, and andes-
ite), range of sediments from felsic and mafic sources, UCC,
and PAAS, which clearly indicates that the studied Sibuti sed-
iments are comparable with the sediments derived from felsic
volcanic rocks and granites (Table 2). However, Cr/Th ratios
of the studied sediments are comparable with TTG than gran-
ite, which may be due to the effect of sorting of sediments
during transportation.

Several classification schemes based on major elements
have been proposed to understand the provenance and
tectonic setting of the clastic sediments. The discrimination
diagram based on major elements proposed by Roser and
Korsch (1988) with four provenance groups (P1 first-cycle
basaltic and minor andesitic detritus, P2 dominantly andesitic
materials, P3 acid plutonic and volcanic detritus, and P4 ma-
ture polycyclic quartzose detritus) is used to distinguish the
provenance of the studied sediments. The provenance diagram
(Fig. 9) suggests that the sediments of the Sibuti Formation
should be derived from the recycled sources represented by
quartzose sediments of mature continental provenance and/or
granitic-gneissic source categorized by Roser and Korsch
(1988). Two samples each fall in P2 and P1 fields indicating
intermediate to mafic composition components in the source
region. van Hattum et al. (2006) stated that during early
Miocene, effective erosion from Borneo highlands derived a
lot of recycled sediments to the deep Cenozoic basins around
Borneo and continued steadily throughout the Neogene.

Tectonic setting
Major and trace element concentrations of sedimentary rocks

can be used to identify the tectonic setting of the source area
(Bhatia 1983; Armstrong-Altrin and Verma 2005). Verma and
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PAAS?

ucc?

Granite® TTG® Felsic volcanic Andesite® Range of sediments®

Table2 Range of elemental ratios of clastic sediments of the Sibuti Formation compared to the ratios in similar fractions derived from felsic rocks, mafic rocks, upper continental crust (UCC), and post-
Sediments from Sibuti Formation®

Archaean Australian shale (PAAS)

Elemental
Ratio

@ Springer

rock®

Felsic rock Mafic rock

Average of all
samples (n

Wacke

(n

Sublitharenite (excluding Arkose

sample SL25) (n

Litharenite

(n

Arenite

(n

=25)

=2)

=3)

(n

=9)

=8)

=3)

2.40
0.90
0.13
7.53
1.66
0.63

0.43-0.86 221

2.50-16.3

0.9

2.8

1.79
0.71
0.30
33

5.5-7.6 5.5-385
1.6-1.9

16.7-24.1
5.7-1.0
0.8-1.0

7.6-38.5

8.0-11.9

La/Sc

0.79

0.05-0.22

0.84-20.5
0.13-2.7

0.22
0.10
9.77
0.9

0.9

3.6
225
0.44

1.6-9.7

2.5-9.7
0.5-1.1

2331
0.5-2.9 0.4-0.5
0.4-2.0 2.0-24

Th/Sc

0.018-0.046 0.13
25-500

1.5
0.67
5.6
1.8

03-04 0.3-29

Th/Cr

7.76
1.76

0.

4.00-15.0

2832 03-32
43-6.6 4.3-219.7

1.2-1.6

1.0-1.3

0.9-2.1

Cr/Th

0.14-0.38
0.04-1.40

1.80-13.8
0.67-19.4

1.79
0.71

13.33

7.5-120.5
2.5-30.3

6.7-9.8

La/Co

63

0.22

1.2-74.9

1.8-2.5

Th/Co

aThis study

b Condie (1993)

¢ Cullers (1994, 2000); Cullers and Podkovyrov (2000); Cullers et al. (1988)

d Taylor and McLennan (1985); McLennan (2001)

X Quartz arenite
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Fig. 9 Major element provenance discriminant-function diagram for the
clastic sediments of the Sibuti Formation (Roser and Korsch 1988). The
discriminant functions are the following: discriminant function
1=(—1.773.Ti0;,)+(0.607.A1,03)+(0.760.Fe,03)+(—1.500.MgO)+
(0.616.Ca0)+(0.509.Na,0)+(—1.224.K,0)+(-9.090); discriminant
function 2=(0.445.TiO,)+(0.070.A1,03)+(—0.250.Fe,03)+
(—1.142.Mg0)+(0.438.Ca0)+(1.475.Na,0)+(—1.426.K,0)+(—6.861).
(P1 first-cycle basaltic and minor andesitic detritus, P2 dominantly
andesitic materials, P3 acid plutonic and volcanic detritus, and P4
mature polycyclic quartzose detritus)

DF2(Arc-Rift-Col)m
o =Y

]
=Y

s -4 0 4 8

DF1(Arc-Rift-Col)

Fig. 10 Discriminant-function multi-dimensional diagram for high-silica
clastic sediments (Verma and Armstrong-Altrin 2013). The subscript
in DF1 and DF?2 represents the high-silica diagram based on log.-ratios of
major elements. The discriminant-function equations are the following:
DF1(arc-Rrift-Cohm1=(—0.263 xIn(Ti05/8105)aqj) +(0.604 x In(Al, 03/
SiOz)udj)+ (_1 725 % Il’l(FeZO3t/Si02)adj)“'(0.660 X IH(MHO/SiOz)udj)+
(2.191 xIn(MgO/Si05),4j)+(0.144 xIn(CaO/Si05)aq4j) +(—1.304 x
In(Na,0/8103),4j)+(0.054 xIn(K;,0/8i05)445) +(=0.330 X In(P,05/
Si03)aqj) +1.588 DF2(arcrift-Conym1=(—1.196 X In(Ti02/8107)aq;) +
(1.604 xIn(A1,05/8105),4j) +(0.303 x In(Fe,03/Si05),4) +(0.436 %
In(MnO/8i05)44;) +(0.838 xIn(MgO/S103),44j) +(—0.407 x In(CaO/
Si03)a¢j) +(1.021 xIn(Nay0/S105),4j) +(—1.706 X In(K,0/8i03),q4j) +
(=0.126 XIn(P,05/Si0,),q)) —1.068
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Armstrong-Altrin (2013) proposed two discriminant-function-
based major element diagrams for the tectonic discrimination of
siliciclastic sediments from three main tectonic settings: Island
or continental arc, continental rift, and collision have been cre-
ated for the tectonic discrimination of high-silica [(SiO,).q=
63-95 %] and low-silica rocks [(SiO5)aqj=35-63 %]. These
two new diagrams were constructed based on worldwide ex-
amples of Neogene-Quaternary siliciclastic sediments from
known tectonic settings, log.-ratio transformation of ten major
elements with SiO, as the common denominator, and linear
discriminant analysis of the log.-transformed ratio data. These
multi-dimensional diagram are efficient to provide tectonic dis-
crimination of arc, continental rift, and collision. Recently, these
diagrams were evaluated by Armstrong-Altrin (2014) and iden-
tified a good functioning of these diagrams for discriminating
the tectonic of setting of older sedimentary basins. Similarly,
these diagrams were used in recent studies to discriminate the
tectonic setting of a source region, based on sediment geochem-
istry (e.g., Zaid and Gahtani 2014). The SiO, content of the
Sibuti Formation clastic sediments is >63; the high silica dia-
gram of Verma and Armstrong-Altrin (2013) is used to identify
the probable tectonic setting of the source area. On this diagram,
samples plot mostly in the collision field, except few samples,
which plot in the rift field. This result gives an idea that the
Sibuti sediments were derived from a passive to moderately
active continental collision zone (Fig. 10). These findings were
compared with available sources that provided an overview of
the study area. During Paleocene to Eocene, there was a region-
al tectonically active subduction along the Lupar formation
toward the central of Kalimantan. This phenomenon was
caused by the collision between Luconia and Kalimantan
blocks, forming accretionary prism. During the late Eocene,
collision of Luconia continental block against northwest
Borneo block caused multiple tectonic deformations
such as folding, thrusting, and regional upliftment which
was termed as Sarawak Orogeny by Hutchison (1996).
The Sibuti Formation particularly the sandy layers may
be the product of sediment recycling; originating from
the exhumation of the Rajang and Croker Mountains
that started to raise from the Early Miocene onwards,
these provided a limited amount of sand to the shallow
Sibuti lagoons. Later, during the Neogene, the total
amount of exhumation could have reached 6 km, esti-
mated from the widespread presence of authigenic
quartz in basal Rajang group sediments. Mass balancing
the Tertiary sediment fill of the NW Borneo deep
against erosion within the known river drainage areas
although indicates an erosion of 6-7 km in the latter
(unpublished). The amount of recycled Tertiary and older
sediments within the Sibutican helps to explain its heteroge-
neous nature. Thus, it is clear from the geochemistry results
that the clastic sediments of the Sibuti formation were depos-
ited in a relatively shallow depositional environment.

Conclusion

Clastic sediments collected from Sibuti Formation were stud-
ied for mineralogy and geochemistry in order to understand
the intensity of weathering, provenance, and tectonic setting.
The mineralogy and geochemistry results revealed that these
sediments were moderate to highly mature, and the CIA and
PIA values indicated an intensive weathering in the source
region. Mineralogically, the studied clastic sediments are
enriched with quartz, mica, illite, kaolinite, chlorite, zeolites
with little feldspars, and heavy minerals such as zircon, rutile/
ilmenite, and tourmaline. Geochemically, the clastic sedi-
ments were classified as quartz arenites, sublitharenites,
litharenites, arkoses, and wackes. Al,O5/TiO, ratios showed
that the rocks were derived from intermediate to felsic source
rocks. Provenance discrimination plots indicated that these
sediments were mostly derived from continental silica-rich
rocks particularly sediments recycled from sedimentary or
metasedimentary sources. Metasediment-rich source area
such as Rajang group was probably the source area for the
Sibuti Formation. Discriminant-function multi-dimensional
diagram showed that the clastic sediments of the Sibuti
Formation were derived from a continental collision zone,
which is consistent with the geology of the NW Borneo.
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