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Abstract Tertiary sandstones collected from southwest

Sarawak, Malaysia, were analyzed to decipher their

provenance, weathering, and tectonic setting. The studied

sandstones have a sublitharenite composition and are

dominantly composed quartz with little mica and feldspar,

and a small amount of volcanic fragments. These sand-

stones were generally derived from quartz-rich recycled

orogenic sources. They have relatively high SiO2 content

with low Na2O, CaO, MnO, and MgO contents. Values of

Chemical Index of Alteration (CIA) of these rock samples

vary from 71 to 93, with an average of 81, implying intense

chemical alteration during weathering. A felsic igneous

source is suggested by a low concentration of TiO2 com-

pared to CIA, enrichment of Light Rare Earth Elements,

depletion of Heavy Rare Earth Elements, and negative Eu

anomalies. A felsic origin is further supported by a Eu/Eu*

range of 0.65–0.85 and high Th/Sc, La/Sc, La/Co, and Th/

Co ratios. This work presents the first reported geochemical

data of Tertiary sandstones of the Sarawak Basin. These

data led us to conclude that the sandstones were dislodged

from recycled orogenic sources and deposited in a slowly

subsiding rifted basin in a passive continental tectonic

setting.

Keywords Geochemistry � Tertiary sandstone �
Provenance � Tectonic setting � SW Sarawak � Malaysia

1 Introduction

Geochemical and petrographic analyses of sedimentary rocks

reveal their mineralogical composition, chemical composition,

degree of weathering, and geological evolution of the source

area, all of which offer clues to the tectonic setting of the

depositional basin (Nesbitt et al. 1980; Bhatia and Crook 1986;

Roser and Korsch 1986; 1988; Dabard 1990; McLennan et al.

1993; Verma and Armstrong-Altrin 2013). The history of

evolutionary processes of sedimentary rocks is preserved in the

rocks’ chemical composition. Immobile trace elements, rare

earth elements (REEs), and major elements are reliable indi-

cators in the evaluation of tectonic setting, weathering pro-

cesses, and provenance (Nesbitt et al. 1980; Nesbitt and Young

1982; Bhatia 1983; 1985; Taylor and McLennan 1985; Bhatia

and Crook 1986; Roser and Korsch 1986; 1988; Dabard 1990;

McLennan et al. 1993; Crichton and Condie 1993; Verma and

Armstrong-Altrin 2013). Tectonic setting has strong composi-

tional control over sedimentary rocks. Passive margin sedi-

ments are characterized by felsic composition whereas active

margin or arc sediments are typically enriched in mafic com-

ponents (Bhatia and Crook 1986; McLennan et al. 1993).

Several major element parameters and ratios, including

Fe2O3 ? MgO, TiO2, Al2O3/SiO2, Al2O3/(CaO ? Na2O),

and K2O/Na2O, are used for studying provenance and tec-

tonic setting (Bhatia 1983; Roser and Korsch 1986). Bhatia

(1983) used major element concentration functions to create a

discrimination diagram for differentiating tectonic settings:

oceanic island arc (A), continental island arc (B), active

continental margin (C), and passive margin (D). Also using

major element concentrations, Roser and Korsch (1986)

presented a classification scheme of three main tectonic set-

tings: passive margin (PM), active continental margin

(ACM), and oceanic island arc (ARC). Trace elements (in-

cluding REEs) play a significant role in provenance study.
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Their low mobility relative to sedimentary processes and

short residence time in seawater allow them to preserve the

primordial geochemistry of their source rocks to a large extent

(Bhatia and Crook 1986; McLennan et al. 1993). Degree of

weathering in the source area can be estimated by using the

Chemical Index of Alteration (CIA) and Th/U, Th/Sc, and Zr/

Sc ratios (Nesbitt and Young 1982; McLennan et al. 1993).

Although a number of models of tectonic setting of the

Sarawak Basin have been proposed (Holloway 1982; James

1984; Tan and Lamy 1990; Hutchison 1996; Mat-Zin 1996),

none of them could make irrefutable conclusions about the

tectonic setting of the area. On the basis of plate tectonic

theory, a tectonic framework for northwest Borneo was first

proposed by James (1984). According to James, the Sarawak

Basin was developed as a result of subduction of oceanic

crust of the South China Sea beneath continental crust of

northwest Sarawak. Later findings supported this model

(Tan and Lamy 1990; Hutchison 1996). Tectonic evolution

of northwest Borneo commenced in the Late Cretaceous

with initiation of simultaneous rifting of the South China Sea

Basin. The pre-existing South China Sea oceanic crust

subducted southwestward beneath the Sunda shelf during the

Paleocene to Late Eocene. The subduction front is marked

by the Lupar line (Tan and Lamy 1990). This line also rep-

resents the southwest limit of the subducting oceanic crust.

This subduction was most probably terminated during

Paleocene time (Holloway 1982) and evolved into collision

during Eocene time. This is evidenced by the compressed

Rajang Group—of Eocene age—between the Schwaner

Mountain Zone and the Luconia-Balingian-Miri block. The

Schwaner Mountains represent a subduction-related Lower-

to-Upper Cretaceous volcano-plutonic arc (Hutchison

1996). The gap between the Schwaner Mountains and the

accretionary prism is considered by some to be a fore-arc

basin (Moss 1998). However, a prior study (Mat-Zin 1996)

had hypothesized that the Tertiary tectonic history of the

Sarawak Basin is characterized by strike-slip faulting. The

fore-arc basin hypothesis suffers from the absence of an

exposed trench, lack of preserved volcanic rocks, and not

having age data for the Luconia sediments (Mat-Zin 1996).

The main objective of this study was to gain insight into

the provenance, tectonic setting, and source area weather-

ing of the Tertiary sandstones of southwest Sarawak. To

this end, sandstone samples were collected from three

different formations: the Plateau Sandstone, the Kayan

Sandstone, and the Silantek Formation.

2 Geologic background

The study area is comprised of northwestern Borneo,

southwestern Sarawak, and the Kuching Zone located at the

western part of the Lupar valley (Fig. 1). It covers an area of

about 100 km2 and is a part of the Sundaland, composed of

continental crust. Haile (1974) subdivided Borneo into the

West Borneo Basement, the Kuching Zone (bounded by the

Lupar line), the Sibu Zone, and the Miri Zone. Borneo is

believed to have formed during Mesozoic time as the result

of the accretion of several micro-continental blocks that

originated from the then South China and Australian

Gondwana plates (Hall and Nichols 2002; Metcalfe 2011). In

Jurassic time, however, the Borneo continental block rifted

and separated from the Australian plate. During the Late

Cretaceous, the block drifted northward and accreted to

southeast Sundaland. The opening and later spreading of the

South China Sea led to the separation of several small con-

tinental plates from the South China or Indochina block,

which then drifted southward by Cretaceous time (Hall and

Nichols 2002; Metcalfe 2011). Paleomagnetic data show

that Borneo began to rotate anti-clockwise in the Late Oli-

gocene. The movement ended in the Middle Miocene when

the block arrived at its present-day orientation (Hall 2002;

Hutchison 2005).

The Rajang group was uplifted and amalgamated along

the Lupar line during the Late Eocene to Early Oligocene

(Hutchison 2005). The Kuching Zone consists of an

exposed basement complex, shelf deposits, molasse, and

related sediments (Haile 1974). The Kerait Schist is the

oldest formation outcropping as basement, and is con-

formably overlain by the Tuang Formation (Fig. 2). The

Terbat Formation unconformably overlies the Tuang For-

mation and underlies the Serian volcanics. The Sadong

Formation unconformably overlies the Serian volcanics.

This formation, in turn, is unconformably overlain by the

Kedadom and Bau Formations of Upper Jurassic age, and

also by the Pedawan Formation of Lower Cretaceous age

(Hutchison 2005). The Pedawan Formation is uncon-

formably overlain by the Kayan Sandstone. In the Simun-

jan area, the Eocene Silantek Formation is equivalent to the

Kayan Sandstone, which is unconformably overlain by the

Plateau Sandstone (Hutchison 2005). Previous studies

established two major igneous events in the study area,

described as extensional imprints. The first happened dur-

ing Cretaceous time (known as the Cretaceous intrusive)

and the other occurred during Miocene time (‘‘Sintag

intrusives’’).

The Cretaceous rocks are predominantly acidic and are

composed of granites, while intrusions in the extensional

zones are hybridized gabbros. The granitoids of the Lundu

area have yielded a K–Ar date of Cretaceous age

(78 ± 5 Ma) (Hutchison 2005). The Sintag intrusives in the

Kuching Zone consist of hundreds of small ‘‘post-basement

intrusions’’ (Williams and Harahap 1987; Hutchison 2005).

Williams and Harahap (1987) attributed this magmatic

activity to deep crustal re-melting. They also stated that these

intrusions commenced in a passive post-subductional

Acta Geochim (2016) 35(3):294–308 295

123



setting. As a consequence of partial melting, the Lower

Miocene diorite and Middle–Upper Miocene dacite were

derived from island arc basaltic magma and subducted

oceanic crust, respectively (Prouteau et al. 2001).

To conduct this study, nineteen sandstone samples were

collected from the Plateau Sandstone, the Kayan Sandstone,

and the Silantek Formation. The Kayan Sandstone in the

Lundun–Kuching area is Upper Paleocene to Mid-Miocene

in age. It is composed predominantly of massive and cross-

bedded sandstone and conglomerate along with thin beds of

black, red, and grey mudstone (Wilford 1955). Tan (1984)

described this formation as fluvial to deltaic environment

deposits. The Silantek Formation in the Kuching–Simunjan

area is of Upper Eocene to Oligocene age and is predomi-

nantly composed of thick-bedded sandstone interbedded

with subordinate silty shale and mudstone in the lower part.

On the other hand, the middle part consists of lenticular

sandstone, which has interbeds of siltstone, silty shale, and

mudstone. Again, the upper part of this formation is pre-

dominantly composed of red micaceous mudstone, shale, red

siltstone, and sandstone (Hutchison 2005). These sediments

are overlain by thick-bedded massive and cross-bedded

sandstone with grey-to-red mudstone (Tan 1979). The

depositional environment is near-shore and estuarine at the

base then becomes fluvial-lacustrine upward (Hutchison

2005). The Plateau Sandstone of the Kuching area is likely of

Upper Eocene to Lower Oligocene age, and consists of

thick-bedded massive and cross-bedded sandstone with

grey-to-red mudstone and conglomerate (Tan 1979). Its

depositional environment varies between fluvial and estu-

arine (Hutchison 2005).

3 Methods

Geochemical and petrographic analyses were carried out to

disclose provenance and tectonic setting of the studied

sandstones. Representative samples were collected from

the Kuching, Lundu, and Simunjan areas (Fig. 1). Eight

samples were collected from the Kuching area; among

them, six were from the Kayan Sandstone (St-1, St -23, St -

24, St-24a, St-24b, and St-24c) and two were from the

Plateau Sandstone (St-69a and St-69b). Four samples from

the Kayan Sandstone Formation (St-50, St-56a, St-56b, and

St-57) and seven samples from the Silantek Formation (St-

15, St-35, St-126, St-126a, St-129, St-131, and St-132)

Fig. 1 Location map of the study area (modified from Tate 2001)
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were collected from the Lundun and Simunjan areas,

respectively. Apart from these, we analyzed seven thin

sections (n = 7) of the Tertiary sandstones of southwest

Sarawak with a petrographic microscope. We carried out

300 counts per thin section using the Gazzi-Dickenson

point counting method (Ingersoll et al. 1984). Whole rock

geochemical analyses of nineteen sandstone samples

(n = 19) of Tertiary age were conducted to obtain their

major and trace element (including REE) geochemistry.

The samples were analyzed by lithium metaborate/tetrab-

orate fusion Inductively Coupled Plasma (ICP) and ICP

Mass Spectrometry (ICP-MS). The geochemical analyses

were performed at Activation Laboratories Limited,

Canada. Rock samples were pulverized prior to analysis.

There is a possibility that up to 0.2 % Fe contaminant was

added during pulverization by mild steel.

4 Results and analyses

4.1 Petrography

Our petrographic study revealed that the Tertiary sand-

stones are predominantly composed of quartz grains, which

were found to comprise 62 %–80 % of framework miner-

als (with an average of 74 %). The quartz constituents are

sub-angular to sub-rounded in shape. Both mono- and

polycrystalline quartz were identified. Other noted content

included lithic grains, feldspar, and mica. Lithic grains

were the second most dominant component of the sand-

stones, making up 16 %–21 % of the rock volume. Iden-

tified grains were primarily of sedimentary or meta-

sedimentary (mainly chert) origin; sparse volcanic rock

fragments were also observed. Feldspar content ranged

from 0.9 % to 8.2 %, with plagioclase being the prominent

feldspar. Micaceous minerals—muscovite (up to 3.3 %)

and biotite (up to 1.3 %)—represented about 5 % of the

total framework grains. Other than these, negligible

amounts of carbonates were found in most of the samples

with the exception of sample St-57, which was found to be

rich in calcite grains and cement.

The characteristics of the framework grains of the Ter-

tiary sandstones, i.e., prevalence of quartz, presence of a

certain amount of sedimentary and/or meta-sedimentary

lithics along with feldspar, and minor abundance of vol-

canic fragments (Fig. 3a), put them in the sublitharenitic

category. In the QFL diagram of Dickinson et al. (1983),

the sublitharenite sandstones fall in the field of recycled

Fig. 2 The stratigraphy of the study area (modified from Hutchison 2005)
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orogenic terrain/provenance (Dickinson and Suczek 1979;

Dickinson et al. 1983) (Fig. 3b).

4.2 Geochemistry

Major and trace element composition of sediments is a

good indicator of tectonic setting and provenance. Results

of whole-rock geochemical analysis of the studied sand-

stones of the southwest Sarawak basin are presented in

Table 1.

SiO2 content of sandstones of the southwest Sarawak

basin was found to be high (ranging from 76 % to 95 %,

with an average 87 %). Average concentrations of other

prominent oxides were 7 % for Al2O3, 1.2 % for Fe2O3,

1.4 % for K2O, 0.3 % for TiO2, and 0.2 % for Na2O.

Lower concentrations were detected for CaO, MnO, MgO,

and P2O5 (0.04 %, 0.007 %, 0.2 %, and 0.02 % respec-

tively). Harker Diagrams show variation in the major ele-

ments of sandstone relative to SiO2 (Bhatia 1983; Roser

and Korsch 1988). Plots of TiO2, Al2O3, Fe2O3, K2O,

Na2O, CaO, MnO, and MgO against SiO2 concentration

show negative linear patterns (with R2 values 0.697, 0.935,

0.643, 0.839, 0.456, 0.142, 0.496, and 0.727, respectively)

(Fig. 4). Analyses of Na2O, CaO, MnO, and MgO returned

very low concentrations with increasing SiO2 while Al2O3,

Fe2O3, and K2O returned relatively high values.

SiO2 content is an indicator of abundance of all silicate

minerals present in the sandstone with quartz obviously

acting as the prominent function in this representation. The

observed relative enrichment in Al2O3 and K2O is related

to elevated levels of mica, K-feldspar, and clay minerals.

Depletion of Na2O and CaO is attributed to lower abun-

dance of feldspar. The lower feldspar levels are probably a

consequence either of weathering processes or of the

source area being depleted in feldspar (Bhatia 1983;

Dabard 1990; Crichton and Condie 1993). High SiO2/

Al2O3 ratios and low Na2O/K2O ratios are signs of mature

sandstones (Dabard 1990). The ranges of SiO2/Al2O3 and

Na2O/K2O values from 6.8 to 35.2 and 0.02 to 0.38,

respectively, suggest that the studied sandstones represent

relatively mature sediments. According to Crook (1974),

K2O/Na2O ratios predict the level of quartz in sandstone

(Fig. 5a). Geochemically, the studied Tertiary sandstones

show large variation in composition, and are classified as

arkose, subarkose, litharenite, and sublitharenite (Herron

1988) (Fig. 5b). Variation of major elements is probably a

result of sedimentary processes (Bhatia 1983).

Sandstones of the study area show moderate-to-little

variation in concentration of trace elements. This charac-

teristic signifies shared provenance, weathering, and tec-

tonic setting (Bhatia 1983; Bhatia and Crook 1986;

Crichton and Condie 1993). Positive correlation of Al, Cs,

Ba, Th, and U with K content implies that concentrations of

these elements are controlled by clay and mica contents.

Moreover, Zr/Sc and Zr/Hf ratios act as good indicators to

monitor zircon enrichment (Crichton and Condie 1993;

McLennan et al. 1993). In these samples, the high Zr/Hf

(range of 35–46. with an average of 41) and Zr/Sc (range

from 22 to 62) ratios are manifestations of zircon enrich-

ment. Furthermore, positive correlation between Ba and

K2O suggests association of Ba with feldspar. La/Sc ratio

also implies of rock maturity, generally varies from 3 to 9

Fig. 3 QFL diagram for Tertiary sandstones of SW Sarawak (provenance fields after Dickinson et al. 1983)
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Table 1 Chemical composition of the Tertiary sandstones of the SW Sarawak

Sample St-1 St-23 St-24 St-24 a St-24 b St-24 c St-50 St-56 a St-56 b St-57

Locality Matan Santubong Santubong Santubong Santubong Santubong Lundu Lundu Lundu Lundu

Formation Kayan Sandstone Kayan Sandstone

Latitude 1.62081� 1.73469� 1.72922� 1.72924� 1.72956� 1.72922� 1.63617� 1.54994� 1.54982� 1.54331�
Longitude 110.196� 110.316� 110.315� 110.315� 110.317� 110.319� 109.958� 109.911� 109.911� 109.911�
Major elements

SiO2 87.2 85.7 76.49 77.62 87.06 82.44 88.8 87.04 93.47 93.81

Al2O3 8.1 8.05 11.1 10.81 7.09 9.17 6.92 7.49 3.95 2.94

Fe2O3(T) 0.71 0.83 4.02 3.84 0.93 1.85 0.69 0.9 0.68 1.23

MnO 0.005 0.006 0.017 0.022 0.006 0.005 0.007 0.007 0.007 0.005

MgO 0.1 0.22 1.07 1.1 0.2 0.22 0.15 0.16 0.09 0.04

CaO 0.04 0.04 0.06 0.12 0.04 0.03 0.05 0.03 0.04 0.03

Na2O 0.15 0.05 0.74 0.78 0.04 0.03 0.05 0.06 0.02 0.03

K2O 1.91 1.98 2.36 2.52 1.87 1.94 1.27 1.43 0.47 0.14

TiO2 0.327 0.281 0.774 0.682 0.348 0.247 0.431 0.351 0.255 0.147

P2O5 \0.01 0.02 0.07 0.08 0.02 0.02 0.01 0.02 \0.01 0.01

LOI 1.46 2.14 3.27 3.11 1.7 3.12 2.47 2.35 1.52 1.13

CIA 77.23 78.15 74.93 72.8 77.02 80.96 81.95 81.91 86.54 92.7

Total 100 99.32 99.97 100.7 99.31 99.06 100.9 99.82 100.5 99.51

Trace elements

V 49 50 95 92 55 56 54 52 47 23

Cr 230 170 150 180 180 200 200 190 350 190

Co \1 \1 5 5 \1 1 \1 2 2 \1

Rb 55 69 77 80 65 64 50 68 24 6

Sr 20 25 41 59 20 17 68 23 14 7

Y 15 10 29 133 9 10 9 15 10 6

Zr 135 106 485 396 149 91 124 129 92 90

Nb 6 5 8 11 5 5 6 5 3 2

Sc 4 4 8 9 3 4 4 5 3 2

Cs 0.8 2.2 2.9 3.4 2.3 2.5 3.6 3.8 1.4 0.6

Ba 315 258 398 467 141 183 145 180 61 33

La 23.8 22 30.7 58.1 16.6 11.6 18 19.6 12.8 5.5

Ce 44.1 42.9 60.1 92.7 30.7 21.3 35 38.5 22.9 8.2

Pr 5.43 4.88 7.16 14.2 3.75 2.54 4.06 4.69 2.56 0.94

Nd 19.2 18.1 25.3 64.5 14.2 9.3 14.2 18.1 9.1 3.1

Sm 3.7 3.2 4.7 13.7 2.6 1.8 2.6 3.7 2 0.5

Eu 0.74 0.66 1.11 3.63 0.54 0.4 0.55 0.85 0.4 0.14

Gd 3 2.6 4.4 18.4 2.1 1.6 1.9 3.1 1.7 0.6

Tb 0.5 0.4 0.8 3 0.3 0.3 0.3 0.5 0.3 0.1

Dy 3.1 2.2 4.6 17.4 1.9 1.8 1.7 2.8 1.6 0.9

Ho 0.6 0.4 1 3.4 0.4 0.4 0.3 0.6 0.3 0.2

Er 1.8 1.3 3 9.6 1.2 1.3 1 1.6 1 0.6

Tm 0.29 0.21 0.45 1.37 0.2 0.22 0.17 0.24 0.17 0.09

Yb 1.9 1.4 3 7.9 1.4 1.5 1.2 1.6 1.1 0.6

Lu 0.27 0.21 0.46 1.17 0.2 0.21 0.17 0.23 0.15 0.1

Hf 3.4 2.7 12.1 9.3 3.8 2.3 2.7 3.1 2.1 2

Th 6.1 6.9 12.8 11.3 6.3 7.4 5.4 7.1 4.4 2.7

U 1.6 1.4 3.3 2.7 1.5 1.6 1.3 1.9 1.3 0.9

La/Sc 5.95 5.5 3.84 6.46 5.53 2.9 4.5 3.92 4.27 2.75

Zr/Hf 39.7 39.25 40.08 42.58 39.21 39.56 45.92 41.61 43.8 45
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Table 1 continued

Sample St-1 St-23 St-24 St-24 a St-24 b St-24 c St-50 St-56 a St-56 b St-57

Zr/Sc 33.75 26.5 60.62 44 49.66 22.75 31 25.8 30.66 45

Th/Sc 1.52 1.72 1.6 1.25 2.1 1.85 1.35 1.42 1.466 1.35

Th/U 3.81 4.92 3.87 4.18 4.2 4.62 4.15 3.73 3.38 3

Th/Co 2.56 2.26 7.4 3.55 2.2

La/Co 6.14 11.62 11.6 9.8 6.4
P

REE 108.43 72.13 100.46 146.78 309.07 76.09 54.27 38.65 81.15 96.11

Sample St-69 a St-69 b St-15 St-35 St-126 St-126a St-129 St-131 St-132

Locality Near Baku Near Baku Simunjan Simunjan Simunjan Simunjan Simunjan Simunjan Simunjan

Formation Plateau Sandstone Silantek Formation

Latitude 1.71608� 1.71603� 1.148� 1.06392� 1.118� 1.1172� 1.13828� 1.07658� 1.07886�
Longitude 110.442� 110.442� 110.896� 111.343� 110.894� 110.894� 110.895� 110.977� 110.989�
Major elements

SiO2 88.21 87.11 90.37 95.56 86.44 90.57 87.59 89.43 90.03

Al2O3 6.44 6.49 6.1 2.71 7.67 5.76 6.65 6.76 5.26

Fe2O3(T) 0.79 0.8 0.7 0.78 0.53 0.56 0.58 0.55 0.53

MnO 0.006 0.006 0.006 0.007 0.005 0.006 0.007 0.006 0.006

MgO 0.29 0.29 0.06 0.04 0.11 0.09 0.12 0.11 0.08

CaO 0.05 0.05 0.06 0.04 0.06 0.04 0.14 0.03 0.02

Na2O 0.59 0.57 0.05 0.03 0.08 0.08 0.21 0.04 0.04

K2O 1.53 1.49 0.66 0.15 1.22 1.05 1.13 1.02 0.93

TiO2 0.189 0.183 0.157 0.094 0.275 0.227 0.292 0.26 0.233

P2O5 0.03 0.02 0.02 0.02 0.06 0.03 0.03 0.02 \0.01

LOI 2.81 2.75 1.92 1.44 3.25 1.58 1.75 2.03 1.47

CIA 70.88 71.44 87.67 91.97 84.4 81.94 79.15 85.17 82.59

Total 100.9 99.77 100.1 100.9 99.7 100 98.5 100.3 98.6

Trace elements

V 27 25 21 15 43 30 26 26 28

Cr 270 240 220 200 \20 60 \20 80 \20

Co 1 \1 1 \1 \1 \1 \1 \1 1

Rb 51 51 29 8 18 14 5 7 6

Sr 92 91 43 23 122 127 84 24 9

Y 8 7 12 7 13 12 12 8 9

Zr 68 70 62 48 88 84 103 76 84

Nb 3 3 4 2 5 4 4 3 3

Sc 3 3 1 1 4 3 2 3 3

Cs 2.4 2.5 1.2 \0.5 3.9 2.5 1.5 1.7 1.5

Ba 111 108 109 36 154 690 128 108 298

La 11.2 11.1 14.5 8.3 17.8 14.8 17.7 14.5 14.6

Ce 20.4 20.3 29 16.1 34.5 27.9 33.4 26.7 28.3

Pr 2.46 2.49 3.47 1.86 4.05 3.3 3.97 2.99 3.23

Nd 9.1 9.2 13.5 7 15 11.8 14.6 10.7 11.4

Sm 1.6 1.8 2.8 1.1 2.9 2.3 2.9 1.8 2.2

Eu 0.42 0.46 0.67 0.31 0.67 0.52 0.63 0.34 0.5

Gd 1.6 1.6 2.2 1.1 2.2 1.9 2 1.1 1.7

Tb 0.3 0.3 0.4 0.2 0.4 0.3 0.3 0.2 0.3

Dy 1.6 1.6 2.2 1.1 2.3 1.9 2 1.2 1.6

Ho 0.3 0.3 0.4 0.2 0.4 0.4 0.4 0.3 0.3

Er 0.9 0.9 1.2 0.6 1.4 1.1 1.3 0.8 0.9
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(Bhatia and Crook 1986; Dabard 1990). Studied sandstones

show large variation in La/Sc ratio, which ranges from 2.75

to 14.5 (Table 2). V and Sc tend to be associated with

mafic content. Lower V and Sc contents in the samples

suggest that these sandstones were derived from V- and Sc-

depleted source rocks (Bhatia 1983; 1985; Bhatia and

Crook 1986; Dabard 1990).

Chondrite-normalized diagrams illustrate REE patterns in

the studied samples (Fig. 6a). Generally, total REE con-

centrations in these sandstones ranged from 21 to 309 ppm

(Table 1). These samples exhibited light REE (LREE)

enrichment, flat heavy REE (HREE) patterns, and negative

Eu anomalies. The average REE concentrations of all sam-

ples were compared to the Post-Archean average Australian

Shale (PAAS) and the Upper Continental Crust (UCC)

concentration values (Fig. 6b) (Taylor and McLennan

1985).

5 Discussion

5.1 Provenance and weathering

Abundance of REEs in sedimentary rock is an indicator of

the source area. REE patterns reflect the characteristics of

source rocks, from which sediments are derived and accu-

mulate in the basin. Sediments deriving from a common

source do not show any noticeable fluctuation in their REE

patterns. On the other hand, REEs show variable patterns in

sediments that originated from heterogeneous source rocks

(Nance and Taylor 1976; 1977; Taylor and McLennan 1985;

Cullers 1994; 1995). Notably, felsic rocks generally exhibit a

high LREE/HREE ratio with negative Eu anomalies,

whereas mafic and/or ultramafic rocks have low LREE/

HREE ratios with no or positive Eu anomalies. In the case of

Eu, Eu3? behaves as an incompatible element in an oxidizing

magma, whereas Eu2? substitutes for Ca2? in plagioclase

(Taylor and McLennan 1985). In Fig. 6a, b, the studied

sandstones tend to have LREE enrichment and flat HREE

patterns with negative Eu anomalies. Their average REE

concentration shows a pattern similar to PAAS and UCC.

Enrichment of LREEs and simultaneous low HREE values

with negative Eu anomalies are indicative of a felsic igneous

source (Taylor and McLennan 1985). Additionally, Eu/Eu*

values in these samples ranged from 0.65 to 0.85, with an

average of 0.72. This characteristic is also suggestive of a

felsic source (Nance and Taylor 1977; Taylor and McLennan

1985; McLennan et al. 1993; Cullers 1994; 1995). Ratios of

Eu/Eu*, (La/Lu)cn, Th/Sc, La/Sc, La/Co, and Th/Co offer

clues about source including whether the source is felsic or

mafic (Cullers et al. 1988; Cullers 1994; 2000) (Table 2). All

of the observed ratios indicate without any ambiguity that

these Tertiary sediments of the southwest Sarawak derived

from felsic source rock.

As a consequence of their immobile characteristic, trace

elements in sediments reflect source rock composition. Zr,

Nb, Hf, and Y are high field strength elements, which are

preferentially partitioned into melts during crystallization.

This mechanism results in these elements being enriched in

felsic rather than mafic sources. In contrast, Co, Sc, and V

are more concentrated in mafic than in felsic source rocks

(Taylor and McLennan 1985; Feng and Kerrich 1990).

Table 1 continued

Sample St-69 a St-69 b St-15 St-35 St-126 St-126a St-129 St-131 St-132

Tm 0.15 0.15 0.2 0.09 0.21 0.16 0.19 0.14 0.13

Yb 1 1 1.4 0.6 1.3 1.1 1.2 1 0.8

Lu 0.15 0.14 0.19 0.09 0.21 0.17 0.19 0.15 0.13

Hf 1.9 1.8 1.6 1.1 2.1 2 2.4 1.7 1.8

Th 3.7 3.8 4.7 2.3 6.5 5.5 5.9 5.4 4.6

U 1.1 1 1.2 0.8 1.9 1.6 1.3 1.4 1.2

La/Sc 3.73 3.7 14.5 8.3 4.45 4.93 8.85 4.83 4.87

Zr/Hf 35.78 38.88 38.75 43.63 41.9 42 42.91 44.7 46.66

Zr/Sc 22.66 23.33 62 48 22 28 51.5 25.33 28

Th/Sc 1.23 1.26 4.7 2.3 1.62 1.83 2.95 1.8 1.53

Th/U 3.36 3.8 3.91 2.87 3.42 3.43 4.53 3.85 3.83

Th/Co 3.7 4.7 4.6

La/Co 11.2 14.5 14.6
P

REE 56.08 21.57 51.18 51.34 83.34 67.65 80.78 61.92 66.09

LOI loss on ignition, Major elements in wt%, Trace elements in ppm
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Fig. 4 Harker variation

diagrams for major elements in

the SW Sarawak sandstones
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Fig. 5 a Richness of quartz of the analyzed sandstones (after Crook

1974) and b Chemical classification of the analyzed sandstones (after

Herron 1988)

Fig. 6 Chondrite-normalized rare earth element plots of the analyzed

sandstones (Chondrite normalization values from Taylor and McLen-

nan 1985)

Table 2 Elemental ratios of the Tertiary sandstones compared with sediments derived from felsic, mafic rocks and the upper continental crust

Elemental

ratio

Tertiary sandstones

(n = 19)

Ranges in sediments

from felsic sourcesa
Ranges in sediments

from mafic sourcesa
Upper continental

crustb

Eu/Eu* 0.65–0.85 0.40–0.94 0.71–0.95 0.63

(La/Lu)cn 5.15–11.6 3.00–27.0 1.10–7.00 9.73

La/Sc 2.75–14.5 2.50–16.3 0.43–0.86 2.21

Th/Sc 1.23–4.73 0.84–20.5 0.05–0.22 0.79

Th/Co 2.20–7.40 0.67–19.4 0.04–1.40 0.63

La/Co 6.14–14.6 1.80–13.8 0.14–0.38 1.76

cn chondrite normalized
a Cullers et al. (1979, 1988); Cullers (1994, 2000)
b Taylor and McLennan (1985); McLennan (2001)
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Roser and Korsch (1988) proposed a technique to dif-

ferentiate sediment provenance based on major element

concentration. There are four categories of provenance:

mafic and less-intermediate igneous (P1), intermediate

igneous (P2), felsic igneous (P3), and quartzose sediments

of mature continental provenance (P4). The studied sand-

stones fall in the P4 field (Fig. 7). The sediments could be

derived from relatively highly weathered granitic gneissic

terrain and/or pre-existing sedimentary terrain (Roser and

Korsch 1988).

Weathering that took place in the hinterland is measured

as CIA. Concentrations of alkali and alkaline earth ele-

ments change during weathering with chemical alteration

(Nesbitt et al. 1980; Nesbitt and Young 1982). CIA is

calculated using molecular proportions:

CIA ¼ ðAl2O3= ðAl2O3 þ CaO*þ Na2O þ K2OÞÞ
� 100

where CaO* resides in the silicate fraction (CaO* =

CaO- 10/3 (P2O5)) (McLennan et al. 1993). Low CIA

values indicate a lack of weathering whereas high values

indicate a highly chemically weathered source area (Rah-

man and Suzuki 2007; Nesbitt and Young 1982).

In the A–CN–K diagram, values of the samples fall near

the Al2O3 corner, far from the line joining plagioclase and

K-feldspar (Fig. 8). The samples’ CIA values vary from 71

to 93. The average CIA value (81) of the sandstones of the

southwest Sarawak is considerably higher than the upper

continental crust value (50). The CIA range of values

(71–93) indicates that chemical alteration played a major

role during weathering, or alternatively during sedimentary

recycling (Nesbitt et al. 1980; Nesbitt and Young 1982;

McLennan et al. 1993). The negative correlation between

CIA and K2O/Al2O3 suggests that K-bearing minerals

belong to the clay fraction.

TiO2 tends to be enriched in strongly weathered soils

due to its low solubility. However, our analysis shows that

TiO2 concentration decreases with increasing CIA. This

suggests that these sediments originated from a TiO2

depleted source—felsic source rocks. (Bauluz et al. 2000).

The Th/U ratio varies from 3.5 to 4.0 for most upper crust

rocks. Enrichment of U is commonly found in anoxic sedi-

ments. During weathering and sedimentary recycling under

oxidizing conditions, insoluble U4? ions are converted into

soluble U6? ions. Higher Th/U values are indicative of dis-

solution and loss of U during sedimentation (Taylor and

McLennan 1985; McLennan et al. 1993). Low Th/U ratios

indicate the enrichment of U in the sediments. In sedimentary

rocks, Th disperses as a trace element in heavy minerals (e.g.

zircon and monazite). U is not abundant in coarse-grained

inorganic sedimentary rocks (e.g. quartzite and arkose); the

range generally is from 0.5 to 1.5 ppm but can increase with

increasing clay minerals (Mielke 1979). The Th/U ratio is an

important index for monitoring kaolinite content, which

increases with elevated Th/U values. The Th/U ratio in the

study area ranges from 2.8 to 4.9 with an average of 3.83.

These values suggest that the sediments were affected by

weathering and sedimentary recycling. A Th/U versus Th

plot shows a normal weathering trend (Fig. 9a).

A Th/Sc vs Zr/Sc plot is another indicator of weathering

and sedimentary recycling (McLennan et al. 1993)

(Fig. 9b). In this plot the Zr/Sc ratio shows a substantial

increasing trend with enrichment of zircon, whereas the

increase is very low for Th/Sc. High Th/Sc and Zr/Sc ratios

represent compositional variation and sediment recycling

(zircon addition), respectively. This plot reflects a general

trend for analyzed sandstones derived from igneous source

Fig. 7 Plot of discriminant function F1 and F2 for the analyzed

sandstones (after Roser and Korsch 1988)

Fig. 8 CIA ternary diagram of analyzed sandstones (after Nesbitt and

Young 1982)
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rocks through intensive weathering (Rahman and Suzuki

2007; McLennan et al. 1993). Enrichment of incompatible

Th and Zr, over compatible Sc is an indicator of felsic

provenance.

5.2 Tectonic setting

Major and trace elements are important indicators for

inferring tectonic setting as well as depositional environ-

ment of sedimentary rocks.

Verma and Armstrong-Altrin (2013) recommend two

discrimination function diagrams for tectonic discrimina-

tion of siliciclastic sediments: one for high-silica rocks

[(SiO2)adj = 63 % to 95 %] and one for low-silica

[(SiO2)adj = 35 % to 63 %]. These discrimination dia-

grams represent useful binary plots to differentiate among

tectonic settings such as island or continental arc (Arc),

continental rift (Rift), and collision (Col). According to

SiO2 content of the studied samples, the tectonic discrim-

ination diagram for high-silica [(SiO2) adj = 63 % to

95 %] has been used. Two discrimination functions (F1

and F2) are calculated based on major element concen-

trations (Fig. 10). The results obtained from discriminant

function analysis provide striking evidence of deposition in

a rift basin (Fig. 10).

La–Th–Sc, Th–Sc–Zr/10, and Th–Co–Zr/10 are impor-

tant ternary plots for determining tectonic setting although

a La–Th–Sc plot cannot discriminate between active and

passive continental margins; Th–Co–Zr/10 and Th–Sc–Zr/

10 can differentiate these settings. These ternary plots can

generally discriminate between the following tectonic set-

tings: oceanic island arc (A), continental island arc (B),

active continental margin (C), and passive margin

(D) (Bhatia 1983; Bhatia and Crook 1986). High La/Sc

ratios in the La–Th–Sc plot indicate a continental setting

(Fig. 11a). The Th–Co–Zr/10 and Th–Sc–Zr/10 diagrams

confirm that the studied sandstones belong to a passive

margin tectonic setting with high Zr/Th ratios (Fig. 11b, c).

All these plots reflect sediments with low Sc and Co con-

centrations, derived from a source depleted in those ele-

ments (Bhatia and Crook 1986).

Another discrimination diagram was proposed by Roser

and Korsch (1986), using K2O/Na2O against SiO2.

Increasing values of K2O/Na2O and SiO2 indicate a change

from ARC to ACM to PM. High K2O/Na2O and SiO2

values indicate a relatively stable or passive margin tec-

tonic environment of deposition for the analyzed Tertiary

sandstones (Fig. 12).

Fig. 9 a Plot of Th/U versus Th for the analyzed sandstones and

b Plot of Th/Sc vs Zr/Sc for the analyzed sandstones (after McLennan

et al. 1993)

Fig. 10 Discriminant-function multi-dimensional diagram for high-

silica clastic sediments from three tectonic settings (arc, continental

rift, and collision) (after Verma and Armstrong-Altrin 2013)
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In the Late Cretaceous, southwest Sarawak was uplifted

to form highlands and intermontane basins (Tan 1986).

According to paleocurrent studies (Tan 1986; Hutchison

2005), Tertiary sediments of the studied area—derived

from the highlands in the Kuching-bau-Serian area—were

deposited in those basins. The Kayan Sandstone com-

menced to deposit during the Early Tertiary. It consists of

massive and cross-bedded sandstones and conglomerates,

which indicate a fluvial to deltaic depositional environ-

ment. The Silantek Formation and the Plateau Sandstone

Formation were deposited in deltaic, fluvial, and lacustrine

environments starting in the Early Eocene and continuing

until the Late Oligocene or possibly Miocene. The overall

prevailing Tertiary paleogeographic setting of southwest

Sarawak (uplifted highlands providing sediment to fluvial,

lacustrine, and deltaic depositional settings) conforms to

our findings: sedimentary material from a recycled oro-

genic source and quartzose sediments of mature continental

provenance were deposited in a passive tectonic setting,

experiencing weathering and recycling processes while

transported by rivers.

Petrographic study of the Kayan sandstones divulged

that they are sublitharenitic in composition, containing

mainly subangular to subrounded quartz grains, plagioclase

feldspar, rock fragments, and small amount of carbonates

in their framework. At the same time, it is evident from

geochemical plots of these samples that a number of them

have very strong subarkosic affinity (Fig. 5b). This

anomalous geochemical behavior is perhaps the result of

the existence of the feldspars and rock fragments. Such

ambiguity in the classification of the samples and their

overall composition suggests that they were deposited in a

Fig. 11 Trace element Ternary

plots for tectonic setting

discrimination (after Bhatia and

Crook 1986)

Fig. 12 Tectonic-setting diagram of the analyzed sandstones (after

Roser and Korsch 1986)
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quiescent period of slow subsidence. The subsidence was

the result of mechanical creation of accommodation space

due to gradual sediment loading in a rifted basin. The then

prevailing river systems carried these matured sands from

the uplifted hinterland area into the rifted basin; contem-

poraneously, the relatively immature subarkosic sands—

products of rifting—were mixed with them. This expla-

nation is consistent with the phenomenon of large variation

in REE patterns in the spider diagrams (Fig. 6a) and our

plot of the Verma and Armstrong-Altrin (2013) diagram

(Fig. 10).

6 Conclusions

Provenance of the Tertiary sandstones of three typical

formations of southwest Sarawak—the Kayan Sandstone,

the Silantek Formation, and the Plateau Sandstone, which

range in age from Paleocene to Miocene—were determined

by whole rock geochemical analytical methods. Moreover,

petrographic studies were conducted to corroborate the

findings from the geochemical analyses. Our conclusion is

that these sandstones were derived primarily from felsic

continental sources and underwent significant weathering

and recycling processes due to orogenic activities, and that

these sediments were deposited in a slowly subsiding

intracontinental rifted basin of passive tectonic setting.

These findings help unravel the complex tectonic history of

the southwest Sarawak Basin.
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