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ABSTRACT

The timing of subduction is a fundamen-
tal tectonic problem for tectonic models, yet 
there are few direct geological proxies for 
constraining it. However, the matrix of a 
tectonic mélange formed in a subduction-ac-
cretion setting archives the physical/chemical 
attributes at the time of deformation during 
the subduction-accretion process. Thus, the 
deformation age of the matrix offers the 
possibility to directly constrain the period 
of the subduction-accretion process. Here 
we date the Lubok Antu tectonic mélange 
and the overlying Lupar Formation in West 
Sarawak, Borneo by K-Ar analysis of illite. 
The ages of authigenic illite cluster around 
60 Ma and 36 Ma. The maximum tempera-
tures calculated by vitrinite reflectance val-
ues suggest that our dating results were not 
affected by external heating. Thus, the ages 
of authigenic illite represent the deformation 
age of the mélange matrix and the timing of 
the Rajang Unconformity, indicating that the 
subduction in Sarawak could have continued 
until ca. 60 Ma and the thermal and/or fluid 
flow events triggered by a major uplift of the 
Rajang Group occurred at ca. 36 Ma. Fur-
thermore, this study highlights the potential 
of using the tectonic mélange to extract the 

timeframe of subduction zone episodic evolu-
tion directly.

INTRODUCTION

The timing of subduction may be determined 
by constraining the timing of arc volcanism, 
forearc-backarc faulting, and high-temperature 
metamorphic soles. However, magma formation, 
melt transport, and emplacement result in an 
unknown lag compared to the timing of subduc-
tion (Domeier et al., 2018). Ophiolites preserved 
in forearcs and the high-temperature metamor-
phic soles that directly record the initiation of 
subduction are often deeply buried, especially 
in active systems (Stern et  al., 2012). Some-
times, in areas with complex tectonic histories, 
such as Borneo, an island which was assembled 
from different fragments during the Cretaceous 
(Figs. 1A and 1B; Hall, 2012), the subduction-
related magmatism is difficult to match with the 
exact active subduction zone. For example, Hall 
(2012) suggested that the magmatic rocks (ca. 
130 Ma–85 Ma) of the Schwaner Mountains 
in Southwest Borneo are the result of south-
directed subduction beneath the SW Borneo 
block as it moved north from the Australian 
margin of Gondwana by the Late Jurassic. 
Breitfeld et al. (2017) and Hennig et al. (2017) 
argued that the magmatic rocks of the Schwaner 
Mountains record Cretaceous magmatism at the 
paleo-Pacific subduction margin (Figs. 1A and 
1B). This lack of direct geologic constraints on 

the timing of subduction remains a significant 
gap in our understanding of the tectonic history 
and lifecycle of subduction.

Mélanges are block-in-matrix units that form 
by tectonic, sedimentary, and diapiric processes 
in subduction-accretion complexes and orogenic 
belts (Festa et al., 2010, 2019; Raymond, 2019). 
The geodynamic environment of the tectonic 
mélange formed in a subduction-accretion set-
ting can be divided into two sections: (1) the 
front of the wedge and (2) the base of the wedge 
and subduction channel (Festa et  al., 2012, 
2019; Raimbourg et al., 2019; Raymond, 2019; 
Fig. 2). These mélanges facilitate preservation 
of inter-mélange, less deformed, accretionary 
units (Raymond, 2019). Offscraped tectonic 
mélange associated with shear/fault zones in the 
front of the wedge result in the mixing and/or 
juxtaposition of coherent units during the devel-
opment of the accretionary complex (Fig.  2; 
Festa et  al., 2019; Raymond, 2019). Tectonic 
mélange formed along the plate interface is sug-
gested to be a fossil plate boundary based on the 
fault-related chaotic character (Fig. 2; Fagereng 
and Sibson, 2010; Kimura et  al., 2012; Kita-
mura et al., 2005). The matrix of the tectonic 
mélange generally deforms by pressure-solution 
accommodated frictional slip during mélange 
lithification and deformation in the subduction-
accretion process (Fagereng and Den Hartog, 
2017). Hence, the matrix of a tectonic mélange 
could archive the physical/chemical attributes 
(e.g., characteristic deformation structures, †Corresponding author: yanyi@gig.ac.cn.
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authigenic/synkinematic illite) at the time of 
deformation in a subduction-accretion setting, 
and offers the possibility to constrain the time of 
the subduction-accretion process.

The Lubok Antu Mélange formed in a 
subduction-accretion setting is exposed along 
the Lupar Line in Sarawak, Borneo (Breitfeld 
et al., 2017; Hall and Breitfeld, 2017; Hennig 

et al., 2017; Hutchison, 2005; Tan, 1979, 1982; 
Williams et al., 1988; Fig. 1B). However, the 
formation/deformation age of the Lubok Antu 
Mélange in West Sarawak has never been 

A B

Figure 1. Overview and sample map of the study area. (A) Simplified map of regional tectonic characteristics of Borneo (modified from 
Wang et al., 2016). LL—Lupar Line; TML—Tatau Mersing Line; WBL—West Balam Line. (B) Tectonic provinces of Borneo (basement 
map, after Breitfeld et al., 2017) and four sub-parallel structural terranes of Borneo (after Haile, 1974).

Figure 2. Cartoon showing sub-
duction and tectonic mélange 
formation. Note the possible lo-
cation for tectonic mélange for-
mation in subduction-accretion 
setting: (A1–A3) Progressive 
deformation in the front of the 
wedge (after Festa et al., 2012); 
(B1–B3) Progressive deforma-
tion in the subduction channel 
(after Festa et al., 2012). 

A1
A2
A3

B1 B2 B3

Out-of-sequence thrust
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determined because of the lack of geological 
records such as macrofossils and microfossils 
that can be dated by conventional techniques. 
The Lupar Line that separates the Sibu Zone 
from the Kuching Zone to the south was inter-
preted as a suture (e.g., Hutchison, 1996, 2005, 
2010; Tan, 1979, 1982), but could also be a 
major strike-slip fault which was active during 
the Cenozoic (e.g., Breitfeld et al., 2017; Haile, 
1974; Hall, 2012; Hall and Breitfeld, 2017; 
Hall and Sevastjanova, 2012; Fig.  1B). The 
strike-slip fault system, such as the Lupar Line 
bounding the Lubok Antu Mélange might be 
related to the counter-clockwise rotation of Bor-
neo (Figs. 3A and 3B; Schmidtke et al., 1990; 
Fuller et al., 1999). The Lupar Line bounding 
the mélange could have been reactivated as the 
locus of shear during post-subduction deforma-
tion, thus, the Lubok Antu Mélange may archive 
the physical/chemical properties of its initial 
formation/deformation. We therefore attempt to 
apply the illite age analysis (IAA) approach to 
the pelitic matrix of the Lubok Antu Mélange 

and the mudstone of the Lupar Formation to 
explore the deformation age of the mélange 
matrix and the diagenetic age of illite from the 
Lupar Formation, respectively. We also analyze 
the potential for external heating and consider 
that our K-Ar analysis provides geologically 
significant and meaningful ages when applying 
the conceptual model of the IAA approach. This 
study provides a constraint on the subduction-
accretion process in West Sarawak that is impor-
tant when considering the tectonic evolution of 
the South China Sea region and offers a new 
application of the K-Ar illite dating approach. 
Dating the formation/deformation age of the 
tectonic mélange in a subduction-accretion set-
ting may be a direct approach for constraining 
the timing of subduction.

ILLITE AGE ANALYSIS

It has long been recognized that the abundance 
of the 2M1 illite/muscovite polytype relative to 
the 1M/1Md illite polytype decreases system-

atically with grain size (Grathoff et al., 1998; 
Pevear, 1992) and the K-Ar or Ar-Ar age also 
decreases systematically with grain size in shales 
(Clauer et al., 1997; Hower et al., 1963; Velde 
and Hower, 1963). These paired observations 
led to the widely accepted interpretation that 
the 1M/1Md polytype component is authigenic, 
whereas the 2M1 polytype component is detrital 
(Aldega et al., 2019; Fisher et al., 2019; Gra-
thoff et al., 2001; Hower et al., 1963; Reynolds, 
1963; Tonai et al., 2016; Torgersen et al., 2014), 
although it may also be caused by progressive 
mineral growth (Meunier et al., 2004) or Ar loss 
(Verdel et al., 2012). The K-Ar or Ar-Ar age of 
the finest fraction is considered to be closest 
to the age of authigenic/synkinematic 1M/1Md 
illite growth, but it still reflects the contribution 
of reworked/detrital 2M1 illite/muscovite. If the 
percentage of 2M1 polytype illite is linearly 
related to the age for the different clay size popu-
lations, the ages of 100% 1M/1Md polytype and 
100% 2M1 polytype can be obtained by plotting 
apparent K-Ar or Ar-Ar age and 2M1 polytype 

A

B

Figure 3. (A) Simplified geological map of Lubok Antu, Sarawak, Borneo after Tan (1982) and Tate (2002). The locations of samples 
for vitrinite reflectance analysis and K-Ar dating are indicated by circles and stars, respectively. (B) Cross section through Lupar Line 
(modified from Honza et al., 2000). Fm.—Formation.
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percentage by linear extrapolation of ordinary 
least square regression (Illite Age Annalysis or 
IAA plot; van der Pluijm et  al., 2001). Thus, 
the net contribution of authigenic/synkinematic 
1M/1Md polytype and of 2M1 polytype can be 
determined by the IAA approach.

IAA approach has been used to assess the 
effects of contamination of potential host rocks 
when dating diagenesis in sedimentary rocks 
(e.g., Pevear, 1992, 1999) and motion on shal-
low faults (e.g., Aldega et al., 2019; Fisher et al., 
2019; van der Pluijm et  al., 2001, 2006). For 
the low-temperature fault rocks composed of 
the detrital 2M1 polytype (which is most likely 
to represent high-temperature illite or musco-
vite derived from the earlier rock history) and 
the authigenic 1M/1Md polytype formed dur-
ing faulting. The extrapolated pure authigenic 
1M/1Md illite end member age has been widely 
accepted as the age of the latest major slip of 
faulting (e.g., Aldega et al., 2019; Fisher et al., 
2019; Haines and van der Pluijm, 2008). The dis-
solution-precipitation reaction driven by defor-
mation in fault rock is considered to be respon-
sible for the youngest authigenic/synkinematic 
illite growth (Vrolijk and van der Pluijm, 1999; 
Vrolijk et al., 2018).

However, the 2M1 component clearly does not 
simply give the original protolithic illite/mus-
covite age. The 2M1 illite/muscovite polytype 
may represent: (1) authigenic high-temperature 
illite, (2) cataclastic, synkinematic muscovite 
from earlier tectonothermal events, (3) detrital 
muscovite derived from wall-rock, or (4) a mix-
ture of these (Aldega et al., 2019; Carboni et al., 
2020; Pevear, 1999; Torgersen et al., 2014). In 
the same fault zone, it is very common that the 
extrapolated 2M1 illite/muscovite polytype ages 
(the upper age intercept in the IAA plot) show 
obvious differences (e.g., Aldega et al., 2019; 
Song et al., 2014; van der Pluijm et al., 2006). 
Although van der Pluijm et al. (2006) proposed 
that the detrital mixtures lead to large variations 
of the 100% 2M1 polytype ages, a linear relation-
ship between K-Ar/Ar-Ar age and percentage of 
2M1 component is highly unlikely because the 
2M1 polytypes with different ages are required 
to have the same relative proportions in all size 
fractions (Duvall et al., 2011). Thus, if the 100% 
2M1 polytype shows an older K-Ar or Ar-Ar 
age than the depositional age of the host rock, 
the 2M1 polytype is suggested to be a detrital 
illite/muscovite component (e.g., Fisher et al., 
2019;van der Pluijm et al., 2001). If the 100% 
2M1 polytype age is younger than the deposi-
tional age of the host rock, the extrapolated 2M1 
polytype age cannot be considered as a detrital 
illite/muscovite age of the original protolithic 
but may represent an authigenic/synkinematic 
illite/muscovite age during episodes of regional 

deformation or fluid flow (e.g., Aldega et  al., 
2019; Song et al., 2014). Thus, the geological 
significance of the 2M1 polytype age should be 
evaluated carefully in the light of known regional 
geological events.

Fine-grained clays are mostly susceptible to 
39Ar recoil when using the 40Ar-39Ar method for 
dating (Clauer et al., 2012; Kunk and Brusewitz, 
1987). In addition, the step-heating patterns 
obtained by 40Ar-39Ar method may represent 
a result of simultaneous degassing of various 
mineral “Ar reservoirs” in each size fraction, 
yielding geologically meaningless ages (Clauer 
et al., 2012; Kula et al., 2010; van der Pluijm 
et al., 2001). Thus, K-Ar dating method is used 
for measuring the total gas Ar ages in this study.

GEOLOGICAL SETTING AND SAMPLE 
DESCRIPTION

Sarawak and West Kalimantan have been 
divided into four sub-parallel terranes with 
distinctive geological characteristics and tec-
tonic significances, which, from south to north, 

are: the Southwest Borneo, mainly composed 
of Cretaceous magmatic and meta-igneous 
rocks, the Kuching Zone composed of upper 
Cretaceous to Cenozoic terrestrial sedimen-
tary rocks, the Sibu Zone made of uppermost 
Cretaceous–Eocene steeply dipping deep-water 
turbidite deposits of the Rajang Group, and the 
Miri Zone comprising post-Eocene undeformed 
fluvial-shelf sedimentary rocks (Haile, 1974; 
Figs. 1B and 4).

The Lubok Antu Mélange is found along the 
Lupar Line, which is the boundary between the 
deep marine Rajang Group (Sibu Zone) and 
the terrestrial sedimentary rocks of West Sar-
awak (Kuching Zone; Fig.  1B) to the south. 
The mélange strikes west-northwest and dips 
steeply to the north (Figs. 3A and 3B). Clasts 
of shale, mudstone, sandstone, limestone, chert, 
serpentinite, gabbro, and basalt are randomly 
distributed in its tectonically sheared pelitic 
matrix (Tan, 1982). Non-coaxial extension and 
asymmetric fabrics of the sandstone blocks in 
the Lubok Antu Mélange indicate top-to-north 
shearing (Figs. 5A–5D). Asymmetric boudin is 

Figure 4. The stratigraphy of four sub-parallel structural terranes of Borneo (after Tan, 
1982; Williams et al., 1988; Breitfeld et al., 2018; Galin et al., 2017; Hennig-Breitfeld et al., 
2019). The stratigraphic columns of SW Borneo (based on Williams et al., 1988; Doutch, 
1992; Breitfeld et al., 2020a). Fm.—Formation; M.—Member.
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surrounded by pelitic matrix which flows duc-
tilely, indicating deformation by dissolution-
precipitation creep as the rocks lithified (Fig. 5E; 
e.g., Fagereng, 2011; Hashimoto and Kimura, 
1999). The chert blocks in the mélange are deep 

marine deposits and show three distinct radiolar-
ian assemblage ages from Late Jurassic to Late 
Cretaceous: late Tithonian, middle Valanginian 
to Barremian, and late Albian to Cenomanian 
(Jasin, 1996). The Lubok Antu Mélange formed 

in subduction-accretion setting and has been 
interpreted to be a lower Tertiary subduction 
complex which formed in an active subduction 
channel (Tan, 1982), or part of the Mesozoic 
accretion complex related to the subduction of 

Figure 5. Outcrops and pho-
tomicrograph of the Lubok 
Antu Mélange and the Lupar 
Formation, Sarawak, Borneo. 
(A–D) Non-coaxial extension 
and asymmetric fabrics of 
sandstone blocks in the Lubok 
Antu Mélange. (E) Asymmetric 
flow deformation of the pelitic 
matrix are observed around 
sandstone blocks. (F) Out-
crops show the coherent Lupar 
Formation. (G) Photograph 
of hand specimens: mélange 
mudstone matrix (LA-14). Note 
the non-coaxial extension and 
asymmetric fabrics. (H) Petro-
graphic investigations using 
optical microscopy for sample 
LA-14. Note distinct, strongly 
preferred alignment of clay 
minerals from lower-left to 
upper-right. Such fabrics often 
associated with shear zones in 
clay-rich rocks help confirm 
the pre- to syn-tectonic origin 
of clay minerals.

A B

C D

E F
G H
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paleo-Pacific, assuming there is a continuous 
plate boundary from Southeast Asian to Borneo 
caused by the late Mesozoic subduction of the 
paleo-Pacific (Fig.  1B; Breitfeld et  al., 2017; 
Hall and Breitfeld, 2017; Hennig et al., 2017).

Another mélange belt, the Boyan Mélange, 
is exposed to the south of the Lubok Antu 
Mélange (Fig. 1B, William et al., 1986, 1988). 
The relation of the Boyan Mélange and the 
Lubok Antu Mélange are uncertain. Metcalfe 
and Irving (1990) and Metcalfe (2011) con-
sidered that there is a small continental block, 
the Semitau block, sandwiched between the 
Lupar Line and the Boyan Mélange in West 
Sarawak, suggesting that these two mélange 
belts represent two separate accretionary 
belts. Williams et  al. (1988) interpreted that 
the Boyan Mélange is a separate mélange belt 
to the south of the Lubok Antu Mélange, rep-
resenting a former accretionary complex, as 
accretion proceeded, the locus of underthrust-
ing migrated northward and the mélange ridge 
uplifted farther to the north. Breitfeld et  al. 
(2017) considered that the Boyan Mélange is 
the southern continuation of the Lubok Antu 
Mélange, suggesting that there is a huge accre-
tionary complex underlying most of the eastern 
part of the Kuching Zone and potentially the 
whole Sibu Zone (Fig. 1B).

The middle to late Eocene Silantek Forma-
tion is in faulted contact with or unconformably 
above the Lubok Antu Mélange in the north 
(Lupar Line 1 in Fig. 3B; Breitfeld et al., 2018; 
Galin et  al., 2017; Tan, 1982). The Silantek 
Formation is composed of sandstone, mud-
stone, and basal conglomerate deposited in a 
floodplain and subsidiary fluvial environment 
(Breitfeld et al., 2018), and is intruded by early 
Miocene acid volcanics and stocks (Breitfeld 
et al., 2019).

To the north of the Lubok Antu Mélange, the 
Lupar Formation is assumed to be in a faulted 
contact with the Lubok Antu Mélange (Lupar 
Line 2 in Fig.  3B; Tan, 1982). The coherent 
Lupar Formation and Belaga Formation form 
the latest Cretaceous–Eocene northerly young-
ing deep water turbiditic rocks of the Rajang 
Group (Fig. 4). The Lupar Formation is con-
stituted by interbedded shale, mudstone, and 
sandstone, and is intruded by the Pakong Mafic 
Complex, a suit of gabbro, spilite, and basalt 
(Tan, 1982; Haile et al., 1994). The bedding-
normal quartz veins in the Lupar Formation 
are mostly restricted to competent sandstone 
layers, suggesting large amount of fluid migra-
tion (Fig. 5F). The U-Pb age for youngest detri-
tal zircon from the Lupar Formation suggest 
that the maximum depositional age (MDA) is 
70 ± 1 Ma (Galin et al., 2017). The Belaga For-
mation is considered to be a deep water turbi-

dite deposit consisting of Layar Member, Kapit 
Member, Pelagus Member, Metah Member, and 
Bawang Member from south to north (Fig. 4). 
Galin et al. (2017) divided the Belaga Forma-
tion into three units based on the heavy mineral 
assemblages and detrital zircons (Fig. 4). The 
sedimentological and petrographical character-
istics of the Belaga Formation are very similar 
to the underlying Lupar Formation with MDA 
ages between 70 ± 1 Ma and 40 ± 1 Ma (Galin 
et al., 2017). The MDA is correlated well with 
the few published paleontological ages pre-
sented by Liechti et al. (1960) and Wolfenden 
(1960). The upper boundary of the Belaga For-
mation is well constrained at ca. 37 Ma based 
on the youngest zircons obtained from the 
Arip Volcanics (Hennig-Breitfeld et al., 2019). 
Tan (1982) and Honza et al. (2000) concluded 
that the turbidites of the Rajang Group are an 
accretionary prism based on the deep water 
and deformed character of the Rajang Group. 
Hutchison (2010) and Moss (1998) argued that 
subduction in Sarawak had ceased in the Late 
Cretaceous or Paleocene, and suggested that the 
older parts of the Rajang Group are an accre-
tionary prism, but the younger turbidites of the 
Rajang Group were deposited in a remnant ocean 
basin. Breitfeld and Hall (2018) and Galin et al. 
(2017) considered that the Rajang Group was 
a turbidite fan in a passive setting and part of a 
large sediment system ranging from the Malay 
Peninsula through the present-day Sunda shelf. 
The basement of the Kuching Zone and the Sibu 
Zone has been considered by Breitfeld et  al. 
(2017) to be the Cretaceous accretionary prism, 
during paleo-Pacific subduction, which formed 
the arc-related igneous rocks of the Schwaner 
Mountains. Thus, the Lubok Antu Mélange may 
be a part of the wide accretionary zone at the 
eastern margin of Asia (Breitfeld et al., 2017; 
Galin et al., 2017). The Rajang Group overlying 
the Lubok Antu Mélange is covered by upper 
Eocene conglomerate and finer grained shallow 
marine sediments, which indicates that there is 
a major unconformity (Rajang Unconformity; 
Hall and Breitfeld, 2017). The age of this major 
uplift phase was well constrained to 37–34 Ma 
in recent studies (Breitfeld et al., 2020b; Hen-
nig-Breitfeld et al., 2019). The Rajang Uncon-
formity is likely related to tectonic processes 
associated with the onset of subduction of the 
proto-South China Sea and/or the rotation of 
Borneo (Hall and Breitfeld, 2017; Hennig-Bre-
itfeld et al., 2019).

APPLIED METHODOLOGIES

In order to reconstruct the time-constrained 
subduction process related to the formation of 
the Lubok Antu Mélange, pelitic matrix of the 

Lubok Antu Mélange and mudstone of the Lupar 
Formation were collected for vitrinite reflectance 
and illite age analysis.

Vitrinite Reflectance

We collected nine pelitic matrix and mud-
stone samples from the Lubok Antu Mélange 
and Lupar Formation for vitrinite reflectance 
analysis to explore the maximum paleotempera-
ture during burial (Fig. 3A). The random reflec-
tance (Ro) of vitrinite was measured on polished 
sections of concentrates of kerogen under a Carl 
Zeiss Axio Scope A1 Pol microscope equipped 
with a MSP 400 photometer. The extraction of 
the kerogen and the measurement of the vitrin-
ite reflectance followed the National Standard of 
China GB/T 19144-2010 and SY/T 5124-2012, 
respectively. The maximum temperature was 
calculated by the mean random reflectance (Rm) 
based on the Barker (1988) method.

K-Ar Dating

We chose three samples (one from the mud-
stone of the coherent Lupar Formation, and two 
from the deformed pelitic matrix of the Lubok 
Antu Mélange; Figs. 3A and 3B) for K-Ar dat-
ing. The pelitic matrix which flows ductilely 
were chosen for dating. Thus, the illite K-Ar 
age may record deformation under condi-
tions of unconsolidation or semi-consolidation 
(Figs. 5A and 5C). Petrographic investigations 
using optical microscopy indicate that our sam-
ples include detrital mica grains (Fig. 5H). The 
relative age contribution of the two K-bearing 
mineral phases (detrital/authigenic phase) can 
be better assessed by separating the sample into 
discrete grain sizes. To avoid artificial grain-size 
reduction, we first crushed samples by hand 
and removed small visible pieces of sandstone 
blocks in the mélange matrix, and then collected 
the remaining samples. Three grain size frac-
tions (0.2–0.5, 0.5–1.0, and 1.0–2.0 µm) were 
separated by gravity settling using Stoke’s law 
and high-speed centrifuging.

Mineralogical Observation
X-ray diffraction (XRD) patterns of oriented 

samples and random powder samples were used 
for clay identification and mineral quantifica-
tion, respectively. Oriented samples prepared by 
drying 1 ml sample suspension on a glass slide 
were scanned over the ranges from 2° to 70° 2θ 
at the speed of 0.02° 2θ/s by the Rigaku Multi-
Flex diffractometer with diffracted-beam-mono-
chromated CuKα radiation (36 kV, 16 mA) in 
Kochi University, Japan. The slides were also 
analyzed after one day glycolization. Random 
powder samples side-loaded into an Al sample 
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holder were scanned over angles of 2θ = 3–75° 
by the X’Pert Pro multi-purpose diffractometer 
with CuKα radiation (45 kV, 40 mA) at the Cen-
ter for Advanced Marine Core Research, Kochi 
University, Japan.

Transmission electron microscopy (TEM) 
was used to investigate grain morphology and 
crystallography to verify the presence of illite in 
the fraction and evaluate the contamination of 
other K-bearing minerals. Detailed grain charac-
terization of the grain size fraction (0.5–1.0 µm) 
of our samples was obtained using a JEOL JEM-
ARM200F (200 kV) located at the Kochi Insti-
tute for Core Sample Research, Japan Agency for 
Marine-Earth Science and Technology. We first 
dispersed the fractions (0.5–1.0 µm) in ethanol 
and then added one or two drops of the superna-
tants onto the Cu grids and let them dry naturally 
in the air. High-resolution TEM imaging and 
selected-area electron diffraction (SAED) were 
used for identifying morphological and crystal-
lographic structure, and the energy dispersive 
X-ray spectrometer attached to the TEM were 
used for investigating the chemical composition 
of individual grains.

K-Ar analysis
Isotopic dating analyses for selected fractions 

were undertaken in Hiruzen Institute for Geol-
ogy and Chronology Co., Ltd., Japan. We used 
Teflon beakers containing a mixture of nitric 
acid and hydrofluoric acid to dissolve each frac-
tion (∼50 mg) for 12 h. The samples were then 
dried on a hot plate before being re-decomposed 
in HCl. The resulting solution was then used for 
potassium qualitative analysis by flame pho-
tometry. We ran each analysis twice, thus the 
reproducibility of our sample was confirmed. 
An average value was obtained for calculating 
the K-Ar age. Based on the multiple runs of two 
standards (JB-1 basalt and JG-1 granodiorite; 
Imai et al., 1995), the analytical error is within 
2%. The analytical procedures are described in 
detail in Nagao et al. (1984).

For argon isotopic analysis, we first wrapped 
each fraction (∼70–75 mg) in a thin alumi-
num foil and placed it in a sample holder and 
then used the ribbon and mantle heater to heat 
the sample for three days at 180–200 °C, thus 
the adsorption gas would release in a vacuum. 
Then we dropped the remaining sample into a 
molybdenum crucible and heated it to 1500 °C 
for half an hour, thus the activated gases (carbon, 
hydrogen, oxygen, and sulfur) were removed. 
Finally, we analyzed purified argon gas by using 
the mass spectrometer after the isotopic dilution 
method of Itaya et al. (1991). Multiple analy-
ses of JG-1 biotite (ca. 91 Ma) were used as the 
standard (Itaya et al., 1991; Yagi et al., 2015), the 
standard deviation of the 38Ar spike calibrations 

was determined to be within 1%. The analytical 
methods for calculating the age are described 
in detail in Nagao et al. (1984) and Nagao and 
Itaya (1988). The decay constants for 40K to 40Ar 
(0.581 × 10−10/year), 40Ca (4.962 × 10−10/year), 
and 40K content (1.167 × 10−4) were used for the 
age calculation in potassium (Steiger and Jäger 
1977). Ages with the 2σ confidence level were 
obtained.

Percentage of Detrital and Authigenic Illite
All fractions of each sample were measured 

by powder XRD. The authigenic (1M/1Md 
illite polytype)/detrital (2M1 illite polytype) 
ratio was quantified using iterative full-pattern 
fitting by matching modeled XRD patterns 
generated by WILDFIRE and XRD patterns 
of our powder samples in the range of 20° to 
37° 2θ (Reynolds, 1993; supporting informa-
tion Fig. S11). The goodness of fit by the full-
pattern fitting method was determined by R% 
value ((Σ | (simulated-measured)/measured |) 
n * 100; Fisher et al., 2019; Song et al., 2014, 
Tonai et al., 2016). We estimate that the quan-
tification error of the content of the detrital 
illite (2M1 polytype) in the selected samples 
is within ± 5% according to the measurement 
error of duplicate samples. After assessing 
the proportion of authigenic and detrital illite 
in each fraction, three size fractions (0.2–0.5, 
0.5–1.0, and 1.0–2.0 µm) of each sample were 
chosen for K-Ar dating.

RESULTS

Paleothermal Structure from Vitrinite 
Reflectance

Rm values have a high degree of confidence 
due to the standard deviation being less than 0.15 
for each sample. The Rm values from the Lubok 
Antu Mélange are from 1.57% to 3.65% and the 
Rm value from the Lupar Formation is 2.05% 
(Fig. 6). The maximum paleotemperature of the 
K-Ar dating samples LA-14, LA-05, and LA-08, 
from south to north, were 195 ± 30 °C, 283 ± 30 
°C, and 223 ± 30 °C, respectively (Fig. 6).

Mineralogical Characterization

X-ray semiquantitative analysis of various 
grain size fractions from the matrix of the Lubok 
Antu Mélange and the mudstone of the Lupar 
Formation are shown in Table 1. Mineral com-
position in each grain size fraction is almost 
the same, however, chlorite is not significant in 
LA-05, and coarser fractions contain more quartz 
(Table 1). The fractions contain few orthoclase 
grains. Detrital muscovite could be contained in 
these samples because its XRD pattern is identi-
cal to that of 2M1 polytype illite. Thus, K-Ar ages 
of the samples mainly reflect the contributions of 
authigenic illite and/or detrital muscovite.

TEM observations of the fractions 
(0.5–1.0 μm) show the typical crystal morphol-
ogies of illite (Freed and Peacor, 1992; Wilkin-
son et  al., 2014), such as acicular and platy 
(Figs.  7A and 7B). SAED patterns show the 
reflection of these K and Al-rich illite particles 
is consistent with the 1.0 nm interlayer spacing 
of (001) of 1M/1Md illite or (002) of 2M1 illite 
(Fig. 7C), while some of the illite grains show 
diffuse scattering of the non-001 reflections, 

1Supplemental Material. Observed XRD 
patterns (black) and best matches (gray) generated 
by the program WILDFIRE for size fractions of 
our samples. Please visit https://doi.org/10.1130/
GSAB.S.14356358 to access the supplemental 
material, and contact editing@geosociety.org with 
any questions.

Figure 6. Paleothermal structure of the Lubok Antu Mélange and the coherent Lupar 
Formation, Sarawak, Borneo determined from vitrinite reflectance (Rm). The bars show the 
standard deviation (1σ).
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suggesting the illite grains are 1Md polytype 
(Fig. 7D; Grubb et al., 1991; Fisher et al., 2019). 
In general, the 2M1 and 1Md illite polytypes are 
abundant in this study, and there are no or very 
few other potassium-bearing minerals.

K-Ar Dating

The results of the K-Ar analysis of each frac-
tion are shown in Table  2. The atmospheric 
argon contamination can be neglected and the 

analytical results are reliable, based on the 
non-radiogenic 40Ar content (3.5%–4.4%). 
The potassium concentrations (3.2% to 4.8%) 
indicate that the analyzed samples are not high-
purity illite, but also contain varying amounts of 
other potassium-free minerals, such as, the chlo-
rite and quartz determined by the XRD patterns 
and TEM images.

For the mélange matrix samples, K-Ar dating 
results yielded ages between 81.5 ± 1.8 Ma and 
93.7 ± 2.0 Ma for sample LA-14 and between 
66.2 ± 1.5 Ma and 75.9 ± 1.7 Ma for sample 
LA-05. Sample LA-08 from the Lupar For-
mation yielded K-Ar ages of 45.9 ± 1.0 Ma, 
48.3 ± 1.1 Ma, and 53.0 ± 1.2 Ma for 
the 0.2–0.5, 0.5–1.0, and 1.0–2.0 μm grain sizes, 
respectively (Table 2).

The modeling of observed XRD powder 
patterns for our samples indicates a systematic 
decrease in the value of the 2M1/(2M1+1Md) 
illite polytype with decreasing grain size (Fig. 
S1; Table 2). The values of the 2M1/(2M1+1Md) 
illite polytype are less than 40% in any size 
fraction from the samples of the mélange pelitic 
matrix (Fig. S1; Table 2). The modeling for the 
samples from the Lupar Formation indicates the 
values of the 2M1 / (2M1+1Md) illite polytype 
are between 66.5% and 31.0% (Fig. S1; Table 2).

The results of IAA from three fractions of 
each mélange matrix and the Lupar Formation 
mudstone sample are shown in Figure 8. The plot 
shows a good linear relationship with the percent-
age of the 2M1 illite polytype when the regression 
analysis is carried out (Fig. 8). The linear regres-
sion is based on the least-square linear regression 
with 1σ confidence intervals. The lower inter-
cepts of the linear regressions, which correspond 
to the age of authigenic illite (1Md polytype), are 
calculated as 62.2 ± 2.4 Ma for LA-14 (mélange 
matrix), 59.4 ± 4.1 Ma for LA-05 (mélange 
matrix), and 35.8 ± 0.1 Ma for LA-08 (Lupar 
Formation). The upper age intercepts, which 
correspond to the age of high-temperature illite 
or muscovite (2M1 polytype), are calculated as 
145 ± 5.1 Ma for LA-14 (mélange matrix), 
96.2 ± 8.3 Ma for LA-05 (mélange matrix), and 
63.7 ± 0.2 Ma for LA-08 (Lupar Formation).

DISCUSSION

The Meaning of Illite Polytypes

The estimates for the timing of illite authi-
genesis require an evaluation of whether the 
2M1 illite polytype in our samples is detrital. It 
has long been recognized that the mean particle 
size of authigenic illite in shale is generally finer 
than that of detrital illite/muscovite (Fisher et al., 
2019; Pevear, 1992, 1999; Tonai et al., 2016). 
The XRD analyses show that the ratio of 2M1 

TABLE 1. X-RAY SEMIQUANTITATIVE ANALYSIS OF VARIOUS GRAIN SIZE FRACTION FOR MATRIX OF THE 
LUBOK ANTU MÉLANGE AND MUDSTONE OF THE LUPAR FORMATION IN WEST SARAWAK, BORNEO

Grain size  
(μm)

Whole-rock composition (wt%)

Qtz I/M-2M1 I-1Md Chl Kln An Ort

LA-14 Mélange (South)
0.2–0.5 – 13 44 32 11 – –
0.5–1.0 4 18 43 26 9 – –
1.0–2.0 12 16 27 30 15 – –

LA-05 Mélange (North)
0.2–0.5 1 13 69 – 17 – –
0.5–1.0 4 24 50 – 22 – –
1.0–2.0 8 25 37 – 24 4 2

LA-08 Lupar Formation
0.2–0.5 3 29 52 12 4 – –
0.5–1.0 7 25 31 34 3 – –
1.0–2.0 13 25 17 39 6 – –

Note: An—anorthite; Chl—chlorite; I-1Md—illite-11Md; I/M-2M1—illite/muscovite-2M1; Kln—kaolinite;  
Ort—Orthoclase; Qtz—quartz.

A B

C D

Figure 7. Transmission electron microscopy images (TEM) for the medium fractions samples 
(0.5–1.0 μm) in (A) the pelitic matrix shale of the Lubok Antu Mélange (LA-14) and (B) the 
mudstone of the Lupar Formation (LA-08), Sarawak, Borneo. (C) High-resolution TEM image 
and (D) electron diffraction pattern of an illite particle revealing a 1.0 nm interlayer spacing in 
the medium fractions of the Lupar Formation mudstone sample. Please attention that the dif-
fuse scattering of the non-001 reflections suggests the acicular illite grain is 1Md polytype (D).
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illite polytype to 1Md illite polytype components 
decreases with decreasing grain size in our sam-
ples, likely suggesting a mixture of detrital illite/
muscovite (2M1 illite polytype) and authigenic 
illite (1M/1Md illite polytype; Table 2).

For the Lubok Antu Mélange, the peak tem-
peratures of LA-05 is identical within error to 
the crystallization temperature ∼280 °C of 2M1 
polytype (Srodon and Eberl, 1984), revealing that 
there may be some authigenic high-temperature or 
synkinematic 2M1 polytype. However, the latest 
depositional ages based on age-diagnostic fossils 
(Jasin, 1996) overlap with, or are broadly consis-
tent with, the extrapolated age of the 2M1 poly-
type, indicating that the detrital illite/muscovite 
contributes a lot to the mélange matrix (Fig. 8). 
Thus, the 2M1 polytype from the pelitic matrix 
of the Lubok Antu Mélange may be mainly of 
detrital origin, as derived from the sedimentary 
history of the source area. Given that LA-14 and 
LA-05 show different 100% 2M1 polytype ages 
(145 ± 5.1 Ma for LA-14, 96.2 ± 8.3 Ma for 
LA-05), the 2M1 polytype illite/muscovite may 
be from different sources or a mixture with no 
geological significance (Song et al., 2014; van der 

Pluijm et al., 2006). However, the percentage of 
the 2M1 polytype component should be linearly 
related to age for the different clay size popula-
tions only if two distinct polytypes exist within 
the mixture. If a single clay sample contains detri-
tal 2M1 polytype illite components with variable 
argon ages, then a linear relationship between illite 
percentage and age is highly unlikely because the 
2M1 polytypes with variable ages are required to 
have the same relative proportions in all size frac-
tions (Duvall et al., 2011). Our IAA plot shows 
a good linear relationship with the percentage of 
2M1 illite polytype when the regression analysis 
is carried out (Fig. 8), and the 2M1 percentage 
correlates positively with grain size and total gas 
age (Table 2). Thus, different 100% 2M1 poly-
type ages in the mélange matrix samples might 
be a result of source changes, which awaits more 
regionally extensive data.

For the Lupar Formation, based on the young-
est zircon U-Pb dates (72–70 Ma; Galin et al., 
2017) and fossils (Turonian–Maastrichtian; Mil-
roy, 1953), the 2M1 illite polytype may not be 
considered as a detrital contribution to the Lupar 
Formation as the depositional ages of the Lupar 

Formation are slightly older than the extrapolated 
age of the 2M1 illite polytype (63.7 ± 0.2 Ma; 
Fig. 8). An alternative interpretation is that the 
2M1 polytype illite/muscovite in the Lupar For-
mation may represent the authigenic/synkine-
matic products of higher temperature fluid flow 
or regional deformation events (e.g., Aldega et al., 
2019; Song et al., 2014; Torgersen et al., 2014).

TEM observations of the 0.5–1.0 μm frac-
tions of the mélange matrix sample (LA-14) 
and the Lupar Formation sample (LA-08) reveal 
fine-grained illitic crystallites. The acicular and 
plate illite grains observed by the TEM and the 
1Md illite polytype shown by the SAED patterns 
indicate that these illite grains are authigenic 
(Fig. 7). Thus, the lower K-Ar age intercepts are 
interpreted to be the ages of the authigenic illite 
grains (1M/1Md illite polytype; Fig. 8).

Authigenic Illite Ages of the Mélange Pelitic 
Matrix: Paleocene Subduction

Orange and Underwood (1995) proposed that 
the thermal maturity can be used as diagnostic 
criteria for the classification of the mélange in 
ancient accretionary complexes. The Rm values 
of mélange formed along the subduction plate 
interface (2.15–3.45) is significantly higher than 
the Rm values of mélange formed under the con-
ditions of gravitationally induced lateral spread-
ing of the slope apron (0.4–0.5), large-scale 
mass wasting (olistostromes; 0.5–0.85), diapiric 
injection (1.35–1.85), and tectonic deforma-
tion within shear zones (0.75–1.75) (Orange 
and Underwood, 1995). Thus, Rm values from 
our samples are from 1.57% to 3.65%, with an 
average of 2.16%, suggesting the Lubok Antu 
Mélange formed along the subduction plate 
interface. The 184 °C to 283 °C paleotempera-
ture estimates calculated from the Rm values also 
show that the mélange formed at seismogenic 
depth, which is typical for plate boundary tec-
tonic mélanges (Kimura et al., 2012; Kitamura 
et al., 2005).

Non-coaxial extension and asymmetric 
fabrics of the sandstone blocks in the Lubok 
Antu Mélange indicate a top-to-north shearing, 
which is consistent with deformation along the 
plate interface during south-directed subduc-
tion (Figs. 5A–5D). Ductile matrix flow around 
asymmetric boudin suggests it deformed duc-
tilely by dissolution-precipitation creep as the 
rocks lithified (Fig.  5E; e.g., Fagereng, 2011; 
Hashimoto and Kimura, 1999). Hand speci-
mens also show the similar asymmetric fabrics 
(Fig. 5G). These fabrics indicate that the block-
in-matrix structures of the Lubok Antu Mélange 
formed by shearing under conditions of uncon-
solidation or semi-consolidation and had gradu-
ally lithified during subduction (e.g., Hashimoto 

TABLE 2. K-Ar AGES AND THE 2M1 AMOUNT FOR ALL SIZE FRACTIONS OF THE LUBOK 
ANTU MATRIX AND THE LUPAR FORMATION MUDSTONE IN WEST SARAWAK, BORNEO

Grain size  
(μm)

K content 
(K2O wt%)

Rad.40Ar 
(10–8cc3 STP/g)

K-Ar age 
(Ma)

Non-rad.40Ar 
(%)

2M1/(2M1+1Md) 
(%)

LA-14 Mélange (South)
0.2–0.5 3.992 ± 0.080 1291.9 ± 13.1 81.5 ± 1.8 4.4 24.0 ± 5
0.5–1.0 3.716 ± 0.074 1301.5 ± 13.3 88.1 ± 1.9 4.1 30.0 ± 5
1.0–2.0 3.360 ± 0.067 1253.4 ± 12.8 93.7 ± 2.0 4.3 38.5 ± 5

LA-05 Mélange (North)
0.2–0.5 4.780 ± 0.096 1250.5 ± 12.7 66.2 ± 1.5 4.1 16.5 ± 5
0.5–1.0 4.570 ± 0.091 1246.2 ± 12.6 68.9 ± 1.5 3.9 33.0 ± 5
1.0–2.0 3.991 ± 0.080 1200.7 ± 12.4 75.9 ± 1.7 3.5 40.0 ± 5

LA-08 Lupar Formation
0.2–0.5 4.342 ± 0.087 782.6 ± 7.9 45.9 ± 1.0 3.7 36.0 ± 5
0.5–1.0 3.919 ± 0.078 744.1 ± 7.5 48.3 ± 1.1 3.6 45.0 ± 5
1.0–2.0 3.236 ± 0.065 675.0 ± 6.9 53.0 ± 1.2 4.3 61.5 ± 5

Note: The errors for obtained ages are at the 2σ confidence level. Rad.—Radiogenic; STP—Standard 
Temperature and Pressure: conditions of 0 °C and 1 atm.

Figure 8. Illite age analysis plot 
of the value of 2M1 / (2M1+1Md) 
illite polytype and the K-Ar age 
for the Lubok Antu Mélange 
matrix samples and the Lupar 
Formation mudstone samples, 
Sarawak, Borneo. The function 
(exp(λt)–1) has a linear correla-
tion with the proportion of 2M1 
illite polytype, where t is the 
measured radiometric time and 
λ is the total potassium decay 
constant. The dotted lines show 
linear regression. The shaded 
areas along the dotted lines 
represent confidence intervals 
(1σ) of the data.
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and Kimura, 1999), suggesting the clay devel-
opment was syntectonic (e.g., Zwingmann and 
Mancktelow, 2004). Thus, the paleotemperature, 
the general top-to-the-north shear sense, and the 
lithological composition with chert and turbi-
dite components suggest that the Lubok Antu 
Mélange formed in a subduction-accretion set-
ting is of tectonic origin caused by underthrust-
ing and shearing along the subduction plate 
interface, and could be a chert-turbidite type 
ocean plate stratigraphy mélange (Festa et al., 
2019; Wakita, 2015).

The deformation of the tectonic mélange 
formed along the subduction plate interface has 
been considered to be contemporaneous with 
burial and subduction, while other localized 
deformation structures were formed during a 
later stage than the mélange internal deformation 
based on the kinematics analysis and radiometric 
constraints (e.g., Bachmann et al., 2009; Raim-
bourg et al., 2019). Breitfeld et al. (2017, 2020a) 
reported that there was a potential shearing event 
in Sarawak and SW Borneo at ca. 25 Ma and 
interpreted it might be related to the Lupar Line 
trend and counter-clockwise rotation (Fuller 
et al., 1999; Schmidtke et al., 1990). Apatite fis-
sion-track ages in central Borneo also indicate a 
period of rapid denudation and uplift at that time 
(Moss et al., 1998). However, these late periods 
of shearing have not been recorded by our authi-
genic illite K-Ar ages of the Lubok Antu Mélange 
matrix. The synkinematic/authigenic illite age of 
the tectonic mélange matrix was not noticeably 
affected by later brittle deformation caused by the 
exhumation processes (e.g., the Mugi Mélange of 
the Shimanto accretionary complex, see Fisher 
et al., 2019; Tonai et al., 2016). Thus, the Lubok 
Antu Mélange could cease to serve as the locus 
of shear during the younger tectonic events, and 
the shear deformation was localized along shear 
zones such as the Lupar Line. Furthermore, our 
field observations also show that there is no pen-
etrative overprint on the overall top-to-the-north 
sense of shear (Fig. 5), so that the primary tex-
tures of the tectonic mélange formed during the 
subduction-accretion process are preserved. The 
absence of the internal deformation style of the 
mélange in the nearby coherent unit (e.g., the 
Lupar Formation) also indicates that the mélange 
deformation was contemporaneous with subduc-
tion (e.g., Raimbourg et al., 2019).

The fault contact relationship (Lupar Line 
2; Fig. 3A) between the Lubok Antu Mélange 
and the Lupar Formation is likely supported by 
a possible paleotemperature drop between them 
(Fig. 6). Thus, the Lupar Line may represent an 
out-of-sequence thrust that juxtaposed mélange-
turbidite units (e.g., Ohmori et al., 1997), or an 
oblique strike-slip fault that exposed the Lubok 
Antu Mélange (Breitfeld et al., 2018; Breitfeld 

and Hall, 2018; Galin et al., 2017; Hall, 2012; 
Hall and Sevastjanova, 2012).

If the growth of authigenic illite below the 
closure temperature (Tc) of argon loss, the age 
of authigenic illite represents the time of forma-
tion, but not subsequent cooling when the sam-
ple passed through a particular thermal window 
or Tc (Duvall et al., 2011). According to the Tc 
equations of Dodson (1973) and muscovite dif-
fusion parameters appropriate for a cylindrical 
geometry (activation energy E = 64 kcal/mol, 
frequency factor Do = 4 cm2/s and effective dif-
fusion radii ranging from 0.05 to 2 μm; Harrison 
et al., 2009) and cooling rates of 1–10 °C/Ma, 
the Tc of illite is estimated to be ∼250–350 °C 
(Duvall et al., 2011). The maximum paleotem-
perature of LA-14 (mélange matrix, 195 ± 30 
°C) is lower than the illite Tc, suggesting that the 
formation temperature of authigenic/synkine-
matic illite in LA-14 (mélange matrix) is also 
lower than the illite Tc. Thus, the age of authi-
genic/synkinematic illite of the mélange matrix 
(LA-14) should represent the time of formation 
in the process of syn-burial deformation.

The fabrics associated with shear deformation 
in clay-rich rocks are helpful to confirm the pre-
tectonic or syn-tectonic origin of clay minerals 
(Fig.  5; Vrolijk et  al., 2018; Zwingmann and 
Mancktelow, 2004; Zwingmann et  al., 2004). 
Photomicrograph of the mélange matrix samples 
for K-Ar dating exhibit strongly preferred align-
ment of clay minerals (Fig. 5H). Thus, the K-Ar 
ages derived from authigenic/synkinematic illite 
separated from structurally well constrained 
pelitic matrix samples allow us to propose illite 
growth during shear deformation (Figs. 5A and 
5C; e.g., Aldega et  al., 2019; Tartaglia et  al., 
2020; Torgersen et al., 2014; Viola et al., 2016). 
In addition, previous studies (Mullin, 1961; Vro-
lijk et al., 2018) observed that acicular (fibrous) 
illite crystals are rarely found in shales, but are 
usually the result of rapid growth, such as shear 
deformation. Thus, the 1Md illite polytype grains 
with acicular (fibrous) morphologies observed 
by TEM images (Fig.  7A) and XRD patterns 
suggest that abundant authigenic illite grains in 
the mélange matrix sample underwent a differ-

ent dissolution-precipitation history, implying 
the dated authigenic illite were synkinematic.

Radiogenic 40Ar loss could occur due to exter-
nal heating after the formation of the authigenic 
illite. Incipient volume diffusion for grain sizes 
<0.2 µm may start at ∼250 °C during heating-
cooling pulses over 5 m.y. (Torgersen et  al., 
2014; Süssenberger et  al., 2018). However, 
radiogenic 40Ar loss can be disregarded below 
temperatures of ∼350 °C during the rapid heat-
ing-cooling cycle of millennium size (Zwing-
mann et  al., 2019). The maximum paleotem-
perature of LA-14 (mélange matrix; 195 ± 30 
°C) are significantly lower than both, making 
Ar loss unlikely. Although, the maximum paleo-
temperature of LA-05 (mélange matrix) is over 
250 °C, Ar diffusion may have taken place only 
if the documented temperatures were attained 
over a long-time frame. Given that LA-14 and 
LA-05 constrain the same 100% authigenic illite 
age (62.2 ± 2.4 Ma for LA-14, 59.4 ± 4.1 Ma 
for LA-05), it implies that peak temperatures 
of ∼283 °C were relatively short-lived. Thus, 
the Lubok Antu Mélange could be immediately 
transferred to the upper levels of the accretionary 
complex as a result of subduction-accretion pro-
cesses (e.g., Draut and Clift, 2013; Festa et al., 
2019) and/or the subsequent strike-slip faulting 
along the Lupar Line (Hall, 2012; Breitfeld et al., 
2017; Fig. 9). This is analogous to the Mesomé-
lange Unit of the McHugh Complex in southern 
Alaska, which was interpreted as a subduction 
channel unit that was preserved above the newly 
accreting wedge of trench sediments (Clift et al., 
2012). As the Lupar Formation was accreted it 
would have removed the mélange from the plate 
boundary, allowing its preservation (Fig. 9).

By combining these statistically identical ages 
with our structural observation, we conclude that 
the Lubok Antu Mélange could be transferred 
to the upper levels of the accretionary complex 
immediately after its formation/deformation 
along the plate boundary at ca. 60 Ma. The Lupar 
Line was active and facilitated the migration of 
mélange at that time (Fig. 9). The subsequent 
shearing events in Borneo were localized along 
shear zones such as the Lupar Line.

Figure 9. Cross section through Lupar Line based on K-Ar ages of the Lubok Antu Mélange 
matrix and Lupar Formation, showing the evolution of the Lubok Antu Mélange, Sarawak, 
Borneo.
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Authigenic Illite Age of the Lupar 
Formation Mudstone: Rajang 
Unconformity

Our XRD results show that the Lupar For-
mation contains abundant 2M1 polytype illite/
muscovite (31.5%–66.5%). The K-Ar age of 
the 2M1 polytype illite/muscovite (ca. 63 Ma) 
is slightly younger than the depositional age 
(Maastrichtian; Milroy, 1953; Galin et al., 2017) 
of the Lupar Formation, which indicate that the 
2M1 polytype illite/muscovite in the Lupar For-
mation could crystallize authigenically/synkine-
matically during episode of fluid flow or regional 
deformation (e.g., Aldega et  al., 2019; Song 
et al., 2014; Torgersen et al., 2014). There is no 
record of localized slip in the Lupar Formation, 
thus, the authigenesis of the 2M1 polytype illite/
muscovite was more likely due to the hydrother-
mal fluids following igneous activity (e.g., Song 
et al., 2014; Viola et al., 2016).

Haile et  al. (1994) concluded the basaltic 
lavas are interbedded with the Lupar Formation 
sediments, implying that the lavas were con-
temporaneous with the Lupar Formation. The 
intrusion of gabbro, of the same age or slight 
younger than the Lupar Formation, caused at 
least 50 m of contact metamorphism (Haile 
et al., 1994). Thus, the 2M1 illite/muscovite may 
be interpreted as products of the hydrothermal 
effect following these igneous activities (Pakong 
Mafic Complex).

Our extrapolated authigenic/synkinematic 
1Md illite age (35.8 ± 0.1 Ma) of the coherent 
Lupar Formation is obviously younger than the 
stratigraphic age. Under normal diagenetic con-
ditions, the reaction process in clay minerals is 
irreversible, thus the uplifted stratum generally 
retain the chemical composition formed during 
maximum burial or maturity (Frey and Robin-
son, 1999). In addition, the timing of illite dia-
genesis is typically related to fluid flow/altera-
tion in response to major tectonic events (e.g., 
Viola et al., 2016; Zhao et al., 1997). The possi-
ble diagenetic age, 35.8 ± 0.1 Ma, is almost the 
same as the Rajang Unconformity (37–34 Ma; 
Fig. 4; Breitfeld et al., 2020b; Hennig-Breitfeld 
et al., 2019), which implies that the 1Md illite 
polytype component can be interpreted as the 
result of younger low-temperature fluid flow/
alteration accompanying a major uplift phase 
at the timing of the Rajang Unconformity. The 
extensive distribution of bedding-normal quartz 
veins in the Lupar Formation further supports 
this statement (Fig. 5F).

Hutchison (2010) suggested that the begin-
ning of shallow water carbonate deposition at the 
end of the Eocene both in central Sarawak and 
Kalimantan indicate the onset of the uplift phase, 
and described that the dramatic late Eocene 

change from deep water turbidites in the Sibu 
Zone to terrestrial/marginal marine sedimentary 
rocks within the Miri Zone was caused by the 
collision of the Luconia block following clo-
sure of the proto-South China Sea at ca. 37 Ma. 
However, Hall (2013), Hall and Breitfeld (2017), 
and Hall and Sevastjanova (2012) questioned the 
collision interpretation, and considered that the 
subduction of oceanic crust beneath Sarawak 
ceased at ca. 85 Ma and was completed long 
before subduction of the proto-South China 
Sea beneath Sabah and Cagayan began in the 
Eocene. Thus, the ocean crust subducted beneath 
Sarawak was most likely to be the paleo-Pacific. 
Hall and Breitfeld (2017) and Hennig-Breitfeld 
et al. (2019) attribute the Rajang Unconformity 
to the onset of subduction of the proto-South 
China Sea beneath Sabah and Cagayan and/or 
to the rotation of Borneo.

We have concluded above that the tectonic 
mélange ceased to serve as the locus of sig-
nificant deformation after its formation, and the 
subsequent shearing events were localized along 
shear zones such as the Lupar Line. However, 
the matrix of the Lubok Antu Mélange also does 
not yield K-Ar ages related to the fluid flow/
alteration in response to the major uplift phase 
(the Rajang Unconformity). As suggested above, 
the Lubok Antu Mélange was immediately 
transferred to the upper levels of the subduction 
accretion complex after its formation. Thus, the 
Lubok Antu Mélange was under shallower and/
or cooler pressure-temperature conditions than 
the Lupar Formation, suggesting the absence of 
the fluid flow/alteration favorable to illite authi-
genic growth during this major uplift phase (e.g., 
Aldega et al., 2019; Fig. 9).

Implications for Paleogene Tectonic 
Evolution of Borneo

The first illite K-Ar ages obtained in this study 
provide new constraints on the tectonic evolu-
tion of Borneo. The ages of authigenic/synkine-
matic illite and the maximum paleotemperatures 
of dated samples indicate that the Lubok Antu 
Mélange could be uplifted immediately after its 
formation/deformation along the plate boundary 
at ca. 60 Ma. This interpretation is consistent 
with Hutchison (2005, 2010) who argued that 
the subduction in Sarawak could have contin-
ued until the Paleocene before most of the deep 
marine Rajang Group was deposited in a rem-
nant ocean basin.

However, based on ages and geochemistry 
similarities, Hennig et al. (2017) suggested that 
the Cretaceous subduction-related rocks in the 
Schwaner Mountains formed during subduction 
at the paleo-Pacific margin after SW Borneo 
arrived at the Sundaland margin at ca. 135 Ma. 

Subduction-related magmatism in SW Borneo 
had ceased after collision of the Argo block (East 
Java-West Sulawesi) with SW Borneo at ca. 
90 Ma at the Meratus Suture (Fig. 1B; Hall et al., 
2009; Hall, 2012) and was then followed by the 
K-rich A-/S-/I-type granitoids of ca. 78–85 Ma 
and the A-type 72 Ma granites in the southern 
Schwaner Mountains (Breitfeld et  al., 2020a; 
Davies et  al., 2014). The age of the Pedawan 
Unconformity in the Kuching Zone also coin-
cides with the termination of subduction-related 
magmatism in SW Borneo (Fig.  4; Breitfeld 
et  al., 2018). Thus, several studies suggested 
that subduction beneath Sarawak also ceased at 
ca. 90 Ma (Breitfeld et al., 2017; Hennig et al., 
2017; Breitfeld et al., 2020a). But it is notewor-
thy that Davies et  al. (2014) and Hall (2012) 
argued that the subduction-related granites in 
SW Borneo are not the result of the Asian margin 
magmatism but are the result of south-directed 
subduction beneath SW Borneo during north-
ward drifting of the SW Borneo block and wid-
ening of the Ceno-Tethys. Thus, the volcanic arc 
corresponding to subduction beneath Sarawak is 
unclear. However, samples from the Pueh and 
Gading intrusions in West Sarawak with ages 
ranging from 77 to 80 Ma, respectively, (mean 
ages of ca. 81 Ma) have chemical compositions 
of volcanic arc granite, their post-collisional 
character is thus uncertain. An alternative inter-
pretation is that subduction-related magmatism 
in West Sarawak did not finish until ca. 81 Ma 
(Hennig et al., 2017).

Breitfeld and Hall (2018) and Galin et  al. 
(2017) reported that a small number of Paleo-
gene zircons in the Cenozoic sediments of Sar-
awak were likely derived from contemporaneous 
magmatism in Borneo, and interpreted that the 
very localized magmatism in Borneo does not 
support prolonged arc magmatism related to 
subduction in the Paleogene. However, arc mag-
matism resulting from subduction is not neces-
sarily active throughout the history of an active 
margin (e.g., Macpherson and Hall, 2002; Yang 
et al., 2020). For example, the magmatic arc gap 
during the subduction of the Neo-Tethys ocean 
in the southern Tibet regions from ca. 145 to 
120 Ma (Xiong et al., 2016), and the magmatic 
arc gap during the subduction of the Piemonte-
Ligurian ocean in the Alps regions from ca. 100 
to 50 Ma (McCarthy et al., 2018). Many causes, 
such as, flat-slab subduction (Hao et al., 2019; 
Kapp et  al., 2005), slab breakoff (Butler and 
Beaumont, 2017), forearc hyperextension and/or 
trench migration (Maffione et al., 2015; Xiong 
et  al., 2016), and mantle serpentinization and 
ocean crust delamination (Yang et  al., 2020), 
may be responsible for the arc gap. In addition, 
several active subduction zones around our study 
region, such as, the North Sulawesi Trench, the 
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Philippine Trench, and Northern Borneo also have 
no or little subduction-related magmatism (Hall, 
2009; Hall and Breitfeld, 2017). The Paleocene 
gap in arc magmatism in Borneo could be caused 
by flat-slab subduction at a very low speed (e.g., 
Williams et al., 1988). Or the ca. 60 Ma age can 
instead be interpreted as representing the final 
stage of subduction under Sarawak based on the 
absence/rarity of arc magmatism and the rapid 
uplift of the Lubok Antu Mélange after its forma-
tion/deformation at ca. 60 Ma.

Morley (1998) and Breitfeld et  al. (2018) 
identified an abrupt shift in sedimentation within 
the Kayan Formation from deltaic to alluvial fan 
deposits (named Bungo Unconformity; Fig. 4) 
at ca. 56 Ma. Considering the paleocurrent 
observations of Tan (1984) and Breitfeld et al. 
(2018), Breitfeld and Hall (2018) suggested that 
the fresh input heavy mineral (garnet, epidote, 
apatite, titanite) into the upper Kayan Forma-
tion (named Penrissen Sandstone) indicates 
some sort of uplift in the eastern part of West 
Sarawak. An earlier ∼40° counter-clockwise 
rotation of Borneo sometime between deposi-
tion of the Pedawan Formation (ca. 80 Ma) 
and the Tutoop/Silantek Formation (ca. 40 Ma) 
discussed by Schmidtke et al. (1990) and Fuller 
et al. (1999) might be associated with this uplift 
phase. Thus, the Lupar Line might have trans-
ferred into strike-slip faults at that time, which 
facilitated the migration of the mélange and was 
responsible for the development of the pull-apart 
basin (the Ketungau Basin) south of the Lupar 
Line (Hall, 2012; Breitfeld and Hall, 2018).

The subduction under Sarawak is not directly 
related to the opening of the South China Sea, 
thus it is confusing to name it proto-South China 
Sea (Hall and Breitfeld, 2017). Hall and Breitfeld. 
(2017) suggest that the term proto-South China 
Sea should be used only for the slab subducted 
beneath Sabah and Cagayan between the Eocene 
and early Miocene. Oceanic crust subducted 
during earlier episodes under Borneo should be 
termed paleo-Pacific. The three distinct radiolar-
ian assemblage ages of chert blocks in the Lubok 
Antu Mélange ranges from Late Jurassic to Late 
Cretaceous, suggesting that the older oceanic 
basin is more like the paleo–Pacific Plate (Jasin, 
1996). In addition, the very thick Rajang Group 
suggest that there is a huge amount of sediments 
supply, which is quite different from the open 
ocean. Thus, we suggest that the Lubok Antu 
Mélange represent a tectonic mélange related to 
the final stage of subduction of the embayment of 
the paleo-Pacific in Sarawak.

The ca. 36 Ma age matches well with the tim-
ing of the Rajang Unconformity (Breitfeld et al., 
2020b; Hennig-Breitfeld et al., 2019). Hutchison 
(1996) interpreted it as the result of the Luco-
nia block colliding with SW Borneo (Sarawak 

Orogeny), implying that the subduction in Sar-
awak continued until the late Eocene and the 
entire Rajang Group represents an accretionary 
complex. It is possible because the huge amount 
of sediments supplied to the embayment of the 
paleo-Pacific may obscure the architecture of the 
accretionary complex. However, our study sug-
gests that the formation/deformation of the Lubok 
Antu Mélange could represent the final stage of 
subduction beneath Sarawak. Thus, an alterna-
tive interpretation is that the onset of subduction 
of the proto-South China Sea beneath Sabah and 
Cagayan and/or the rotation of Borneo led to the 
major uplift phase at ca. 37 Ma (Hall and Breit-
feld, 2017; Hennig-Breitfeld et al., 2019).

CONCLUSIONS

Our study offers a new illite K-Ar dating 
application to constrain the age of deformation 
of the matrix in tectonic mélange formed in sub-
duction-accretion setting. The ca. 60 Ma ages of 
authigenic illite combined with the paleotemper-
ature data indicate that the Lubok Antu Mélange 
formed along the subduction plate boundary dur-
ing the final stage of the subduction-accretion 
process. The ca. 36 Ma age of authigenic illite 
is almost the same as the Rajang Unconformity, 
representing the major uplift phase in West Sar-
awak. In addition to regional considerations, the 
proposed approach demonstrates that illite age 
analysis can be used successfully to date the tim-
ing of subduction when the fabric of mélanges 
records deformation during subduction-accre-
tion process. Though earlier formed tectonic 
mélange have sometimes been influenced by 
later deformation, deconvoluting protracted brit-
tle deformation can be performed by the K-Ar 
age analysis of authigenic illite (Viola et  al., 
2016). Thus, we consider that this method can 
be used to determine the timing of subduction, 
tectonic accretion, and exhumation histories by 
dating the tectonic mélange and associated faults 
formed in an accretionary complex if a compre-
hensive structural analysis is conducted.
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