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Abstract 

New sedimentary geochemistry and petrographic analyses provide the most extensive 

sedimentary documentation yet of the rapid denudation of the young Timor orogen. The data from 

three basins including two widely-separated, well-dated sections of the Synorogenic 

Megasequence of Timor-Leste, and a re-dated DSDP 262, constrain the source and timing of 

detrital sediment flux during forearc-continent collision along the Timor sector of the Banda Arc. 

The exhumed synorogenic piggy-back basins formed above a mélange unit that developed at the 

expense of a weak stratigraphic horizon in the Mesozoic stratigraphy, and was exhumed to the sea 

floor in latest Messinian time. Following an interval of deep marine chalky marl sedimentation, an 

increasingly muddy sediment flux indicates that the island of Timor became emergent and shed 

sediment by 4.5 Ma. Comparison of exhumed sections with similar patterns in the DSDP262 
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chemistry suggests that the sediment source was probably located some 50-60 km distant from the 

basin, which is consistent with the Aileu region of Timor-Leste that shows an appropriate 

exhumation history. All sedimentation between 4.5 and 3.2 Ma was probably derived from a low-

relief, rapidly eroding, and mudstone-dominated landscape with geochemical affinities to the 

Triassic-mudstone-derived synorogenic mélange. The mélange unit overlies and surrounds the 

Banda Terranc, and was presumably structurally emplaced by propagation of a decollement 

through the Triassic rocks during the collision. After 3.2 Ma, sedimentation was dominated by 

hard rock lithologies of the Banda Terrane, consisting of forearc cover and basement, the latter 

including elements of metamafic rocks and metapelites. This phase of sedimentation was 

accompanied by rapid uplift, which may have been partly driven by a transient imbalance between 

rock uplift and denudation as resistant lithologies emerged from below mélange-like mudstone. 

Previous work has suggested that the timing of collision in Timor-Leste and West Timor was 

substantially different. Our reevaluation of DSDP 262 facies migration history in the context of 

the re-dating presented here, favours a relatively synchronous onset of uplift in both halves of the 

island, but with different partitioning of strain between the foreland and hinterland in each half of 

the island. 

 

Keywords: Timor; Banda; Arc-Continent Collision; Mélange; reworking; Sm/Nd; surface uplift; 

sedimentary geochemistry 
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1. Introduction 

A diversity of processes including magmatism, deformation, mélange generation, uplift, 

erosion and associated unroofing accompany forearc or arc continent collision events. The relative 

importance of these processes changes during these collisional events and associated 

sedimentation is modulated by parameters such as the collisional kinematics, stratification and 

inherited structure, composition and rheology of both the upper and lower plates (e.g., Afonso and 

Zlotnik, 2011; Brown et al., 2011; Duffy et al., 2013; Harris, 2011; Harris et al., 1998), as well as 

by climatic factors such as weathering and orographic weather patterns. Dismembered remnants 

of syn-collisional sedimentary basins are rare, but where present they can elucidate the short-lived 

and dynamic interplay of these processes as oceanic subduction complexes give way to arc-

continent collision  (Bayona et al., 2011; Dewey and Mange, 2000; Guo et al., 2012; Ryan, 2008; 

Tate et al., 2014; Zhu et al., 2005). Carefully documented examples of the evolution of young, 

well-exposed and dated orogens, with clear geodynamic context (e.g., Dorsey, 1988; Nagel et al., 

2014) provide a critical resource against which to evaluate the ability of syn-collisional sediments 

to accurately reflect and record the signals that are routinely extracted from them. In particular, 

analysis of a young orogen might be expected to provide a unique archive of the rates at which 

processes of early orogenesis can occur, including the timing and drivers of various tectonic 

phases (De Smet et al., 1990), the lithological characteristics of the source areas (Floyd et al., 

1990), the history of erosional unroofing (DeCelles et al., 1998) and the relatively undocumented 

importance of reworking of the shale-dominated mélanges that are a ubiquitous and persistent 

component of collisional orogenesis (Barber, 2013; Festa et al., 2010).  

The island of Timor is a contractional orogen located within the zone of collision between 

the Wetar sector of the Banda Forearc and the Australian continental margin, and in a region that 

has been the focus of recent reevaluation of its collisional history. Since the 1990s, several studies 

have attributed Timor’s development to underthrusting of a promontory on Australia’s NW shelf 
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but the subsequent style of deformation remains debated (Duffy et al., 2013; Harris, 1991; Keep 

and Haig, 2010; Snyder et al., 1996; Tate et al., 2015). DSDP 262 was drilled in the 1970s to core 

the Timor Trough sediments, about 800 m south of the trough axis. The analysis of this core 

provided some evidence for the tectonic history of the trough, but dating of the core was 

problematic and age models variable (Heirtzler et al., 1974; Johnston and Bowin, 1981; Veevers 

et al., 1978). Multiple lines of evidence including palynology, foraminiferal micropaleontology 

and biomagnetostratigraphy suggest that Timor began uplifting from near-CCD depths prior to 4.5 

Ma (Aben et al., 2014; Haig and McCartain, 2007; Nguyen et al., 2013; Tate et al., 2014), during 

a collisional history that may have begun prior to 7 Ma (Keep and Haig, 2010; Tate et al., 2014). 

Now, only remnants of the uplifted forearc crust remain (Standley and Harris, 2009), and 

Australian-affinity rocks including a widespread tectonic mélange and broken formation crop out 

across much of the island (Barber et al., 1986; Harris et al., 1998). Synorogenic piggy-back basins 

accumulated deep-marine marls and turbiditic sandstones on the lower northern slope of the 

Timor Trough; exhumed examples containing up to 1 km of sediment are found distributed 

around Timor. Two of these basins, the Marobo and Viqueque basins (Figure 1B), contain well-

dated sections with strong paleo-topographic and paleo-bathymetric constraints (Aben et al., 

2014; Nguyen et al., 2013; Quigley et al., 2012; Tate et al., 2014). However, their provenance has 

not been systematically evaluated.  

The good age control on the Timor-Leste sections, and our new age data for the DSDP 262 

site in the Timor Trough, together with the coarse grained nature of Timor-Leste’s synorogenic 

basins, provide a useful opportunity to evaluate their provenance, relate it to the published 

spatiotemporal patterns of exhumation, uplift and structural development (Tate et al., 2014; Tate 

et al., 2015), and examine the importance of mélange reworking in nascent collision zones. We 

address this opportunity by investigating the petrographic and geochemical stratigraphy of the 

exhumed carbonate, marl and siliciclastic coarsening-up succession, using the stratigraphic 

control of two of the basins in central and east Timor Island (Aben et al., 2014; Haig and 
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McCartain, 2007; Tate et al., 2014) to identify evolutionary trends. We compare our data with the 

DSDP 262 drill site in the Timor Trough (Figure 1), for which we present a refined age model, 

and studies from West Timor and islands to the west (Roosmawati and Harris, 2009). In this way, 

we provide a new spatio-temporal perspective on the geodynamic evolution of the Timor forearc-

continent collision zone and important new insights into the importance of mélange reworking for 

mudstone provenance and episodic uplift. 

2. Geology and pre-collisional stratigraphy of Timor 

The Australian plate in the Timor Sea region presently travels NNE at ~ 70 mm yr-1 relative 

to the Sunda Shelf (Bock et al., 2003; Genrich et al., 1996; Koulali et al., 2016; Kreemer et al., 

2000; Nugroho et al., 2009) (Figure 1A). Subduction of old oceanic lithosphere north of what is 

known as the Banda Embayment of the Australian continental margin began around 12 Ma or 

shortly before and propagated eastward, resulting in development of the Banda Arc as an 

eastwards extension of the Sunda Arc (Abbott and Chamalaun, 1981; Hinschberger et al., 2001; 

Pownall, 2015; Pownall et al., 2014; Pownall et al., 2013; Spakman and Hall, 2010). Southeast-

directed rollback of the subducting plate into the Banda Embayment caused supra-subduction 

zone spreading in the upper plate to form the Banda Sea (Spakman and Hall, 2010). The 

collisional history of Timor since that time is strongly debated (Audley-Charles, 2011; Charlton, 

2002b; Duffy et al., 2013; Harris, 2011; Keep and Haig, 2010; Tate et al., 2014; Tate et al., 2015), 

but seems to have begun as early as ~8 Ma, probably as a result of underthrusting of a promontory 

on the NW Australian margin (Berry and McDougall, 1986; Duffy et al., 2013; Keep and Haig, 

2010; Snyder et al., 1996; Tate et al., 2014). Only remnants of the exhumed forearc basement are 

preserved, whilst the previous work on synorogenic provenance suggests that several kilometers 

of forearc has been eroded away and incorporated in the sedimentary fill of synorogenic basins 

(Audley-Charles, 1967, 1968; Kenyon, 1974). Some of these sediments have been uplifted and are 

widely exposed in the synorogenic basins of Timor and islands to the west (Audley-Charles, 
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1968; Fortuin et al., 1997; Kenyon, 1974; Roosmawati and Harris, 2009)  (Figure 1B), where they 

preserve a sedimentary archive of the collisional evolution of the western Banda Orogen. The 

synorogenic sediments of these basins are locally observed lying unconformably on Australian 

affinity mélange and broken formation (Haig and McCartain, 2007), but in most cases have a very 

irregular contact with underlying and locally diapiric mélange (Duffy et al., 2013). 

The island of Timor presently comprises five tectono-stratigraphic units (Haig et al., 2007; 

Harris, 2011) (Figure 2): 1) the uppermost Carboniferous to Jurassic Gondwana Megasequence of 

rift-basin rocks; 2) the Jurassic to Neogene Australian Passive Margin Megasequence; 3) A 

Miocene to recent synorogenic mélange generally considered to be derived from the Australian-

affinity rocks; 4) Banda Terrane forearc rocks that we regard as an overthrust sheet but will show 

in this paper must have had a significant thickness of mélange-like Australian shales emplaced 

above it early in the collision, and 5) uppermost Miocene to Recent piggy-back basin deposits of 

the Synorogenic Megasequence (Figure 2). The pre-orogenic lithologies are summarized in Table 

S1.  

2.1 Gondwana Megasequence 

The Gondwana Megasequence (Haig et al., 2007) occupies most of the northern three 

quarters of modern-day Timor (Figure 1). It was deposited in an interior rift basin on the northern 

margin of Gondwana during the Permian and Triassic (Charlton et al., 2002; Metcalfe, 1996) and 

consists of the proximal facies of the Kekneno Sequence (Charlton et al., 2002; Charlton et al., 

2009; Simons, 1940), and the overthrust, distal facies found in the Alieu and Maubisse Nappe 

(Audley-Charles, 1968). Recent geochronological and geochemical constraints strongly support a 

Gondwana rather than Banda association for the Aileu Metamorphics (Boger et al., 2016). The 

distal facies includes distinctive fauna and lithologies including crinoidal and fusulinid 

limestones, many of which are silicified (Barkham, 1993; Charlton et al., 2002) in a manner that 

is characteristic of Paleozoic fossils (Schubert et al., 1997). Mafic and minor felsic rift basin, 
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within-plate and ocean-ridge volcanics are common (Charlton et al., 2009; Haig et al., 2008). 

Petrographically distinctive lithologies below the Aileu/Maubisse nappe include Triassic/Jurassic 

oolitic carbonate bank limestones (Charlton et al., 2009; Haig et al., 2008).  

2.2 Australian Margin Megasequence 

The Australian Margin Megasequence (Haig et al., 2007), also known as the Kolbano 

Megasequence (Audley-Charles et al., 1979; Charlton, 1989), was deposited on a passive margin 

at the outer edge of a continental terrace off the NW shelf of Australia, which formed by 

subsidence after  continental break up at around 155 Ma (Charlton, 1989). The Australian Margin 

Megasequence is very fine grained. It consists of red shales, radiolarites and red, pink and white 

bedded cherts that pass upwards or laterally into white, extensively slumped planktic 

foraminiferal calcilutites that make up most of the sequence (Audley-Charles, 1968; Charlton, 

1989; Sawyer et al., 1993).. An imbricate stack of Cretaceous to Pliocene Australian Continental 

Margin Sequence is found in SW Timor where the sequence is repeated 18 times in onshore 

exposures (Harris, 2011)and many more times in the offshore (Sani et al., 1995). In West Timor, 

Oe Baat Formation conglomerates and sandstones lie at the base of the Australian Margin 

Megasequence (Charlton and Wall, 1994). Similar units, such as are associated with increased 

diapirism in the Barbados accretionary prism (Brown and Westbrook, 1988), have not been 

reported in East Timor. 

2.3 Banda Terrane 

The Banda Terrane is widely distributed as klippen and horst blocks throughout Timor 

(Standley and Harris, 2009). It is a diverse unit of crystalline oceanic basement, amphibolites, and 

volcanic and sedimentary cover rocks, derived from the forearc region of the Banda Arc (Harris, 

2006). The Banda basement is composed of medium-pressure and temperature regionally 

metamorphosed and partly retrogressed sedimentary and volcanic rocks (Audley-Charles, 1968; 

de Roever, 1940; Harris, 2006; Park et al., 2014; Standley and Harris, 2009). The cover consists 
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of a mix of Cretaceous to Oligocene volcaniclastics, turbidites and carbonates and includes 

radiolarian cherts, which are reworked into younger deposits (Earle, 1983). Distinctive lithologies 

include oolitic grainstones from the Palelo Group (Standley and Harris, 2009) reported an oolitic 

grainstone from the Palelo Group and calcareous algal Alveolinea limestones from the Eocene 

biocalcarenites (Audley-Charles, 1968, p. 22). Tuffaceous units are dominated by basaltic, 

andesitic and dacitic rocks, the latter commonly altered to chlorite and carbonate. Dark greenish 

black, veined serpentinites are common and occasionally contain large clear crystals of olivine 

(Audley-Charles, 1968). Diorite dikes commonly intrude the full thickness of the Banda Terrane 

(Earle, 1980; Rosidi et al., 1981; Standley and Harris, 2009; van West, 1941). 

We consider that the data to hand, including the present paper and previously published 

mapping and age data from the metamorphic rocks and cover units (Harris, 2006), are inconsistent 

with a model in which the Lolotoi Metamorphics are interpreted as Australian basement (e.g., 

Charlton, 2002a).  

2.4 Synorogenic Mélange 

The Synorogenic Mélange (Haig et al., 2007) [also known as the Sonnebait Series 

(Brouwer, 1942; de Roever, 1942; Simons, 1940) or the Bobonaro Scaly Clay (Audley-Charles, 

1968; Barber, 2013)] is a clay matrix-rich tectonic mélange that occurs widely around the base of 

the Banda Terrane nappe (Harris et al., 1998; Harris et al., 2009) and along strike-slip faults in 

West Timor (Barber et al., 1986) and Timor-Leste (Duffy et al., 2013). It is commonly diapiric 

(Barber, 2013; Duffy, 2013) and locally intrudes into the synorogenic rocks. The mélange is 

usually interpreted to be sourced from sequences that remobilized as a result of overpressuring 

during thrusting (Barber et al., 1986; Harris, 2011; Harris et al., 1998). However, it is a complex 

unit that commonly contains lithologies derived from both Australian and Banda affinity units, 

and large blocks of mantle peridotite. Different structural associations have different block 

provenance (Haig and Bandini, 2013; Harris et al., 1998); in Figure 2, we show that at least two 
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argillaceous Australian-affinity units probably contribute to the mélange; either or both units may 

be present dependent on setting, and overlying competent lithologies may be plucked and 

incorporated into the mélange. Structures at the deformation front south of Sumba indicate that a 

mélange of overpressured mudstone is diapirically remobilized into the cores of ramp anticlines, 

creating diapiric ridges in front of the frontal thrust (Breen et al., 1986). Younger deformation, 

ongoing/renewed diapirism and landsliding may further disrupt older mélanges (Barber, 2013). 

The Synorogenic Mélange of Timor-Leste contains ~10% quartz (Audley-Charles, 1965). In 

West Timor, the clays are likely sourced from the Lower Jurassic to Cretaceous Australian-

affinity rocks that bound the breakup unconformity, and are smectite rich. Illite, kaolinite and 

chlorite rich clays occur within the Permian to Upper Triassic Gondwanan Megasequence rocks 

(Harris et al., 1998).  

3. Synorogenic geology of Timor 

3.1 Stratigraphy 

The rapid Pliocene uplift and erosion of proto-Timor (Nguyen et al., 2013) was 

accompanied by deposition of the Synorogenic Megasequence of Timor-Leste, which is now well 

exposed in uplifted basins mostly on the south side of Timor (Audley-Charles, 1968; Haig et al., 

2007) (Figure 1). In general terms, the Synorogenic Megasequence comprises a gently deformed, 

coarsening upward succession that began depositing during the latest Miocene. The synorogenic 

nomenclature of Timor preferred in this study, along with other modern and historical usages, and 

possible confusions are summarized in Table S2.  

The base of the Synorogenic Megasequence consists of basal chalk and marl, known as the 

Batu Putih Formation (Hopper, 1942; Kenyon, 1974) that ranges from the uppermost Miocene to 

Lower Pliocene (Aben et al., 2014; Haig and McCartain, 2007; Tate et al., 2014). The name Batu 

Putih Formation is widely used for the basal pelagic carbonate rocks throughout  Timor, Savu, 



  

10 

 

Rote and Sumba Islands of the western Banda orogen (Harris et al., 2009; Roosmawati and 

Harris, 2009). It was initially considered part of the Viqueque Group (Kenyon, 1974), which is 

now known as the Synorogenic Megasequence (Haig et al., 2007).  For the sake of consistency we 

restrict  the name “Viqueque Formation” for marine clastic detrital sediments that overlie the Batu 

Putih Formation.  The Viqueque Formation of Timor-Leste is dominated by middle to Upper 

Pliocene deep marine sandstones and conglomerates. 

The Batu Putih Formation and Viqueque Formation are the focus of this study. The 

Synorogenic Megasequence also includes Viqueque Formation age-equivalent coral debris flows 

(the Lari Guti Formation) and Pleistocene fan delta conglomerates and siltstones (the Dilor 

Conglomerate). The Synorogenic Megasequence is capped by the Baucau Limestone, a 

Quaternary reef limestone that is commonly uplifted to elevations as high as 1000 m on both sides 

of the Wetar Strait north of Timor (Chappell and Veeh, 1978; Cox, 2009; Ely et al., 2011; Merritts 

et al., 1998; Rosidi et al., 1981; Vita-Finzi and Hidayat, 1991). 

3.2 Basin setting and deformation 

The Batu Putih Formation is the oldest of the synorogenic units of Timor and the thickest 

accumulations are found in normal-fault-bounded piggy back basins on the flanks of the young 

orogen. The basins are interpreted to have formed during early collisional collapse of the orogenic 

taper as the basal decollement propogated into the weak mudstones of the distal Australian 

continental margin (e.g., Harris et al., 1998); kinematic analyses indicate that this was followed by 

deep-seated arc-parallel extension, possibly driven by roll-back of the Banda slab around the 

colliding promontory (Duffy et al., 2013). Contractional processes are still considered to be active 

(Tate et al., 2014). The synorogenic rocks throughout the western Banda Orogen and at the type 

locality of the Viqueque Formation (south coast of Timor Leste) are pierced in several places by 

diapirs of synorogenic mélange that contain rocks from all of the major tectonostratigraphic units 
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including the Banda Terrane (Duffy, 2013).  In some places these diapirs feed active mud 

volcanoes extruding mélange. 

4. Previous work and relevant geochemical datasets 

The provenance of the synorogenic basins of Timor has only been qualitatively evaluated and the 

sediments are generally assumed to be derived largely from the Banda Terrane forearc basement 

(Audley-Charles, 1967, 1968; Kenyon, 1974). A wealth of potentially useful geochemical datasets 

are emerging that allow this hypothesis to be refined. The geochemistry of igneous and 

metamorphic rocks of the Banda Terrane rocks are reported by Harris (1992), Harris (Harris, 

2006), Standley and Harris (2009) and Park et al. (2014).  For the Banda volcanic islands 

geochemical studies are reported by Ely et al. (2011 - Atauro), Elburg et al. (2005 – Wetar, 

including Nd isotopes) and Herrington et al. (2011 – also Wetar). Ultramafic rock geochemistry 

for Timor are characterized by Harris (1992), Harris and Long (2000), and Falloon et al. (2006).  

Gondwanan rift-affinity volcanic rocks are reported by Berry and Jenner (1982). Major and trace 

element geochemistry and XRD mineralogy were reported for sediments from the DSDP 262 site 

in the Timor Trough (Cook, 1974a; Cooks et al., 1974), a site for which we present new age data. 

Vroon et al. (1995; 1993) reported the trace element and Nd isotope geochemistry of modern sea 

floor sediments along a transect across the orogenic wedge east of Timor Leste. Their data 

included the NW shelf of Australia and further data from five DSDP 262 core samples. Honthaas 

et al. (1998) and Vroon et al. (1996) reported similar data for rocks dredged from the Banda 

Ridges, which are lithologically similar and tectonically related to the Banda Terrane (Harris, 

2006). Boger et al (2016) reported whole rock geochemistry and Nd isotope data for the Babulu 

Formation (usually consider the dominant source of the mélange) and weakly metamorphosed 

shales of the Gondwanan Aileu Metamorphic Complex. Taylor and McLennan (1985) published 

detailed geochemical analyses for Australian shales and Allègre et al. (1984) published their Nd 

isotope characteristics.  
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5. Methods 

This study compares descriptions and geochemical data for conglomerate clasts, sandstones 

and mudstones derived from the synorogenic basins of Timor-Leste, with lithologies and relevant 

geochemical datasets from the various terranes. 

5.1.1 Measured sections 

We measured and sampled stratigraphic sections in the Viqueque and Marobo basins of 

Timor-Leste and related these sections to published biostratigraphy (Haig and McCartain, 2007; 

Tate et al., 2014) and magnetostratigraphy (Aben et al., 2014). These sections provide a 

stratigraphic context for our analyses.  

5.1.2 Conglomerate and sandstone petrography  

Thin sections of samples from the Marobo, Laleia and Viqueque Basins were analyzed by 

point counting. The tectonic setting of the sediments is not in question so, rather than using 

traditional point counting techniques, preference was given to conglomerate samples and point 

counting took the place of clast counts, for which there was no time in the field. The poorly 

lithified, fine to medium pebble conglomerate samples were disaggregated by hand and sieved to 

retain the 1 mm to 4 mm fraction, so as to preferentially observe identifiable lithics. Several 

sandstones from the Viqueque Formation type section were also thin sectioned and counted for 

comparison. The results are presented in Table S3 and summarized at the end of the table.  

5.1.3 Geochemistry 

Carbonate, mudstone and conglomerate clast samples were selected from the Viqueque 

Type section and the Marobo section and analyzed to determine their major and trace element 

geochemistry, and weight loss on ignition. Samples were analysed at the commercial ALS 

Minerals laboratory at Winnemucca, Nevada. Major elements were determined using Inductively 

Coupled Plasma – Atomic Emmission Spectroscopy (ICP-AES), and trace element geochemistry 
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was determined using ICP Mass Spectrometry (ICP-MS) following standard procedures (ALS, 

2006, 2009). 

Loss on ignition (LOI) refers to the weight loss of a sample following combustion in a 

furnace and is dependent on temperature and duration of combustion. Different temperatures of 

combustion affect different changes in the composition of the sediment. Weight loss at 105°C 

reflects sediment water loss and is not considered further here. Loss on ignition at 550°C (LOI550) 

is generally considered to be proportional to the total organic carbon content of the sediment 

(Dean, 1974) but may also be contributed to by the loss of structural water in clay, which may 

account for <20% weight loss in clay rich samples (Mook and Hoskin, 1982; Santisteban et al., 

2004). XRD results indicate that the rocks analyzed here had minimal clay content, so LOI550 is 

taken to reflect organic carbon content. At higher temperatures, the dominant factor that creates 

weight loss in carbonates between 550-1,000°C (reported as LOI1000) is the loss of carbonate CO2, 

such that carbonate content can be estimated from LOI1000 if LOI550 has previously been 

determined.  When this relationship is applied, carbonate estimation error is proportional to clay 

content and inversely proportional to carbonate content (Santisteban et al., 2004). As noted above, 

the rocks analyzed here had minimal clay content.  

The samples for these analyses were selected to obtain a reasonable spread of ages. The 

base of the section, where age models show low sedimentation rates, was therefore sampled at 

closer intervals. 

Nd isotope analyses were carried out to determine the bulk provenance age of the 

sediments. Analyses were performed at the University of Alberta following procedures outlined in 

Creaser et al (1997) and Unterschutz et al. (2002). 

6. Sections and age models 

6.1 Marobo Basin  
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Tate et al. (2014) and Aben et al (2014) dated a section of the Marobo Basin (Duffy et al., 

2013) (Figure 1B). The section location in the Cailaco River is shown in Figure S1 and the 

measured section in Figure 3. The base of the section consists of less than 2 m of massive, 

creamy, moderately indurated foraminiferal limestone of the Batu Putih Formation that overlies 

the Synorogenic Mélange and incorporates mélange clasts in its lowest few centimeters. The basal 

limestone grades into >40 m of softer, light grey to blue marls. The marls give way to the 

Viqueque Formation, which in the measured section consists of a variable succession of 

southwest to south-dipping conglomerates, pebbly sandstones, sandstones and mudstones. Many 

of the mudstones are subtly internally graded. Foraminifera are only common in the uppermost 

few cm of these mudstone units. Visible woody and organic detritus are rare throughout most of 

the section but become common in the thinly-laminated pebbly sandstones that occur in the top 50 

m of the measured section (Figure 3). The paleoflow directions measured in the section suggest 

that these sediments were emplaced towards the south and southwest (Figure 3) but they have 

been subjected to a 65-70° counterclockwise tectonic rotation (Aben et al., 2014) and were thus 

probably sourced from the east.  

6.2 Laleia Basin 

The Laleia basin (Duffy et al., 2013) has not been biostratigraphically dated. A thin sliver of 

Batu Putih Formation on the south side of the basin is overlain by at least 270 m of clastic 

sediments that are dominated by weakly cross bedded, crudely rounded to angular, cobble 

conglomerates, interbedded with thin sandstones. The sample localities for the Laleia Basin are 

shown in Figure S2. 

6.3 Viqueque Basin 

Two stratigraphic sections were measured in the Viqueque area where the Viqueque 

Formation is widely exposed in the rivers and streams (Figure S3). The sections are shown in A. 
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Age models follow Quigley et al. (2012, Northern Cuha) and Aben et al. (2014, Type section), 

and indicate that the Northern Cuha section reaches younger ages than the type section.  

The Batu Putih Formation of the Viqueque area is chalkier and more weakly indurated than 

in the Marobo basin but otherwise similar. Bedding in the chalk and marls is generally indistinct, 

but becomes more distinct upsection. Audley-Charles (1968) reported the presence of two vitric 

tuff beds in the marls of the type section, but these were not observed. The marls thicken 

northwards in the Viqueque area, from ~40 m at the type section to ~100 m at the Northern Cuha 

section (Figure 4 b, c). 

The Viqueque Formation in the type area consists of a rhythmic succession of interbedded, 

normally graded sandstones and massive mudstones, punctuated by thick, lensoidal 

conglomerates and sandstones. The conglomerates attain thicknesses in excess of 70 m and 

commonly contain aragonitic detrital coral heads; a U-Pb age of a coral constrains the age of the 

top of the Northern Cuha section (Quigley et al., 2012) (Figure 4C). Most of the paleoflow 

directions in Viqueque are toward the south and southwest and no tectonic rotation has been 

documented in the basin (Aben et al., 2014). Most conglomerates are found north of Viqueque 

and terminate southwards at the Viqueque fault zone. The south side of the basin, including the 

type section, is dominated by normally graded sandstones and massive mudstones (Figure S3). 

Thick, poorly sorted sandstones there are similar in many respects to Northern Cuha 

conglomerates; they both exhibit a combination of inverse to normal grading and contain 

brecciated, finer-grained intraclasts that float some distance above the base of the bed (Duffy, 

2013). Woody detritus ranging from thin laminae to entire trees is common throughout both 

sections, usually incorporated within or overlying thick sandstone units (Quigley et al., 2012). 

Massive to subtly normally graded mudstones are found interbedded throughout the succession 

and usually contain foraminifera mainly in the uppermost few centimeters. The thickening of 
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mudstones that overlie poorly sorted conglomerates and sandstones indicates that they represent 

the tails and upper portions of those flows. 

6.4 DSDP 262  

Deep Sea Drilling Project (DSDP) hole 262 is located <1 km south of the axis of the Timor 

Trough, ~50 km south of West Timor (10˚52’S, 123˚51’E). Modern Timor Trough lithogenic 

sediments are derived from Timor (Van Andel and Veevers, 1967), and the micropaleontology of 

this drill core records the timing and rates of tectonic events and the bathymetric development of 

the Timor Trough (Johnston and Bowin, 1981; Veevers et al., 1978). The basal 28 m of sediments 

in the DSDP 262 core (Level A, Figure 5) are shallow marine calcarenites and foraminiferal 

mudstones that are dolomitized and phosphatized (Cook, 1974a, b; Cooks et al., 1974; Heirtzler et 

al., 1974). These lowest sediments accumulated on the Australian shelf before the core basement 

was bent down into the Timor Trough (Veevers et al., 1978). They grade into bathyal ooze that 

accumulated in the Timor Trough (Level B, Figure 5). This ooze is variably rich in foraminifera 

and radiolarians and extends until around 300 m above the base of the hole, where the first, 

ungraded, detrital foraminiferal sand layer is found (base of Level C in Figure 5). Even within 

Level C, sand is of secondary importance to radiolarians and foraminifera, except for a 4.5 m 

interval of thick graded sand at 360 m above the base. Apart from the basal 28 m of the core, the 

remainder of the DSDP 262 core seems to be lithologically equivalent to the Batu Putih 

Formation, although the Batu Putih Formation was originally deposited in piggy back basins over 

the deeper parts of the young orogen rather than over the deeper parts of the continental margin 

before underthrusting. Batu Putih-like units make up much of the upper-most sections of the 

Australian Continental Margin Mega-Sequence that is accreted at the trough to the southern part 

of Timor (Sawyer et al., 1993).  

The DSDP 262 age model is based upon the original biostratigraphy by Heirtzler et al. 

(1974) and supplemented by new δ18O stratigraphy (Figure 5). Johnston and Bowin’s (1981) age 
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model is shown for comparison. The δ18O stratigraphy constrains the age model through MIS 7, 

however, dolomitization of the sediments (Cooks et al., 1974) affects δ18O values preventing the 

use of δ18O stratigraphy below ~250 m. The δ18O stratigraphy shows extended interglacials with 

high sedimentation rates during MIS 5 (~270 cm/kyr) and MIS 7 (135 cm/kyr), whereas the 

glacial periods are extremely condensed relative to the interglacials. Both the Holocene and stage 

5e are truncated by a turbidite. Using the δ18O stratigraphy the 4.5 m graded sand occurs during 

MIS 5d and has an age of ~110ka. The last appearance of P. lacunose, which is based upon 

decrease abundance at ~270 m depth, corresponds to ~460ka, suggesting substantially reduced 

sedimentation rates below 220 mbsf. Heirtzler et al. (1974) reported the first occurrence of 

Globorotalia truncatulinoides at 337 m, which is now dated at 2.58 Ma in the SW Pacific and 

1.93 Ma in the Atlantic (Lourens et al., 2004; Wade et al., 2011). 

7. Provenance analysis 

7.1 Conglomerate clast composition 

7.1.1 Marobo Basin 

The Marobo conglomerates are composed of dark grey sericite schist (30-63%), quartz (0.5 

to 10%) and feldspar (4 to 22%), supplemented by small but regular amounts of intraformational 

sandstone (0 to 10%), quartzite (0 to 6%), calcareous schist (0 to 6%) and epidote schist (0 to 

3%). Rare chloritoid schist clasts are present at the base of the section, along with a single 

occurrence of four igneous clasts in a sample from the base of the clastic part of the section (65 m 

- CR24a). The sericite schist clasts are commonly mylonitized such that the quartz grains show a 

preferred orientation under a gypsum plate and are elongate at around a 10° angle to the mica 

schistosity. Several clasts from the top of the section (e.g., Cr62a - Figure 3) contained rounded 

zircon and relict feldspar grains in a matrix of fibrous quartz and sericite. 
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Calcite cemented samples, such as CR24a, were thin sectioned intact and contain up to 10% 

of intraformational sandstone clasts eroded from pre-existing synorogenic sandstone beds. This is 

in keeping with the common occurrence of floating layers of sandstone and mudstone clasts, even 

from the base of the section, and suggests significant reworking of older synorogenic sediments, 

either uplifted or sourced from channel wall collapse. The importance of extraformational, 

indurated, quartzofeldspathic sandstone clasts increases up section from ~250 m above base (a.b.) 

(CR41a) and an influx of indurated mudstone clasts occurs above ~350 m a.b. (CR49a) in the 

upper half of the section. Limestone clasts only occur above ~480 m a.b. (CR56a), near the top of 

the section.  

The clast composition of the Marobo Basin conglomerates suggests erosion of an evolved, 

(continental type?) weakly metamorphosed, highly strained source. Sandstone intraclasts occur 

throughout but a source for un-metamorphosed, indurated sandstones and limestones is 

progressively exposed.  

7.1.2 Laleia Basin 

Three samples were examined from the Laleia Basin (La 587, 557 and 592). Their locations 

are indicated on Figure S2. A wide variety of limestones contribute 6 to 8% of the clast content. 

Sandstones contributed 9 to 20% of the conglomerate clasts but no clear trends were observed. 

Quartz clast content increases upsection from 8 to 21%. Amphibolite clasts declined in 

importance upsection, from 24 to 1.3%. A diverse assemblage of schists maintained a 30 to 40% 

contribution to clasts throughout all three samples. Igneous rocks contribute 3 to 12% of the 

clasts.  

Limestone clasts are common throughout the studied Laleia conglomerates. The middle 

conglomerate (La557) contained a particularly diverse assemblage of limestone clasts. Distinctive 

lithologies included hornblende and serpentinite-bearing limestones (serpentinite also occurred 

separately), as well as calcilutites containing silicified fusulinids and unsilicified fusulinids and 



  

19 

 

crinoids. The association of silicified fusulinids and crinoids is characteristic of the Permian 

Maubisse Formation of the Gondwanan Megasequence (Barkham, 1993; Charlton et al., 2002). 

Silicification is characteristic of Paleozoic fossil assemblages in general (Schubert et al., 1997).  

The metamorphic clasts of the Laleia Basin are completely distinct from those of the 

Marobo Basin. The basal conglomerate contains abundant clasts of epidote and chlorite rich 

amphibolites, amphibole schists, and epidote and chlorite schists. Many of the amphibolite clasts 

have a strong mylonitic fabric. There is also abundant evidence of hydrothermal activity in the 

source area for the metamorphic clasts. An epidote amphibolite clast in the middle conglomerate 

(La557) was cut by a quartz vein that was in turn crosscut by a calcite vein, whereas another vein 

in the same clast contained hydrothermal chloritoid. Though uncommon, hydrothermal chloritoid 

has been reported from metasomatized mafic igneous complexes in India and Australia 

(Gustafson, 1946; Halferdahl, 1961; Prider, 1947; Venkatesh and Malhotra, 1960).  

Dacite, granophyre and peridotite clasts were identified in the basal sample (La587). These 

included several fresh I-type trachy-dacite clasts.  One of these clasts (La587a) initially contained 

a peridotite xenolith that fell out during thin sectioning, and also a dacite xenolith of comparable 

mineralogy to the host rock. The La587a dacite clast is composed of <85% low-albite, together 

with abundant magnetite, minor amphibole, interstitial chlorite and quartz, and up to 5% 

granophyre.  Granophyre was also present as a discrete clast in the same sample, and may have 

been sourced from a dacitic rock. Another dacite clast contained titanite, suggesting that these 

were derived from oxidised magmas. No further dacite clasts were observed upsection, and the 

volcanic clasts higher in the section were mainly spherulitc and porphyritic basalts, dolerites and 

altered igneous rocks, suggesting an unroofing sequence of dacites capping basalts and dolerites. 

7.1.3 Viqueque Basin 

The basal conglomerate of the Northern Cuha section (LM19) has eroded deeply, entraining 

large amounts of pre-existing strata and is not considered as representative of the basal 
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stratigraphy as the thinner turbidites at the base of the type section (Table S3; Figure 4). 

Therefore, point counts were made of seven type section sandstones and four conglomerate 

samples from the Viqueque area. The locations of the samples are indicated on Figure S3. 

Limestones increase their contributions from 1.5-1.9% of the lithics in the sandstones at the base 

of the type section, to 15-22% of the clasts in the conglomerates at the top of the section. Quartz 

content ranges up to 58% in the finer grained sandstones at the base of the section but is otherwise 

typically 5 to 15% of clasts in the conglomerates. In contrast, the type section’s fine grained 

sandstones (TS070 to TS017) contain virtually no igneous material, which provides 5 to 12% of 

the conglomerate clasts. LM19 contains abundant peridotite clasts. Amphibolites contribute 5 to 

26% of the conglomerate clasts, whereas the sandstones typically contain 6 to 20% amphibole 

crystals. Upwards of 5% of the amphibolite clasts in the Viqueque conglomerates are mylonitized 

and they mostly contain albite with bent deformation twin lamellae. Several amphibolite clasts 

contained stout crystals of clear to pale green amphibole with a preferred orientation that were 

surrounded and intruded by tremolitic amphibole with a different preferred orientation. Three 

clasts of schist in LM19 contained chlorite and serpentine with rotated clinopyroxene 

porphyroclasts. Chlorite schist clasts or grains decline in importance upsection from 16% at the 

base of the Viqueque Formation to between 2 and 4.7% at the top of the Viqueque Formation. 

Total schist remains constant, however, as clasts of chlorite schist are replaced by clasts of 

chlorite/sericite and sericite schist. Quartz mylonite clasts appear at the top of the Northern Cuha 

section in association with the influx of sericite schists. 

The first igneous material in the type section appears at about 86 m a.b. (TS018). Clasts 

consist of a mixture of diorite, dolerite, peridotite and spherulitic basalt. The composition is 

petrographically similar to the igneous material in the conglomerate at the base of the Viqueque 

Formation in the Northern Cuha section (LM19), apart from the peridotite-rich nature of the 

coarser LM19, although abundant peridotite was observed in the uncounted sandstone TS019 

immediately above TS018. In addition, both LM19 and TS018 contain partly silicified and 
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chloritized limestone clasts, which are not seen lower in the type section. These are characteristic 

of the Permian Maubisse Formation of the Gondwana Megasequence. TS018a and LM19 also 

contain similar percentages of sheared/mylonitized amphibolite clasts and do not contain the 

chlorite and chloritoid species of amphibolite that appear higher in the section. TS018a contains 

the greatest concentrations of amphibolite in the sandstones, and LM19 contains the greatest 

concentrations in the conglomerates. These characteristics suggest that TS018 and LM19 are 

correlative. TS030 contains the only granophyre noted in this section. 

The clastic sediments contain variable amounts of carbonate material. The conglomerates 

typically contain ~2% of shallow water carbonate detritus such as Platygyra and Goniastrea 

corals, and gastropod shells. The coral heads are generally well preserved and aragonitic (Quigley 

et al., 2012). Most carbonate detritus is concentrated within the sandstone lithologies, which 

contain 5% to 50% of comminuted shelly detritus and foraminifera. The concentration and 

preservation of carbonate detritus correlates negatively with grainsize within the sandstone 

lithologies. Intact foraminifera are generally found only in the plastic mudstones that form the top 

of individual fining-up packages and are erosionally truncated by the sandstone beds.   

The association of chlorite and serpentine schist with rotated clinopyroxene porphyroclasts, 

is reported from the Jandaq ophiolite in Iran (Torabi et al., 2011), and is suggestive of a source 

terrane that includes meta-lherzolites such as the Hili Manu lherzolite of Timor (Berry, 1981; 

Harris, 1992; Harris and Long, 2000). The mylonitization of amphibolites is a common feature of 

both the Aileu Complex and the Banda Terrane of West Timor (de Roever, 1940; Ishikawa et al., 

2007). In the Banda Terrane it is commonly observed in association with granitic bodies formed 

during anatexis, possibly accounting for both the granophyre (Helmers et al., 1989) and the 

cordierite veining (e.g., Linthout et al., 1997). Deformation twinning of albite such as occurs in 

the amphibolites is not considered to occur below 500°C (Gapais, 1989; Tullis, 1983; Voll, 1976) 

and is consistent with high temperature metamorphism of the protolith. The widespread 
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occurrence of tremolitic amphibole indicates that the source rocks underwent retrogression 

following high temperature metamorphism. 

In summary, the three sections have different clastic provenance, with the Marobo section 

derived predominantly from Banda metapelites, the Viqueque section containing abundant Banda 

metabasites and the Laleia section containing predominantly Banda cover rocks.  However, there 

is some ambiguity due to similar metamorphic rocks also occurring in the Aileu complex.  

Without geochemical or age data it is difficult to know which metamorphic complex they are 

derived from. 

7.2 Geochemical provenance 

Major, trace and rare earth element geochemistry were used to provide constraints on 

sedimentary provenance based on a variety of tectonic discrimination diagrams that are available 

(Bhatia and Crook, 1986; Hiscott, 1984; McLennan, 1989; McLennan et al., 1993; Roser and 

Korsch, 1988; Taylor and McLennan, 1985) and on source area weathering  based on the 

chemical index of alteration (Fedo et al., 1995; Nesbitt and Young, 1989; Nesbitt et al., 1996). 

This section presents evidence for changing rates of terrigenous sediment supply and the changing 

relative contributions to sedimentation from carbonate, Australian shale, Banda Terrane forearc, 

Gondwanan and volcanic arc sources. Major and trace element geochemistry of the synorogenic 

sections is reported in Table S4 (Marobo) and Table S5 (Viqueque). Conglomerate clast 

chemistry is reported in Table S6, synorogenic Sm/Nd geochemistry in Table S7, and the Sm/Nd 

geochemistry of float clasts in Table S8. All tables are contained in the supplementary 

information for this article. 

The overall lithological and geochemical character of synorogenic sediments reflects 

progressive dilution of carbonate sediments with lithogenic sediments during the early Pliocene. 

Plots of CaO (as a proxy for carbonate - Figure 6) against major and trace elements (reflecting 

lithogenic input) for fine grained sediments, including those from DSDP 262 (Cook, 1974a) show 
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a strong negative covariance of major oxides (except P2O5) and trace elements (except Sr) with 

CaO. Al2O3, a proxy for terrigenous sediment, shows the most linear negative correlation with 

CaO (Figure 6A). The rocks of the Batu Putih Formation are similar in many respects to the 

DSDP 262 core samples, but DSDP262 commonly has elevated MgO and NaO. This may reflect 

the relative importance of clay species. The Marobo and Viqueque mudstone samples all have 

<5% clay minerals, all kaolinite, whereas the DSDP samples have <13% montmorillonite and 

<5% kaolinite (Cooks et al., 1974), substantially similar to the mineralogy reported for 

Synorogenic Mélange in the Bobonaro area by Audley-Charles (1965). Montmorillonite is 

enriched in sodium and magnesium, compared with kaolinite. Other differences between DSDP 

262 and Batu Putih rocks are consistent with differences in the relative importance of biogenic 

and diagenetic influences. For instance, the positive correlation of Sr with CaO is probably 

biologically controlled in both Batu Putih and DSDP 262 samples. Similarly, high SiO2/Al2O3 

ratios in the DSDP 262 samples probably reflect the more radiolarian rich sediments in the DSDP 

core (Heirtzler et al., 1974) compared with foraminiferal sediments on Timor. Diagenetic 

dolomitization of the DSDP samples (Figure 5) also leads to enrichment in Mg (Cooks et al., 

1974). The dolomitized calcarenites from the base of DSDP 262 also have elevated P2O5/Al2O3 

ratios, which Cook (1974b) interpreted as diagenetic phosphatization that occurred in association 

with dolomitization.  The Viqueque mudstones are more calcareous and have higher phosphate 

concentrations than do the Marobo mudstones.  

7.2.1 Major element geochemistry 

A trend of increasing lithogenic contribution to synorogenic sediments is directly related to 

documented uplift and exhumation events (Figure 7). In general, CaO concentrations decline and 

LOI550 increases upsection. These trends are correlated with the early stages of subaerial surface 

uplift (Figure 7c) (Nguyen et al., 2013). Al2O3 concentrations also increase upsection (Figure 7d). 

Both the Marobo and Viqueque sections show the same slow but steady increase in terrigenous 

sedimentation within the carbonate sediments, followed by a distinct jump associated with the 
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onset of clastic sedimentation and rapid uplift. The Al2O3 concentration in the DSDP 262 core 

exhibits the same patterns and rates of change, but lags the Timor-Leste sections by ~ 3 Myr 

(Figure 7c&d). Although the Al2O3 concentrations in the DSDP 262 samples remains low, the 

change in the rate of terrigenous sedimentation coincides with the first sandy layer that marks the 

start of Level C of the DSDP 262 core (Figure 5), and corresponds closely to the onset of rapid 

uplift proposed for the Central Basin of West Timor by van Marle (1991) (Figure 7c). However, a 

recent re-evaluation of van Marle’s Sabau section found it to be much older throughout, and with 

paleobathymetry that does not require of a late uplift pulse (Tate, 2014). Tate’s data can be fitted 

to uplift rates of ~0.67±0.13 mm/yr, indistinguishable from the earliest Pliocene (pre-main phase) 

surface uplift rates estimated for East Timor by Nguyen et al.(2013). 

Major element discriminant functions provide insight into the bulk provenance of mudstone 

suites (Roser and Korsch, 1988). Figure 8 compares synorogenic carbonates and mudstones with 

published whole rock geochemistry of volcanic and metamorphic rocks from Timor, the volcanic 

arc, Post Archaean Australian Shale (PAAS), Aileu and Babulu Triassic shales from Timor 

(generally considered to be a major source of mélange) and new data from the Synorogenic 

Mélange. The Batu Putih carbonates from the Viqueque and Marobo sections evolve from the 

Mg-rich field – occupied by diagenetically dolomitized DSDP262 rocks (Figure 8a), towards a 

more intermediate composition characteristic of Synorogenic Mélange and Babulu shales, and 

similar to average Banda Metapelites (Figure 8b). The synorogenic samples, particularly those 

from the Batu Putih Formation, do not overlap significantly in major element composition with 

volcanic arc rocks from Atauro and Wetar, which have higher F1 values. 

7.2.2 Trace and rare earth element geochemistry 

Nickel and Chromium are taken up by early crystallized mafic phases (Ni in Olivine and Cr 

in spinel, diopside and augite) so their sedimentary concentrations provide useful indicators of 

mafic/ultramafic provenance (e.g. Hiscott, 1984). Yttrium and Vanadium concentrations are 
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generally elevated in felsic rocks and felsic-derived sediments. Sediments derived from a 

proximal rhyo-dacitic arc (Ely et al., 2011; Herrington et al., 2011), would therefore have high 

Y/Ni ratios and low Cr/V ratios due to the lower concentrations of ferromagnesian minerals and 

higher concentrations of HREE.  Conversely, Banda Terrane rocks should show great variability 

parallel to the Cr/V axis. The Y/Ni ratios of the Batu Putih rocks from both the Viqueque and 

Marobo sections become lower (more mafic) through time (Figure 9a & b). The youngest Batu 

Putih rocks and the Viqueque mudstones have trace element ratios similar to the value of 

Synorogenic Mélange. In the Marobo section, the Y/Ni ratios jump abruptly with the onset of 

clastic sedimentation and remain at relatively felsic values of 0.75 to 1.2. All synorogenic rocks 

have Y/Ni ratios that are an order of magnitude lower than the arc rocks from Atauro and Wetar, 

and there is no Cr enrichment trend in the mudstones, which would be expected if unroofing of 

the Banda Terrane forearc had been important contributor of fine-grained sediment. In contrast, 

the Viqueque sandstones, which are petrographically more mafic than Marobo sandstones, show a 

small but clear Cr enrichment relative to all other synorogenic rocks.  

Winchester and Floyd’s (1977) discrimination scheme, based on the immobile trace element 

ratios Zr/TiO2 and Nb/Y, may discriminate precursor lithology (Figure 9c). The carbonate and 

Viqueque samples evolve from borderline dacite/rhyolite to basaltic andesite precursor ratios 

(Figure 9 c&d) that are consistent with Synorogenic Mélange and Babulu Formation shales. As 

seen previously, The Marobo mudstones are more felsic than the Viqueque mudstones but still 

have an intermediate composition. Overall, Figure 9 shows that the synorogenic mudstones are 

similar to PAAS (which has a bulk intermediate composition - Taylor and McLennan, 1985) and 

to the Synorogenic Mélange, which is derived from Australian-affinity rocks (Barber et al., 1986; 

Harris et al., 1998) 

Figure 10a explores this relationship further using a multi-element plot of trace elements 

normalized to PAAS. The ferromagnesian trace elements are slightly depleted in the Marobo 
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section.  With the exception of biologically enriched Sr, the Large Ion Lithophile Elements 

(LILE) are depleted in both sections but more so in the Viqueque section. High Field Strength 

Elements (HFSE) are enriched in the Marobo section and slightly depleted in the Viqueque 

section. The carbonate and mélange samples have an almost exactly opposite sense of LILE and 

HFSE anomalies, and the mudstones (particularly the Viqueque mudstones), which are relatively 

flat relative to PAAS, appear to represent a mix between carbonate and mélange-like components. 

The strength of the relationship between the carbonates and mudstones is emphasized by the 

correlation plots in Figure 10b. The ratio of the ferromagnesian and HFSE trace elements shows a 

continuous trend between the Batu Putih Formation and the Viqueque mudstones that represents a 

mixing between mélange and carbonate sediment. The Marobo mudstones show a trend of HFSE 

enrichment that is negatively correlated with Ni and is also is seen in the Babulu Formation 

(Boger et al., 2016). 

The REE are well suited to studying sedimentary provenance because of their relatively 

short residence time in ocean water and their immobility during weathering, transport, diagenesis 

and metamorphism (McLennan, 1989). The synorogenic carbonates and mudstones show flat 

REE profiles relative to PAAS (Figure 10c). The PAAS-normalized REE concentrations are all 

<1 for the Batu Putih carbonates and the Viqueque mudstones, and >1 for the Marobo mudstones. 

Concentrations of REE are greater in mudstone than carbonates because the REE are bound in the 

clay structure (McLennan, 1989). As for trace elements, the carbonate and mélange samples have 

an almost exactly opposite sense of LREE anomalies, and the REE profiles of the Viqueque 

mudstones in particular appear to represent a mix between mélange and carbonate components. 

All mudstone samples fall within the fields of Triassic shale REE concentrations reported by 

Boger et al. (2016). 

The carbonates show a negative Ce anomaly relative to PAAS (Figure 10). The Cerium 

anomaly Ce/Ce* (normalized Ce values that lie below or above a straight line interpolation 
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between La and Pr) may be affected by seafloor redox conditions, diagenesis and proximity to 

terrigenous sources (Liu et al., 1988; Murray et al., 1991; Shields and Stille, 2001). All the 

carbonate samples reported here show a small negative Ce anomaly relative to PAAS. The 

anomaly becomes less negative upwards through the section and is positively correlated with  

Al2O3 (and negatively correlated with CaO). This, together with the positive Ce anomaly of the 

mélange, suggests that in this instance the Ce anomaly becomes less negative due to an 

encroaching sediment source rather than a change in seafloor redox conditions. Nevertheless, the 

Ce anomaly at the base of the Batu Putih Formation, together with low U concentrations (0.38-

0.39ppm) and low U/Th ratios (0.3 to 0.31), are consistent with an oxic sedimentary environment 

in the Banda forearc region during the latest Miocene (e.g. Liu et al., 1988).  

7.2.3 Samarium/Neodymium isotope chemistry of synorogenic sediments 

Samarium fractionates from neodymium during the melting of mantle and formation of 

continental crust, producing significant isotopic variations through time. The Sm-Nd chemistry of 

sediments therefore reflects the mean age of mantle extraction of the rare-earth-element 

component of the sediment source (McCulloch and Wasserburg, 1978). Sm and Nd isotopes were 

analysed for sandstone and mudstone samples from the base, middle and top of the Viqueque 

Formation in the Marobo and Viqueque Basins, and for a mélange sample.  Carbonate rocks were 

excluded because epsilon neodymium (εNd) of seawater varies independently of hemipelagic 

sediment inputs to seawater (Jones et al., 1994) and controls the εNd of foraminifera in the water 

column (Vance et al., 2004). Sea water εNd ranged between -4 and -6.6 in the Plio-Quaternary 

Indonesian Throughflow (Gourlan et al., 2008; Martin and Scher, 2006).  

Figure 11A plots εNd (the most reliable indicator of provenance age - Ehrenberg and 

Nadeau, 2002) against Th/Sc ratios (indicative of bulk composition). This plot differentiates 

between old evolved crust in the bottom right of the plot and young arc sources in the top left of 

the plot (McLennan et al., 1993). The Viqueque section mudstones and sandstones had less 
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negative εNd values and lower Th/Sc ratios than the Marobo rocks; this is consistent with a less 

evolved bulk provenance for the Viqueque mudstones, compared with a more evolved provenance 

for the Marobo section. 

All samples had bulk provenance depleted mantle model ages (TDM) in excess of 1.6 Ga, 

and εNd values of -9.8 to -14 (-15.6 for mélange). The Proterozoic Nd model ages and εNd values 

of the synorogenic mudstones of Timor are not compatible with the age, tectonic setting or εNd 

values of the Banda Terrane and related rocks (Harris, 2006; Honthaas et al., 1998; Morris et al., 

1984; Standley and Harris, 2009; Vroon et al., 1993) (Figure 11). Gondwanan Maubisse 

Formation samples on Timor yield negative εNd values (Figure 11); however, the Gondwanan 

volcanics are Permian in age, substantially younger than the Proterozoic bulk provenance model 

age calculated for the mudstones of the Viqueque Formation (Table S7).  

The synorogenic model ages may be affected by a combination of carbonate contamination 

and post-depositional fractionation of Sm by authigenic apatite (e.g. Ehrenberg and Nadeau, 

2002). Nevertheless, the synorogenic mudstones have similar model ages and Th/Sc ratios to 

modern sediments accumulating in the Timor region (Vroon et al., 1995). Vroon et al.’s (1995) 

seafloor sediment data shows a latitudinal trend across the arc (Figure 11B), with the most 

negative εNd and oldest model ages found on the orogenic wedge north of Timor. The Marobo 

samples plot close to these values (Figure 11A).  The northern half of Timor is presently 

dominated by outcrop of the shales (particularly Babulu Formation and Synorogenic Mélange), 

sandstones and metamorphic rocks of the Gondwana Megasequence (Figure 1). The Viqueque 

mudstones plot in the less-evolved field occupied by seafloor sediments presently accumulating 

on the southern part of the orogenic wedge, where most of the Banda Terrane sediments are shed.  

The modern sediments and Viqueque mudstones plot generally on a mixing line between 

Synorogenic Mélange and Banda metabasites, with mudstone plotting closer to the mélange in 

both the Marobo and Viqueque basins. The Synorogenic Mélange has a similar model age, Th/Sc 
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ratio and εNd value to Australian shales (Allègre and Rousseau, 1984) (Figure 11), which is 

consistent with an Australian affinity. The present data is not suitable to differentiate between a 

mélange sourced from abyssal shales at the base of the Australian Margin Megasequence in the 

Kolbano region (e.g. Charlton, 1989; Sawyer et al., 1993), which would have provided the bulk of 

sediments incorporated in the Timor accretionary wedge, or from remobilized Triassic Australian 

shales. However, our mélange sample has more negative εNd than the limited data from either 

Babulu or Aileu Triassic shales (Boger et al., 2016). 

7.2.4 Clast chemistry 

Petrography of the conglomerates indicates that the Viqueque and Laleia Basins contained a 

large proportion of amphibolite and basaltic clasts. We compared their chemistry with similar 

lithologies reported from both the Gondwana Megasequence and Banda forearc Terranes (Berry 

and Jenner, 1982; Park et al., 2014; Standley and Harris, 2009) (Figure 12). The clasts lie in a 

zone of overlap between Gondwanan and Banda basaltic rocks on Roser and Korsch and 

Winchester and Floyd discrimination diagrams (Figure 12 a&b). However, the REE and trace 

element chemistry of the clasts (Figure 12 c&d) is more consistent with the N-MORB affinity, 

slighty Eu-depleted rocks of the Banda Terrane (Park et al., 2014) rather than the ocean island 

basalt, slightly positive Eu anomaly characteristics of the Gondwanan basalts (Berry and Jenner, 

1982). A dolerite block in the Synorogenic Mélange near Bobonaro also yields typical Banda 

geochemistry. Non-basaltic clasts from all sections exhibited typical calc-alkaline REE profiles 

with LREE enrichment and moderate negative Europium anomalies (Figure 12 e&f). These 

characteristics are consistent with a Banda Terrane source for the clasts. 

7.2.5 Chemical constraints on source area weathering 

Weathering of rocks results in enrichment of Al2O3 at the expense of alkalis.  The effect, 

along with the effects of diagenetic K metasomatism, can be evaluated using the Chemical Index 

of Alteration (CIA, Fedo et al., 1995; Nesbitt and Young, 1982)  (Figure 13A). The CIA was 

calculated from molar proportions of oxides in mudstone samples using the formula  
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CIA=Al2O3/(Al2O3+CaO*+Na2O+K2O) x 100  (Equation 1) 

where CaO* is silicate CaO. Dolomite was not detected by XRD so the molar proportions of 

major elements were used to calculate CaO* using the formula  

mol CaO* = mol CaO – mol CO2 – 10/3 mol P2O5 (Equation 2) 

This calculation corrects for carbonate content (through CO2) and apatite (through P2O5) 

and thus removes the influence of non-silicate CaO. CIA is meaningless (hence not calculated) for 

carbonate rocks, so phosphate enrichment is not problematic. 

The mudstone sediments of both basins plot along a trend approximately parallel to the 0% 

K2O line, and show little evidence of diagenetic K2O addition (Figure 13A) (e.g. Fedo et al., 

1995). The low Al2O3 values indicate that the weathering in the source area was only moderate 

and average CIA value did not vary between sections. The average CIA value of the Viqueque 

section is 67.8±7 and of the Marobo section was 67.7±2.6. No temporal trends are observed 

(Figure 13B). Individual conglomerate clasts have lower CIA values in general than the 

mudstones. Their CIA values are close to the primary CIA values of unweathered rocks, 

suggesting that they are only minimally weathered. 

Th concentrations and Th/U ratios are lowest in depleted mantle and increase during 

weathering and sedimentary recycling as the U is mobilized. Figure 13C is a plot of Th/U vs. Th 

(McLennan et al., 1993). The Th/U ratios of the Batu Putih rocks in both the Marobo and Type 

sections lie within the range of depleted mantle sources typical of volcanic arc rocks (Figure 

13C). However, the local volcanic arc rocks from Wetar and Atauro are Th-enriched by 

comparison with the terrigenous source for the Batu Putih marls. The Th/U ratio of the Batu Putih 

Formation rocks remains generally stable as Th concentrations increase (Figure 13D), with the 

exception of several of the youngest samples (bold on Figure 13A), mostly from the Viqueque 

section. These particular samples are enriched in U relative to the carbonate dilution trend (Figure 
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6B), probably due to biogenic uranium similar to sea floor sediments sampled across the Timor 

orogenic wedge and in DSDP 262 (Vroon et al., 1995). The Th/U ratios of the mudstone sections 

show a poorly-defined trend of increased weathering upwards through the section that is clearer in 

the Marobo mudstones (Figure 13B). Together, the CIA and Th/U data indicate only moderate 

weathering intensity, with a minor increase in weathering upsection (Figure 13D).  

8. Discussion 

8.1 Transition from carbonate to terrigenous sedimentation – an uplift record 

In all the studied basins across Timor, the base of dated sections occupies a narrow range of 

60 kyr between 5.59-5.53 Ma, has a deep marine foraminiferal assemblage and overlies the 

Synorogenic Mélange (Haig and McCartain, 2007; Tate, 2014; Tate et al., 2014). Even though the 

5.5–4.5 Ma basal sediments of the Marobo and Viqueque sections of Timor-Leste must have 

accumulated no more than 200 km from the arc, which was active between at least ~7.1 Ma 

(Abbott and Chamalaun, 1981; Honthaas et al., 1998) and 2.4 Ma (Ely et al., 2011; Herrington et 

al., 2011), the sediments have high carbonate content, very low levels of terrigenous minerals and 

elements, and low organic carbon content. Apart from the underlying mélange, the first indication 

of tectonic activity affecting the synorogenic sections is the influx of terrigenous sediment into the 

pelagic carbonate Batu Putih Formation, which gives rise to marl rather than carbonate 

sedimentation by 4.5 Ma. This event begins synchronously at the Viqueque and Marobo sections, 

within the resolution of the data (Figure 7), and increases from close to the base of the section. 

Similar age transitions to marl are also documented in Savu, West of Timor (Roosmawati and 

Harris, 2009). Our trace element data supports Nguyen et al.’s (2013) conclusion (based on major 

elements) that any contribution from a rhyo-dacitic source area, such as the arc north of Timor is 

minor; even the oldest sediment has Y/Ni ratios that are well outside the range of arc rocks from 

Atauro and Wetar (Figure 9). The felsic initial trace element ratios of the basal carbonates indicate 

that their high Mg concentrations (Figure 8) represent incipient diagenetic dolomitization of the 
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older rocks (less developed than at DSDP262), rather than an ultramafic (i.e., Banda Terrane) 

source input. 

The purity of the basal Timor-Leste carbonates suggests that mud did not disperse widely in 

the region of Pliocene Timor, which virtually precludes other Indonesian sources for the 

lithogenic mud and demands a local source. Timor’s austral summer monsoon presently coincides 

with the weakest flows of the Indonesian Throughflow (ITF) (Cecil et al., 2003), which limits 

modern long-range dispersal of mud. The extent to which this limits other exotic sources is shown 

by the development of an Eastern Indonesian clay province around Timor (north of the trough) 

that has high chlorite and kaolinite (Gingele et al., 2001) compared with smectite rich clays south 

of the trough. The evidence for poor mud dispersal indicates that the change from clean pelagic 

carbonates to marls at the Marobo and Viqueque sections records the emergence of a nearby 

proximal landmass prior to 4.5 Ma, rather than mud influx from a distal source (Haig, 2012; 

Nguyen et al., 2013; Tate et al., 2014). 

The Sm/Nd and major, trace and REE geochemistry of the Batu Putih Formation and the 

Viqueque Formation mudstones, together with the negative εNd and old Nd model ages of 

Viqueque Formation mudstones, show that Australian shales of the Synorogenic Mélange or its 

precursors have provided a local and substantial source of mud that began with the marly 

sediment and continues to dominate the modern fine-grained sediments accumulating on the 

orogenic wedge (Vroon et al., 1995). The chemistry of the Banda Terrane components in the 

synorogenic muds provides little more than an overprint to the mélange geochemistry. 

The overwhelming and persistent influence of mélange-like elements on synorogenic 

geochemistry attests to the volume of lower-plate material that is reworked into the synorogenic 

basins from a very early stage. This wholesale reworking of strata from the base to the top of the 

orogen needs to be carefully accounted for in estimates of shortening and thickening (e.g., Tate et 

al., 2015). This is especially important in [fore]arc-continent collisions, where mélange-forming 
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processes are almost ubiquitous (Barber et al., 1986; Chang et al., 2001; Duerto and McClay, 

2011; Festa et al., 2010; Hall and Wilson, 2000; Harris et al., 1998; Rangin et al., 1990; Williams 

et al., 1984; Yu and Jiunn Chenn, 1995) and may occur throughout pre-collisional to collisional 

stages (Barber, 2013). Moreover, this study also illustrates the potential for the recycled products 

of shale tectonics to control the Sm/Nd provenance signature in mudstones derived from arc-

continent collision zones. If studied basins in other orogens are distal, shale-dominated, and 

tectonically isolated from the source area, reconstruction of their tectonic setting may be 

problematic. For instance, Miller and O’Nions (1984) found that shales, slates and clay sediments 

in Britain did not tend to record the accretion of young mantle derived material during the 

Caledonian, Hercynian and Grenville orogenies. Results such as this may reflect the importance 

of remobilization and reworking of continental shales during arc-continent collision. 

8.2 Clastic provenance 

8.2.1 Laleia and Viqueque Basins 

The Viqueque Basin is part of the E-W elongate Southern Basin, and the Laleia Basin is 

part of the NE Basin (Figure 1). The basins have differing clast provenance. The Laleia Basin 

contains lithologies such as volcaniclastic limestones and dacites that indicate a source similar to 

the Banda Terrane Palelo Group, a forearc cover sequence that overlies the forearc basement of 

the Lolotoi Metamorphic Complex (Figure 2) (Harris, 2006). Dacites are common in the Banda 

Terrane; they are reported to overlie the Banda Terrane Mosu massif of West Timor (Standley and 

Harris, 2009) and are also found as Paleocene to Miocene intrusive and extrusive rocks in the 

forearc basement of Sumba (Chamalaun et al., 1982; Rutherford et al., 2001; Wensink, 1994), 

where they are associated with metasomatized basalts and are commonly slightly altered to 

secondary assemblages that include chlorite, albite and carbonate (Wensink and van Bergen, 

1995). These same associations and mineral assemblages are characteristic of the dacite clasts in 
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the Laleia conglomerates and suggest that the Laleia Basin fill was derived from erosion of Banda 

Terrane cover rocks of the Palelo Group. 

In contrast, the conglomerate clasts of the Viqueque Basin have crystalline lithologies that 

are consistent with a dominantly metamorphic source similar to the Banda Terrane Lolotoi 

metamorphic complex that lies below the Palelo Group. Epidote amphibolite schist is reported 

from the Lolotoi-equivalent massifs of West Timor (Earle, 1981; van West, 1941), along with 

amphibolites, metagabbros and peridotite (Earle, 1981; Sopaheluwakan et al., 1989). Both the 

Banda Terrane and the Gondwana Megasequence contain basalts and amphibolites (Audley-

Charles, 1968; Berry and Jenner, 1982; de Roever, 1940, 1942; Standley and Harris, 2009). 

However, the mylonitized amphibolites, particularly in association with granophyric rocks, seems 

consistent with metamorphic rocks of the Atapupu area of West Timor (Helmers et al., 1989; 

Ishikawa et al., 2007). Furthermore, the albite deformation seen in the Viqueque conglomerate 

clasts suggests high temperature metamorphism, which is overprinted by stretching, mylonitzation 

and retrogression, leading to the growth of tremolitic amphibole into the feldspars and 

amphiboles. This history is consistent with the tectonic history of the Banda Terrane (Harris, 

2006; Standley and Harris, 2009). Small percentages of the clasts in both basins, particularly 

silicified limestones, point to a source in the Gondwanan Maubisse Formation (e.g. Barkham, 

1993). However, these lithologies are common in the Synorogenic Mélange, which was the 

dominant source for mudstone and therefore widespread in the source area. 

The present lack of age constraints on the Laleia Basin precludes a rigorous assessment of 

the reasons for the differences between the basin source lithologies; however, the two basins 

presently lie either side of a dextral-normal fault, indicating that the Laleia Basin originally lay 

further west relative to the Viqueque Basin (Duffy et al., 2013). 

8.2.2 Marobo Basin 
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The Marobo Basin is a narrow graben that subsided relative to, within, and perpendicular to 

the proto-Timor mountain belt (Duffy et al., 2013). The down-throw of the basin, and its 

concurrent uplift from bathyal depths, occurred at times and rates that are indistinguishable from 

the uplift history of the Viqueque section (Tate et al., 2014), and were interpreted to result from 

differential duplexing (Duffy et al., 2013; Tate et al., 2014). Despite the similar timing of events, 

the rocks of the Marobo Basin have a provenance that is both petrographically and geochemically 

distinct from that of the more eastern Laleia and Viqueque Basins. Apart from four weathered 

volcanic clasts in sample CR24A from the base of the clastic succession (Table S6), the source 

area for the Marobo Basin was one of highly strained metapelites that are more geochemically 

evolved compared with the underlying Batu Putih Formation and the Viqueque mudstones (Figure 

9). This is reflected in the higher concentrations of REE and HFSE in the mudstones (Figure 10), 

and in their high Th/Sc ratios compared with the Viqueque Basin (Figure 11). The sericite schist-

dominated lithology and the chemistry of the Marobo clasts (Figure 12) is completely consistent 

with the characteristics of metapelites from the Banda Terrane in West Timor (de Roever, 1940; 

Earle, 1981; Standley and Harris, 2009), Timor-Leste (Audley-Charles, 1968; Park et al., 2014; 

Standley and Harris, 2009) and continental fragments embedded in the seafloor of the Banda Sea 

(Honthaas et al., 1998). 

8.3 Location of clastic source area 

The character and timing of sedimentation at DSDP 262 may provide clues to the distance 

separating the Viqueque Basin and the emergent, Banda dominated landmass. DSDP 262, which 

is located at the modern deformation front at 2298 m (more or less similar to the paleodepth of the 

basal clean carbonates in the exhumed sections), was still accumulating clean carbonates while 

the Marobo and Viqueque Basins were accumulating coarse clastic sediment (Figure 7), but began 

a similar trend of increasing terrigenous sedimentation about 2.8 Myr later. This late onset of 

increased terrigenous sedimentation rates and overall increased sedimentation rates (Figure 5b) 

immediately postdates the projected emergence of the Central Basin based on Tate’s (2014) 
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reevaluation of the biostratigraphy of the key Sabau section in West Timor. It also coincides 

approximately with the timing of emergence of Roti and Savu (Roosmawati and Harris, 2009), 

although these islands are downstream from DSDP 262 in the Indonesian Throughflow so this is 

probably not significant. Overall, it seems likely that the change in sedimentation at DSDP 262 

occurred when the subaerial West Timor landmass widened and expanded during the course of 

sustained and constant uplift. This expansion would have reduced the distance between DSDP 

262 and the Timor landmass to ~50 km. Following this logic, the Viqueque section probably lay 

roughly 50 km southeast across strike from the shoreline at 3.1 Ma. Balanced cross-sections imply 

that the distance between the high grade rocks and the site of the synorogenic sedimentation in 

south coast basins has been ~55-60 km since the onset of deposition of Batu Putih rocks (Tate et 

al., 2015). This puts the source within the present landmass, which is consistent with with 

published thermochronology (Tate et al., 2014) and may aid in understanding the source area. 

The high-grade belt on the north coast of Timor presently lies some 55-65 km across strike 

from the Viqueque Basin. It appears to have already been exhumed some 6-10 km by the time 

sandstones began accumulating at Viqueque (Tate et al., 2014), possibly as a result of slumping 

on the northern margin of an antiformal stack (Tate et al., 2015). However, no high-grade rocks 

attributable to this repeatedly documented exhumation episode (Berry and McDougall, 1986; Ely 

et al., 2014; Tate et al., 2014) are found in the synorogenic sediments; along with the large time 

lag between exhumation and clastic sedimentation, this lends support to models of submarine 

tectonic denudation (Harris, 2011; Tate et al., 2015) as a driver for the early exhumation. 

The Viqueque Basin is located in the foreland region, where Tate et al.’s (2014) apatite U-

Th/He data show there had been only a few hundred meters of exhumation by the onset of clastic 

sedimentation. That few hundred meters probably represents recycling of uplifted synorogenic 

sediments, and is represented in the provenance by the intraclasts that occur at all scales within 

the sandstones. It is insufficient to account for the rounded detritus in the Viqueque Basin. 
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The remaining source area that shows reasonable exhumation to account for the intraclasts 

and the rounded Banda detritus is the present Aileu region, parts of which Tate et al. (2014) show 

must have been exhumed by some 2.5 km at that time. Their estimated exhumation rates suggest 

that these rocks probably exhumed a further 500 m during deposition of the 250 m thick Viqueque 

section. A Banda Terrane source overlying the present Aileu is supported by paleoflow indicators 

in the Marobo Basin; after removing the ~65° anticlockwise vertical axis rotation of the basin 

(Aben et al., 2014), the southerly paleoflow of the clastic sediments represents deposition from 

the central western Aileu region to the east of the basin.  

We suggest here that the early Pliocene exhumation of the Aileu region must have involved 

erosion of Australian affinity, mélange-like shales, which form the lithogenic component of the 

marls. Useful context for this interpretation is provided by the Cota Taci-1 exploration well at 

Suai (Figure 7 in Charlton, 2002a). The well is located a few kilometres west of Tate et al.’s 

(2015) balanced section but was not part of their cross section constraints. The well terminated in 

Banda Terrane basement after passing through Viqueque Formation, at least 1 km of mélange and 

the Dartollu Limestone of the Banda Terrane cover sequence, providing strong evidence for the 

presence of a thick mélange overlying the Banda Terrane.  Within the mélange the well 

encountered several blocks of Banda metamorphic rocks and cover sediment.   

The concept of multiple mélanges with the same source rocks, but at different structural 

levels within, in front of, below and atop a Banda Terrane nappe is consistent with observations 

from the Banda Arc (Barber, 2013; Barber et al., 1986; Harris et al., 1998) and from numerous 

mélange occurrences globally (Festa et al., 2010); epi-nappe melanges usually have a sedimentary 

or diapiric/mud volcanic origin. In Timor-Leste, siliceous argillites of the Noni Formation (a 

Banda Terrane cover unit – Figure 2) are found in the Synorogenic Mélange of the Viqueque area 

(Haig and Bandini, 2013), and are particularly unlikely to be found at the base of the Banda nappe 

(c.f., Tate et al., 2014); this implies that the 2 km of mélange that underlies the basin (based on the 
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Ossulari-1 well south of Viqueque - Audley-Charles, 1968) overlies Banda Terrane rocks. Our 

interpretation further implies that Banda Terrane rocks overlay the Aileu rocks in the Pliocene. 

This interpretation, along with previously published metamorphic ages (Harris, 2006), is 

inconsistent with a model in which the Lolotoi Metamorphics are interpreted as Australian 

basement  (e.g., Charlton, 2002a). 

8.4 Analogues for provenance area and implications for topographic evolution 

The islands of Savu and Rote are exhumed elements of the outer-arc Savu-Rote accretionary 

ridge (Harris et al., 2009; Rigg and Hall, 2012; Roosmawati and Harris, 2009). They are located 

west of Timor and provide an opportunity to gain insight into the interplay between geology and 

uplift in a similar setting to proto-Timor. Rote Island (1273 km2, max elev 445 m) is the youngest 

island to emerge in the outer Banda Arc at ~0.3 Ma (Roosmawati and Harris, 2009). Wai Luli 

Formation Gondwanan mudstones are exposed at the surface across much of the island, and rock 

fragments of similar composition to several Banda Terrane units are found in mud diapirs near the 

north coast, suggesting that the Banda Terrane underlies the island within 50 km of the trench 

(Roosmawati and Harris, 2009). At present, the island shows indistinguishable pre-emergence 

(Roosmawati and Harris, 2009) and post-emergence uplift rates of ~1.5 mm/yr (Merritts et al., 

1998). However, the outcropping Gondwanan mudstones are very erodible and only 15% of Rote 

exceeds 160 m elevation, all of which is capped by reefs. These reefs are unconformable on Batu 

Putih Formation, because they overlie the first part of the accretionary prism to emerge and thus 

predate Viqueque-equivalent clastic sedimentation.  

Savu Island (area ~420 km2, max elev ~338 m) is similarly dominated by outcrop of 

erodible, Gondwanan, Wai Luli and Babulu Formation mudstones. The Savu #1 well drilled on 

the north coast penetrated at least 800 m of mélange and 300 m of Batu Putih Formation overlying 

the Banda Terrane, which was encountered at a depth of 1227 m (Harris et al., 2009).  As we see 

at Viqueque, blocks encountered in the mélange include many units reported from the Banda 
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Terrane. Savu, like Rote, still has syn-emergence reefs encrusting high (although not highest) 

elevations, but again only 15% of its surface exceeds 160 m elevation. Savu’s post-emergence 

surface uplift rate is less than half the pre-emergence submarine surface uplift rate (Harris et al., 

2009; Roosmawati and Harris, 2009), possibly as a result of changes in activity on the Savu 

Thrust system. Rivers on Savu display profiles that are generally concave up but with minor 

upward convexity in some lower reaches (Harris et al., 2009). 

The generally low and strikingly similar elevations of both Rote and Savu, despite their 

different emergence ages, land areas and uplift rates, and the generally concave up river profiles 

on Savu, suggest that these islands are approximately in dynamic equilibrium between erosion 

and uplift, and that the erodible cover on the Banda Terrane will be removed efficiently over the 

next 1-2 million years without significant further elevation gains. This contrasts markedly with 

the island of Sumba, which is a Late Cretaceous and Cenozoic arc and forearc basin (Effendi and 

Apandi, 1981) that emerged since 3 Ma (Fortuin et al., 1997). A well-preserved flight of coral 

terraces in the central north coast of Sumba yields a constant uplift rate of 0.5 mm/yr for ~1 Myr 

(Pirazzoli et al., 1993), which is intermediate between Savu and Rote and broadly consistent with 

pre-emergence uplift rates derived from foraminiferal paleobathymetry (Fortuin et al., 1997). 

Sumba has an area of 11,200 km2 and a maximum elevation of 1209 m. 15% of the island 

exceeds 540 m elevation, compared with the 160 m equivalent value for Savu and Rote. The 

landscape is far from dynamic equilibrium, and most of Sumba’s river channels are in a transient 

state due to both active uplift and relatively strong lithologies that impart a staircase morphology 

to the rivers (Nexer et al., 2015). 

 The comparative geology and geomorphology of Savu/Rote and Sumba demonstrates a 

coupling between erodibility and surface uplift that may partly explain the coincidence of 

accelerated uplift and Banda-derived sedimentation (Nguyen et al., 2013). The hinterland of 

proto-Timor was exhuming at an average of 1-3 mm/yr during deposition of the Batu Putih and 
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Viqueque Formations (Tate et al., 2014). Surface uplift rates during Batu Putih deposition were 

around 0.2 mm/yr [Nguyen et al. (2013), revised here based on the Aben et al. (2014) age model 

(Figure 7)] and uplifted proto-Timor to only around ~220 m elevation (Figure 7C). This implies 

that 83-93% of rock uplift (equal to surface uplift + exhumation) was removed by ~1.2-3.2 mm/yr 

of erosion, i.e., a situation of dynamic equilibrium, comparable to Savu and Rote. This would 

have been approximately enough to remove the thickness of mélange seen in the Ossulari-1 and 

Cota Taci-1 wells, and in Rote and Savu, thus exhuming but not greatly eroding the underlying 

the Banda Terrane. 

There ensued a period of uplift at ~8 mm/yr [our revision of Nguyen et al.’s (2013) uplift 

rate (Figure 7C)] that began synchronously with the onset of Banda-derived turbidite 

sedimentation. This would have required a major increase in rock uplift rates, of at least 4.5-

6.5mm/yr, which may have been driven by either backthrusting on the Wetar Suture (Price and 

Audley-Charles, 1987), or duplexing between the basin and the source. However, the requirement 

for increased rock uplift was probably offset by ~1-3 mm/yr by reduced erosional efficiency as 

low topography, diffusive, denudational processes failed to keep pace with uplift of a wide zone 

of newly-emergent, resistant forearc basement. Eventually, the pulse of rapid uplift would have 

slowed as a rainshadow developed (Nguyen et al., 2013), and as gravitational instabilities such as 

deep-seated landsliding arose in a oversteepened, rapidly incising, landscape. These factors would 

have served to accelerate the erosion of the Banda Terrane and restore the dynamic equilibrium 

between rock uplift and erosion, creating a landscape like much of Timor-Leste today. 

The origin of the thick sheet of Australian mélange-like shales in Timor is unclear but as 

shown in Figure 2, and as seen in Savu (e.g., Fig.2 in Harris et al., 2009) it probably represents a 

combination of 1) material intruded through the Banda Terrane from overpressured shales below, 

and 2) Australian units thrust over the leading edge of the Banda Terrane, either as an 

accretionary prism or as a decollement propagated through the Triassic rocks. In any case, there is 
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likely to be a diapiric component to the deformation of the overpressured shales (e.g., Barber, 

2013). 

The source-to-basin distance of the north coast area of Timor, and its timing of exhumation, 

together with the factors discussed above, make it a prime candidate for the source of the 

synorogenic sediments. The Viqueque Basin presently lies on the opposite side of the main divide 

to the north coast sediment source, so the divide must have migrated since deposition of the 

Viqueque Basin sediments. Divide migration is predicted by numerical models of mountain belt 

geomorphology, which suggest that the topographic divide is offset toward the retrowedge side of 

the landmass (Willett et al., 2001). Early in the collision, Timor would have grown by frontal 

accretion on the south side of the island and the divide would have been located close to the north 

(retrowedge) coast of Timor. The reduction in contraction in the vicinity of the Timor Trough, 

from 70 mm/yr to 20 mm/yr (Koulali et al., 2016; Nugroho et al., 2009) and the progressive 

change to north vergent thrusting, would be expected to reduce the asymmetry and move the 

divide southward. 

8.5 Chemical weathering 

The new tropical landmass of proto-Timor might be expected to have been a focus for 

chemical weathering. However, the CIA and Th/U data indicate only moderate weathering 

intensity, with a minor increase in weathering upsection (Figure 13D). This suggests that erosion 

was keeping pace with chemical weathering and fresh rock was being quickly exhumed at the 

surface. Timor’s climate limits chemical weathering due to the long dry season, which stresses 

vegetation and maximizes the erosive power of the monsoons (e.g. Harris et al., 2008).  Erosional 

denudation of Timor then is primarily driven by tectonic activity (e.g. Quigley et al., 2007). The 

low intensity of weathering throughout the deposition of the Viqueque Formation (Figure 13) is 

consistent with the rapid tectonic uplift. The slightly higher degree of weathering in the source 
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area for the Viqueque section is probably related to its more mafic and variable composition as 

seen in the petrography and geochemistry.  

8.6 Timing and rates of deformation in the western Timor Trough 

Veevers et al. (1978) proposed a depth-facies history for the DSDP 262 site, and related it to 

the encroachment of the Timor fold and thrust belt. Comparison of their interpretations with the 

improved age model suggests that, south of West Timor, the Timor Trough advanced southward 

toward the shelf at ~35-40 km/Myr between 4 and 2 Ma and the migration rate reduced to 5-10 

km/Myr at ~2Ma. These data record rates of transport of the DSDP site as fixed on the Australian 

Plate, toward the deformation front, which is a proxy for shortening, but can be increased by a 

reduction (or reduced by an increase) in the critical taper of the wedge. Tate et al. (2015) 

suggested that total shortening of the eastern part of the orogen between 4.5 and 2.0 Ma occurred 

at a (slower than W. Timor) rate of ~22 km/Myr, and increased to a (faster than W. Timor) rate 35 

km/Myr between 2.0 Ma and the present time. The DSDP 262-based estimates amount to 83 km 

over 4 Myr, or ~21 km/Myr, but records only the foreland component of shortening. Tate et al.’s 

(2015) estimates of total shortening for Timor-Leste amount to ~28 km/Myr over the same period 

of time. Given that the Timor-Leste shortening estimates include substantial northward thrusting 

over the forearc, and the DSDP-based estimates record only the foreland component, the 

difference in timing of shortening and general agreement of overall shortening suggest that: a) 

there is little difference in the timing of events in Timor-Leste and West Timor; b) most of the 

shortening in West Timor must be accomodated in the foreland, and c) the critical taper in West 

Timor is behaving independently of the taper of the eastern orogeny. Also, some of the 

convergence in West Timor since 2 Ma may have been accommodated by thrusting over the 

forearc. 

9. Conclusions 
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We have presented new data for the Synorogenic Megasequence from several basins 

including well-dated measured sections in central and eastern Timor (the Marobo and Viqueque 

basins respectively) and a re-dated DSDP 262. Our analysis indicates that: 

1) Arc magmatism did not contribute to the sediments accumulating on the forearc since 

>5.5 Ma. 

2) The geochemical evolution of DSDP 262 sediments records the emergence of modern 

land at a distance of ~50 km. 

3) In the exhumed synorogenic basins, the DSDP 262-equivalent Batu Putih Formation 

becomes progressively marlier upwards due to an influx of terrigenous sediment derived 

from erosion of the Synorogenic Mélange, which began prior to 4.5 Ma.  

4) Comparison of the provenance evolution with published sections and thermochronology 

suggests that the muddy sediments were sourced from rocks above the area currently 

exposing the Aileu Complex, ~50 km from the basins. 

5) Erosion of the mélange-like rocks overlying the Banda Terrane exhumed the Banda 

Terrane to the surface in the region where Aileu metamorphic rocks are presently 

exposed. 

6) The differential erodibility of the mélange and Banda Terrane contributed to rapid 

surface uplift of the hinterland and shed Banda-derived detritus into the sedimentary 

basins. 

7) Revision of existing facies interpretations of DSDP 262 on the basis of improved age 

constraints supports a model of relatively synchronous collision across the island of 

Timor.  

Overall, this study highlights the important influence of mélange processes and their impact 

on differential erosion for the geodynamic development and the sedimentary record of young 

collisional belts. Importantly, the recycled products of shale tectonics may dominate the Sm/Nd 
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provenance signature in mudstones derived from arc-continent collision zones, leading to 

problematic reconstructions of basin setting in shale sequences. 
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Captions 

Figure 1: Regional and local tectonics of Timor. A) Plate boundary elements. Bathymetry from 
Smith and Sandwell (1997). Faults follow Hinschberger et al. (2005), modified based on Rigg and 
Hall (2012) and Watkinson et al. (2011). Banda Ridges and samples from Honthaas et al. (1998). 
GPS plate motion vectors shown relative to the Sunda Shelf: Wetar from Genrich et al. (1996); 
Darwin from Nugroho et al. 2009. ACC – Australian continental crust; AOC – Australian ocean 
crust; B) Geological sketch map of Timor, modified after Duffy et al., (2013) and showing terrane 
distribution and location of main synorogenic basins. Yellow markers show study areas 
(Viqueque, Laleia, Marobo, DSDP262). C) Cross sections through the eastern part of Timor at 4.5 
Ma and present, modified from Tate et al. (2015) and centred on the leading edge of the Banda 
Terrane.  

Figure 2: Lithologies and tectonostratigraphic divisions of Timor. The right hand side represents 
the Banda Terrane and the left represents Australian-affinity rocks of the Australian Margin 
(browns) and Gondwana Megasequence (purples). Colours follow Figure 1. SM - Synorogenic 
Megasequence (only units relevant to this paper shown for clarity). Synorogenic mélange (shown 
green) is all latest Miocene to Recent. Numbers indicate: 1) Diapiric melange generation within 
the Australian Margin Megasequence, possibly beginning immediately preceding collision, as 
occurs south of Sumba; 2) Tectonic melange generation at a decollement through the Mesozoic 
rocks, at the leading edge of and below the Banda Terrane. 3) Thrusting of Australian affinity 
shales above the Banda Terrane. 4) Intrusion of mud diapirs through the Banda Terrane; 5) 
Extrusion of diapir products across surface of the young orogen. 6) Renewed diapirism 
during/after Viqueque sedimentation, containing rocks from all megasequences. Mud volcanism 
is ongoing. 

Figure 3:  Summary stratigraphic column and age model for the Marobo section in the Cailaco 
River (Figure S1), showing the elevation and age of samples discussed in text (CR01–CR63). Age 
model based on Tate et al. (2014).  

Figure 4:  A) Published age data (Aben et al., 2014; Haig and McCartain, 2007; Tate et al., 2014) 
for B) the Type section of the Viqueque Formation of the Synorogenic Megasequence in the Cuha 
River. C) Stratigraphy of the Northern Cuha section, Viqueque Formation. Note that Quigley et 
al. (2012) obtained a robust coral U/Pb age of 2.66Ma for the top of the Northern Cuha section.  
D) Type section age models based on A.  

Figure 5: DSDP 262 simplified stratigraphic column (a) and revised age model (b), based on 
additional biostratigraphy and oxygen isotope stratigraphy shown in (c). The elevations of 
geochemical sampling by Cook (1974a) are shown projected onto the age model (b). Marine 
isotope stages based on oxygen isotope stratigraphy (c) are indicated through MIS 7, after which 
the oxygen isotope stratigraphy is affected by dolomitization, indicated by data of Cooks et al. 
(1974). Previous age models are shown for comparison. 

Figure 6: CaO vs. a) major oxides and b) trace elements, illustrating the effect of progressive 
carbonate dilution and/or biogenic control on the geochemistry of synorogenic carbonates, marls 
and mudstones of the Viqueque and Marobo sections (this study) and DSDP 262 (Cook, 1974a). 

Figure 7: Relationship of geochemistry to age, and exhumation and uplift rates. Legend as Figure 
6. A, C and D share a common time scale (x axis). A) LOI550 (organic material content) 
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increases throughout the Early Pliocene in both the Viqueque and Marobo sections, and is 
matched B) by a decline in CaO due to increasing marliness. A geohistory diagram  C) shows 
uplift rates for the Viqueque type section (heavy black line; revised from Nguyen et al. (2013) 
based on magnetostratigraphy of Aben et al. (2014)). The exhumation history is shown for the 
central and western Aileu (Red polygon) and the apatite-helium region of the south coast of 
Timor-Leste (orange polygon) (both from Tate et al., 2014); The uplift histories of the 
synorogenic sections from the Sabau section of the Central basin of West Timor (green polygon) 
and the Viqueque type section (grey polygon) are from Tate (2014) and Tate et al. (2014), 
respectively. The blue polygon envelopes the uplift data for synorogenic sections in Savu and 
Rote (Roosmawati and Harris, 2009). D) shows Al2O3 concentrations plotted against sample age 
for the Timor-Leste sections and the DSDP core. Carbonate, marl and mudstone fields are based 
on the relationship between CaO and Al2O3 shown in A, with marl corresponding to approximate 
CaO percentages of 24% to 37%.  Exhumed and DSDP 262 sections both follow the same general 
trend but concentrations in the DSDP 262 core begin increasing ~2.8 Myr later than in Timor-
Leste, just as the Central and Viqueque Basins are projected to have become emergent.   

Figure 8: Sediment provenance discriminant function plot of Roser and Korsch (1988) using 
Al2O3 ratio functions for biogenically diluted geochemistry. A) shows the full range of values 
within the dataset, including Mg-rich ultramafic Banda Terrane rocks (Boger et al., 2016; 
Standley and Harris, 2009) and the dolomitized limestones of the DSDP 262 core (Cook, 1974a). 
B) shows the zoomed standard area for the plot. Synorogenic carbonate rocks and Viqueque Type 
Section mudstones plot in a field that is elongate between Mg-enrichment and Synorogenic 
Mélange, which lies in the Babulu Formation field of Boger et al. (2016). The Marobo mudstones 
plot close to one end of the Babulu field. All synorogenic sediments have a more mafic 
composition than most local volcanic arc rocks.   B) The carbonates of both sections show a trend 
toward lower F2 values and converge on the type section mudstone field.      

Figure 9: Sedimentary provenance discrimination diagrams for the synorogenic sediments.  A) 
Plot of Y/Ni versus Cr/V for synorogenic sediments and potential source rocks. The synorogenic 
rocks have homogeneous and relatively low Cr/V ratios that are consistent with PAAS (Pourmand 
et al., 2012; Taylor and McLennan, 1985) and Babulu shales (Boger et al., 2016), indicating that 
ultramafic input into the basins is insignificant. B) Y/Ni trends downwards during deposition of 
the Batu Putih, indicating an increasing mafic source input.  C)   Ti/Zr v Nb/Y classification plot 
showing the intermediate trace element compositions of the mudstones. D) Trace element 
compositions evolve towards decreasing Y during deposition of the Batu Putih carbonates. 

Figure 10: (A) Multi-element diagram normalized to PAAS (data of Taylor and McLennan 
(1985), as modified by Pourmand et al. (2012)) B) Covariance plots for Ni and Cr 
(ferromagnesian – L and R) against Zr and Y (HFSE – top and bottom). Note the continuous trend 
for Batu Putih and Viqueque mudstones and divergent trend for Marobo mudstones. Note also 
that mélange lies on the carbonate-Viqueque trend. C) PAAS normalized (Pourmand et al., 2012; 
Taylor and McLennan, 1985) REE concentrations for mudstone and carbonate samples. D) 
Temporal trend in the Ce anomaly. 

Figure 11:  A) εNd versus Th/Sc ratio for mélange and the mudstones and sandstones of the 
Viqueque and Marobo Basins, and for modern seafloor sediments. Babulu and Aileu fields from 
data of Boger et al. (2016). B) Latitudinal trend of Vroon et al.’s (1995) data to most negative εNd 
on the north side of the orogenic wedge, where sediment is largely derived from erosion of the 
Gondwanan lithologies exposed on the north side of the drainage divide in Timor.  
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Figure 12: Geochemistry of synorogenic conglomerate clasts, and of a dolerite collected from the 
Synorogenic Mélange near Bobonaro.  A) Roser and Korsch (1988) discriminant function plot 
and B)  Winchester and Floyd Ti/Zr v Nb/Y classification plot. On both A & B, most clasts fall 
within the reported range of Banda Terrane lithologies but basalt clasts and the dolerite sample 
from Bobonaro fall in an area of overlap with Gondwana basites.  C) REE (Boynton, 1983) and 
D) trace multi-element diagrams (Sun and McDonough, 1989) showing basalt clasts and dolerite 
from this study, compared with Gondwanan (Berry and Jenner, 1982) and Banda basalts (Park et 
al., 2014). E) REE and F) trace multi-element diagrams comparing other sedimentary and 
metapelitic clasts from synorogenic rocks with available data for Banda andesites and metapelites. 

Figure 13:  A) Chemical Index of Alteration plot  C) Plot of Th/U versus U for mudstones, 
carbonates including DSDP 262, and sea floor sediments (Vroon et al., 1995). B & D) Temporal 
variations in CIA and Th/U. 
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Highlights 

• We provide the first provenance analysis of synorogenic sediments from Timor. 

• Reworked mélange dominates early sediments, and all mud sedimentation. 

• Coarse sediments were sourced from the resistant overthrust Banda Terrane rocks 

• Exhumation of resistant rocks from under mélange enhanced rapid uplift 

• Re-dated DSDP262 stratigraphy consistent with synchronous collision across Timor. 
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