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Along-strike variations in orogenic development can be difficult to constrain. Resulting assumptions projecting
similarity or variability along strike can lead to erroneous conclusions at the orogen scale. Young orogens provide
opportunities to document limits of along-strike projection and test factors that may control lateral variability.
Here we present new constraints on the history of uplift, exhumation and shortening in the Timor orogen
from West Timor, Indonesia. Structural mapping documents a foreland thrust stack of Jurassic-Miocene Austra-
lian margin strata and a hinterland antiformal stack of Permo-Triassic Australian continental units duplexed
below Banda Arc lithosphere. Biostratigraphy within the piggyback Central Basin reveals earliest deepwater
synorogenic deposition at 5.57–5.53 Ma, uplift from lower to middle bathyal depths at 3.35–2.58 Ma, and uplift
from middle to upper bathyal depths at 2.58–1.30 Ma. Hinterland Permo-Triassic strata yield apatite (U-Th)/He
ages of 0.33–2.76 Ma, apatite fission track ages of 2.19–3.53 Ma and partially reset zircon (U-Th)/He ages. These
thermochronology ages are youngest or most strongly reset in the center of the antiformal stack and yield
modeled exhumation rates of 0.45–3.31 km/Myr. A balanced cross section reveals aminimumof 300 kmof short-
ening including 210 km of Australian continental subduction below the Banda forearc. When compared to pub-
lished results from Timor-Leste, these data show that the timing of initial collision, synorogenic basin uplift, and
total shortening amountwere broadly similar across the island. Therefore, despite along-strike changes in orogen
morphology and significant small-scale spatial variability in deformation, first-order structural similarity domi-
nates at large scales.We suggest that along-strike variations in orogenmorphology are due to changes in the dis-
tribution of deformation within the orogen driven by differences in backstop strength, internal wedge strength
and basal décollement friction as well as the presence of the wedge-top Central Basin in West Timor.

© 2017 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The geologic records of the world's mountain belts hold important
information on geodynamics, fault kinematics, paleogeography, and
plate tectonic history. Along-strike variations in orogen topography,
width, and exhumation can be important clues for unlocking that infor-
mation, as they indicate that certain factors controlling orogen develop-
ment may vary through space or time. In Taiwan, for example, oblique
collision has caused propagation of deformation along strike (Suppe,
1984), producing a spatial gradient in shortening age and magnitude,
na Research. Published by Elsevier B.
topography (Suppe, 1981) and exhumation (Willett et al., 2003). In
the Andes, climate variations along strike have been tied to changes in
orogen width, topography and exhumation magnitude, suggesting
that climatic controls may even be as important as tectonic forcings
(Montgomery et al., 2001). In the Mediterranean, pre-existing hetero-
geneities such as paleogeographic ocean-continent distribution lead to
highly variable orogenic strike direction, width, age, and topographic
style (Stampfli and Hochard, 2009; Gaina et al., 2013; van Hinsbergen
et al., 2014). Additionally, surface uplift may reflect a dynamic topo-
graphic origin, such as that resulting from lateral propagation of slab
break-off (e.g. van der Meulen et al., 2000).

Through time, erosion often causes loss of the rock record necessary
to fully characterize the shortening and uplift history of amountain belt.
V. All rights reserved.
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Such challenges caused by imperfect preservationmight lead to errone-
ous interpretations based on either 1) assumptions of orogenic
cylindricity, i.e. projecting the timing of deformation or geometry of
structures along strike in regions of sparse data, or 2) generalizations
of local structural heterogeneities to the broad orogen scale. In Timor,
however, orogenesis has occurred only since the late Miocene (Berry
and McDougall, 1986; Keep and Haig, 2010; Tate et al., 2014), and sur-
face exposures include piggyback basins recording the earliest stages of
uplift (Haig andMcCartain, 2007; Tate et al., 2014) in close proximity to
the exhumed deformational core of themountain belt (Audley-Charles,
1968; Tate et al., 2014; Tate et al., 2015). Determining the structural
evolution and history of surface and rock uplift of a single mountain
belt in multiple locations along strike provides an opportunity to evalu-
ate the interplay between various controls on orogen development
(timing of collision, surface processes, rock mechanical properties,
etc.) and gain insight into their relative importance in determining
orogen morphology.

In this paper we present new structural mapping, micropaleontolo-
gy of synorogenic deep-marine sedimentary basins, low-temperature
thermochronology data interpreted with thermal modeling, and a
balanced cross section across West Timor. We compare these results
to correlative data in Timor-Leste (East Timor), which will allow us to
rigorously document along-strike variations in orogenic development
and evaluate the mechanisms that may account for these variations.

2. Geologic setting

2.1. The age of collision

Timor is located at the collisional boundary between the northern
Australian continental margin and the Banda volcanic arc (Fig. 1). A
variety of methods have been employed to date the timing of this
collision, which rely on different definitions of collision and have there-
fore led to different ages. Constraints on the collision age include the
youngest pre-collisional strata (Haig and McCartain, 2007), the oldest
collisional thermochronometric ages (Berry and McDougall, 1986;
Tate et al., 2014), structural shortening and plate convergence rates
(Tate et al., 2015), fault activity due to flexure of the Australian margin
(Saqab et al., 2017), the oldest synorogenic strata (Haig and McCartain,
2007; Tate et al., 2014), the age of continental contamination in Banda
Arc volcanics (Elburg et al., 2004;Herrington et al., 2011), and the youn-
gest volcanics in the segment of the Banda Arc north of Timor (Abbott
and Chamalaun, 1981; Ely et al., 2011; Herrington et al., 2011).

The oldest pre-collisional strata are found to be 9.8 Ma in Timor-
Leste (Haig and McCartain, 2007). This constraint gives a maximum
age for collision, although it is potentially challenged by preservation
of strata, depositional hiatuses, or spatial propagation of deformation
timing.
Fig. 1. Regional tectonic setting of Timor. Topography and bathymetry from Smith and Sandwe
Sumba, Savu and Rote indicated by Su, Sa and R, respectively.
Thermochronometric ages date rock exhumation and cooling and
the oldest ages attempt to constrain the minimum age of collision. In
Timor these ages are as old as 7.5 Ma (Berry and McDougall, 1986) or
7.1 ± 0.3 Ma (Tate et al., 2014) for 40Ar/39Ar analyses in the high-
grade Aileu belt of Timor-Leste and 5.5± 0.1Ma for (U-Th)/He analyses
in the Australian-affinity Gondwana Sequence of Timor-Leste (Tate et
al., 2014). Debate surrounds the tectonic affinity of the high-grade
Aileu belt in Timor-Leste (e.g. Audley-Charles, 2011; Ely et al., 2014),
such that the exhumation age of this unitmay reflect a different tectonic
event or deformation within the Banda forearc instead of collision at
Timor. Even so, (U-Th)/He ages as old as 5.5 ± 0.1 Ma in unquestioned
Australian-affinity units point to orogenesis at Timor by the end of the
Miocene (Tate et al., 2014).

Shortening estimates in two balanced cross sections in Timor-Leste
compared to plate convergence rates estimate that shortening must
have begun by 7.8 Ma or 7.3 Ma depending on whether the above
exhumation ages in the Aileu high-grade belt are or are not indicative
of collision, respectively (Tate et al., 2015).

Saqab et al. (2017) use seismic reflection andwell data to interpret a
phase of normal faulting on the Australian margin beginning at about
6 Ma. Those authors attribute this normal faulting to flexure of the
Australian margin coincident with the onset of arc-continent collision.

The oldest synorogenic strata in Timor-Leste (deposited in piggy-
back basins on top of units that were deformed during collision, see
Section 3.4.2) are 5.6–5.2 Ma (Haig and McCartain, 2007) or 5.57–
5.53 Ma (Tate et al., 2014), providing another minimum collision age.

Banda Arc volcanics north of Timor were contaminated with conti-
nental He, Pb and Sr isotopic signatures from 5 to 2.4 Ma (Elburg et al.,
2004; Herrington et al., 2011). This is a minimum constraint on the
collision age, as material from the Australian margin must have been
subducted down to magma-generating depths by this time.

Lastly, volcanism on islands north of Timor ceased between 3.3 and
2.4 Ma (Abbott and Chamalaun, 1981; Ely et al., 2011; Herrington et al.,
2011), which provides another minimum constraint on the age of
collision as it records either slab breakoff (Ely et al., 2011) or subducting
the continental margin to magma-generating depths (Herrington et al.,
2011).

With such a wide variety of collision indicators, authors have re-
ferred to a wide variety of ages as the age of collision between the
Banda Arc and Australia (e.g. Keep and Haig, 2010; Spakman and Hall,
2010; Audley-Charles, 2011). We would suggest that this variety of
ages is in large part simply due to authors referring to different stages
of collision. Indeed, the millions of years found between the earliest
and latest age constraints above, as well as the style of deformation
and magnitude of shortening documented in Timor-Leste, support the
conclusion that arc-continent collision has been a prolonged process
in Timor (Tate et al., 2015). To be clear, in this paper we will refer to
initial collision as the first contact between the Banda forearc and the
ll (1997). GPS vectors relative to fixed Australia are from Nugroho et al. (2009). Islands of



Fig. 2. Simplified tectonostratigraphy of West Timor.
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Australian margin, when deformation of Banda forearc units and
Australian sedimentary strata would have begun. GPS measurements
suggest that this shortening between Timor and Australia remains
active at the present day (Fig. 1 and Nugroho et al., 2009).

2.2. Style of deformation

In both Timor-Leste (East Timor) (Audley-Charles, 1968; Harris,
1991; Zobell, 2007; Standley and Harris, 2009; Tate et al., 2015) and
West Timor (Rosidi et al., 1979; Bird and Cook, 1991), structural map-
ping highlights that significant portions of the orogenic wedge have de-
veloped by duplexing of Permo-Triassic sedimentary strata derived
from Australian continental crust below an overthrust lid of Banda
oceanic forearc rocks. This duplex inWest Timor is revealedmost prom-
inently in the Kekneno window (Rosidi et al., 1979; Bird and Cook,
1991). Late Jurassic and younger Australian margin strata are deformed
into a thrust wedge at the leading edge of the Banda overthrust sheet
(Carter et al., 1976; Harris, 1991; Harris, 2006). The onshore expression
of this thrust belt is the Kolbano range on the southern coast of West
Timor (Rosidi et al., 1979; Charlton et al., 1991; Sawyer et al., 1993).
The Bobonaro mélange is a lithotectonic unit structurally between the
duplex of Permo-Triassic strata and the overthrust Banda forearc or
Kolbano thrust belt (Harris et al., 1998). This mélange contains blocks
of each tectonostratigraphic unit entrained in a shale matrix mostly
derived from Jurassic Australian strata (Harris et al., 1998). Piggyback
basins across Timor preserve outcrops of the deep marine synorogenic
Viqueque Sequence, which contains pelagic carbonates overlain by
clays and turbiditic sandstones (Audley-Charles, 1968). The largest of
these piggyback basins is the Central Basin, an approximately 100 km-
long basin parallel to the axis of West Timor (Rosidi et al., 1979).
Viqueque Sequence deposits directly overly the Bobonaro mélange, a
contact which implies that a) Viqueque Sequence deposition began
after the start of orogenesis, and b) some of the mélange was exhumed
to the seafloor (Tate et al., 2014) or emplaced above the Kolbano thrust
stack (Barber et al., 1986; Harris, 2011).

2.3. West Timor and East Timor (Timor-Leste)

Significant lateral variation in uplift and exhumation has been docu-
mented at small spatial scales in Timor-Leste, with some synorogenic
basin deposits preserved within 10 km of an area that underwent 3–
7 km of exhumation since the Pliocene (Tate et al., 2014). Similarly,
small-wavelength variations in the uplift rates of coral terraces have
been documented across the island (Merritts et al., 1998; Cox, 2009).
With such large local variability, it is possible that the timing and
amount of uplift and exhumation are significantly different several hun-
dred kilometers away in West Timor.

Indeed, a number of previous studies have suggested a progression
of deformation from east to west across Timor. Foraminiferal studies
of synorogenic basins have shown that pelagic carbonate deposition
on the Bobonaro mélange began at 5.57–5.53 Ma in Timor-Leste (Haig
andMcCartain, 2007; Tate et al., 2014; Aben et al., 2014). Published bio-
stratigraphy from the Central Basin in West Timor suggested that this
synorogenic deposition instead began there around 3 Ma (De Smet et
al., 1990). If correct, this acts as a much younger minimum constraint
on the age of initial collision in West Timor than Timor-Leste. Similarly,
significant uplift of the synorogenic basins from lower tomiddle bathyal
depths was dated at 3.35 to 3.0 Ma in eastern Timor-Leste (Haig and
McCartain, 2007; Aben et al., 2014; Tate et al., 2014) but only at 2.2 to
2.0 Ma in West Timor (De Smet et al., 1990) suggesting later orogenic
development in West Timor. Furthermore, if recent uplift of Timor is
due to isostatic rebound following slab breakoff, as postulated by Keep
and Haig (2010), this could suggest a laterally propagating tear of the
slab from east to west. (We note however that the aforementioned
small-wavelength uplift patterns suggest active deformation mecha-
nisms at a smaller scale than isostatic rebound.)
Someplate reconstructions support the hypothesis that deformation
propagated east to west across Timor. Obliquity of the Australian mar-
gin relative to the subduction zone below the Banda forearc, coupled
with reconstructions suggesting that the magnitude of exhumation
and backthrusting decrease from Timor west to the islands of Rote,
Savu and Sumba (Fig. 1), has led to the interpretation that arc-continent
collision has generally propagated from east to west at the rate of about
110 km/Myr along strike (Harris, 1991). Alternatively, other hypotheses
suggest that instead of a gradual diachroneity, continental subduction
across the whole of Timor occurred earlier than at smaller islands
along strike due to initial subduction of a continental plateau protruding
from the Australian margin (Keep and Haig, 2010). This alternative hy-
pothesis would predict broadly similar collision and shortening histo-
ries in eastern and western Timor and less shortening (as well as
younger initiation of continental subduction) at other islands east and
west of Timor because of embayments in the subducted Australian
margin.

The data presented herewill allowus to test the hypothesis of east to
west propagation of deformation against an alternative scenario of syn-
chronous initial collision along strike. Further, if the alternative scenario
of broad-scale synchronicity holds, wewill be able to explore themech-
anisms that still allow for persistentmorphological differences and local
deformational variability along strike.

3. Tectonostratigraphy

A generalized tectonostratigraphy of West Timor is shown in Fig. 2.
This tectonostratigraphy consists of four main divisions: the Gondwana
Sequence (Fig. 3) and Kolbano Sequence (Fig. 4) (both with Australian
Affinity), the Banda Terrane (with Banda Arc affinity), and the Banda
Orogen Sequence (which formed during orogenesis at Timor).

3.1. Gondwana Sequence

The Gondwana Sequence (Harris et al., 1998) (also referred to as the
Kekneno Sequence in West Timor (Bird and Cook, 1991)) is composed
of strata deposited on the Australian continent prior to Gondwana
breakup (Fig. 2). These Permian to Jurassic units are interpreted to
have been deposited in failed-rift or intra-continental basins (Bird and
Cook, 1991). Paleo-current (Bird and Cook, 1991) and some detrital



Fig. 3. A: Black shales and iron concretions of the Permian Cribas Formation. B: Fossiliferous red-weathering limestones occasionally present within the Permian Cribas Formation. C:
Alternating red and green shales of the Niplelo Member of the Triassic Niof Formation. D: Thick green sandstones of the Triassic Babulu Formation.
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zircon (Zobell, 2007; Spencer et al., 2016) analyses indicate thatmanyof
these sediments were sourced from terranes to the north of Australia,
after which those terranes were rifted away from the Australianmargin
and accreted to various regions in Southeast Asia. Other detrital zircon
analyses have instead attributed a sediment source fromeastern Austra-
lia (Boger et al., 2016) or mixed sediment sources from both Australia
and terranes formerly north of Timor (Zimmermann and Hall, 2016).
Our map patterns suggest that the Permian and Triassic successions
Fig. 4.A: Red shales of the Lower Cretaceous Nakfunu formation near the town of Nunuboko, w
Formation. C: Massive pink and white limestones of the Ofu Formation. D: Folds from soft sedi
are each approximately 1 km thick, consistent with thicknesses of
time-equivalent units imaged by seismic reflection profiles in some lo-
cations on the Australian shelf (Karig et al., 1987; Snyder et al., 1996).

Seismic reflection data indicate that the modern Australian margin
south of the Timor Trough contains numerous normal faults cutting
stratigraphy correlative to the Gondwana Sequence (Tripathi et al.,
2012; Baillie and Milne, 2014; Saqab et al., 2017). With the notable ex-
ception of large extensional basins such as the Vulcan Graben, the
ith occasional redmudstones and limestones. B:White limestones of the CretaceousMenu
ment deformation in the Boralalo Member of the Ofu Formation.
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majority of these normal faults appear to have offset less than the ap-
proximately1 km stratigraphic thicknesses of each of the Gondwana Se-
quence units. Additionally, many of these normal faults formed or were
reactivated due to flexure during arc-continent collision (Saqab et al.,
2017), so we would expect less extension in the pre-collisional margin
than is observed today.

3.1.1. Permian: Cribas, Atahoc and Maubisse Formations
The Permian stratigraphy of Timor, initially defined in Timor-Leste

by Audley-Charles (Audley-Charles, 1968), was described in detail in
West Timor by Bird and Cook (1991) and by Charlton et al. (2002).
The Lower Permian Atahoc and Upper Permian Cribas Formations in
West Timor were originally defined as consisting primarily of shales
and sandstones with occasional pillow lavas and limestones and were
interpreted as deposits within rift basins near the northern margin of
Gondwana (Bird and Cook, 1991). The Permian Maubisse Formation
primarily consists of crinoidal carbonates, lavas and volcaniclastic
units, interpreted as deposits on higher platforms coeval with basin de-
position of the Atahoc and Cribas Formations (Bird and Cook, 1991). Ad-
ditionally, some lower sections of the Maubisse Formation in Timor-
Fig. 5. a: Regional overview map of West Timor structure. b: Structural map of the Kekneno
Leste have been dated as latest Carboniferous in age (Davydov et al.,
2013, 2014).

We found the Atahoc and Cribas formations to consist primarily of
black and gray shales containing ironstone nodules with occasional me-
dium to coarse quartz-rich sandstones that weather brown and occa-
sional limestone beds approximately 0.5 m thick (Fig. 3). Some of
these limestone beds weather red and contain plentiful crinoids (Fig.
3), very similar to Maubisse Formation limestone beds (although thin-
ner) and the Cribas formation of Timor-Leste (Tate et al., 2015). These
characteristic limestones are used to distinguish the Permian forma-
tions from Triassic shale-rich formations. Similar to Bird and Cook
(1991) we identified ammonite fossils within shales of the Cribas and
Atahoc Formations. We found the Maubisse Formation to consist of
massive dark gray limestones that weather red and include abundant
crinoids as well as volcanic and volcaniclastic deposits. As Bird and
Cook (1991) also found, theMaubisse Formation exposed at the surface
is not presently in stratigraphic contact with other Gondwana Sequence
units. Instead, the Maubisse Formation is mapped as blocks of m to km
scale within the Bobonaro mélange, especially abundant near Nenas
(Fig. 5).
window. c: Structural map of the Central Basin. d: Structural map of the Kolbano range.
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3.1.2. Triassic: Niof, Babulu and Aitutu Formations
Previous work has found the Triassic stratigraphy in Timor to be

dominated by the Niof and Babulu Formations in West Timor (Bird
and Cook, 1991) and by the Aitutu Formation in Timor-Leste (Audley-
Charles, 1968). Bird and Cook (1991) divide the Middle Triassic Niof
Formation into the Numfuamolo Shale Member (consisting of gray
shales, minor sands and occasional slumps and nodule conglomerates)
and theNiplelo ShaleMember (consisting of red, green and gray shales).
The Upper Triassic Babulu Formation has been described as containing
greenish sandstones, black to gray micaceous shales, and occasional
limestones and marls (Charlton et al., 2009). The Middle to Upper
Triassic Aitutu Formation consists of gray, fine calcilutite weathering
white with shale interbeds (Audley-Charles, 1968; Tate et al., 2015).

We observed the NumfuamoloMember of the lower Niof Formation
to consist of gray shale with occasional limey siltstones and gray lime-
stones. The Niplelo Member of the Niof Formation contains alternating
red and green shales and occasional siltstones (Fig. 3). The Babulu
Formation is dominated by distinctive green coarse micaceous dirty
sandstones sometimes several meters thick (Fig. 3), and also contains
micaceous shale and occasional limestone beds. The coarse green
sandstones of the Babulu formation were primary targets for
thermochronology samplingwithin the Triassic stratigraphy. The Aitutu
Formation consists of 10–15 cm thick gray limestone beds weathering
white with interbeds of 5–10 cm thick shale. Bivalve fossils attributed
to Monotis subcircularis were present in Aitutu limestones in several
locations. As opposed to Timor-Leste where the Aitutu Formation dom-
inates the Triassic stratigraphy, the Triassic in West Timor typically
contained thin sections of the Aitutu Formation facies, only tens of
meters, interspersed within the other Triassic units. An exception is
the Triassic strata exposed in the southeast corner of the Kekneno
window (Fig. 5) that are dominated by the Aitutu Formation.

3.1.3. Upper Triassic to Jurassic: Wailuli Formation
The Wailuli Formation has previously been documented to contain

gray marls and shales with occasional calcilutites (Audley-Charles,
1968) and has been assigned an age of Late Triassic to Jurassic (Haig
and McCartain, 2010). We observed the Wailuli Formation to contain
fissile gray shales with occasional fine limestone and sandstone beds.
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TheWailuli Formation in our map area is found on the north side of the
Kolbano range, and highly deformed sections of the Wailuli Formation
are occasionally observed within the Bobonaro mélange.

3.2. Kolbano Sequence

The stratigraphy of the Kolbano Sequence has been described by
Charlton (1989) and in detail by Sawyer et al. (1993). These units
have been attributed to the Australian passive margin, deposited after
breakup of Gondwana in the Jurassic (Charlton, 1989). Previously mea-
sured sections in West Timor (Harris, 2011) and on the island of Rote
(Roosmawati and Harris, 2009) found thicknesses of 600–800 m for
the Kolbano Sequence. Our map pattern suggests that the Kolbano Se-
quence is about 800 m thick.

3.2.1. Upper Jurassic OeBaat Formation
The Jurassic OeBaat Formation was previously described as contain-

ing siltstones and shales as well as glauconitic sandstones containing
ammonites and belemnites (Sawyer et al., 1993). We found the OeBaat
formation to containmedium to coarse green-gray sandstone bedswith
plentiful belemnites and gray shale. The area near Pasi (Fig. 5)
(Charlton, 1989) is the only location that we observed the OeBaat
Formation.

3.2.2. Lower Cretaceous Nakfunu Formation
Sawyer et al. (1993) described the Lower Cretaceous Nakfunu For-

mation as containing primarily cherts, calcilutites, claystones and red
or gray shales and estimate the thickness of the Nakfunu Formation at
500 m. We found the Nakfunu Formation to be dominated by black
and red shales, with some red and white mudstones and some white
and pink limestone beds (Fig. 4).

3.2.3. Lower to Upper Cretaceous Menu Formation
TheMenu Formation has been documented to consist of planar-bed-

ded light red to white calcilutites with bedding thicknesses between 6
and 60 cm (Sawyer et al., 1993). We described the Menu Formation as
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planar-bedded white limestones about 5–50 cm thick, and we deter-
mined that the full thickness of this formation is only approximately
30 m based on lithostratigraphy (Fig. 4).
3.2.4. Paleocene to Pliocene Ofu Formation
The Ofu Formation has been documented to contain threemembers:

the lower Boti Member, the middle Oeleu Member, and the upper
Boralalo Member (Sawyer et al., 1993). The Boti Member is described
as dominated by white calcilutites either massive or as beds 1 m thick
with wavy bedding planes, as well as chert lenses and rare conglomer-
ates (Sawyer et al., 1993). The Oeleu Member has been described as
only 80 m thick and containing red calcareous mudstones with gray to
red calcarenites (Sawyer et al., 1993). The BoralaloMember is described
as similar to the Boti Member except that limestones are typically pink
and light orange and soft sediment deformation is plentiful (Sawyer et
al., 1993). We find the Boti Member dominated by massive and wavy-
bedded white limestones with common chert nodules, the OeleuMem-
ber to contain red and gray 15 cm thick calcareousmudstoneswith gray
clay interbeds are rare red chert lenses, and the Boralalo to contain pink
and red massive and wavy bedded limestone with folds from soft sedi-
ment deformation (Fig. 4).
3.3. Banda Terrane

The Banda Terrane in West Timor consists predominantly of the
Mutis Complex, a package ofmetamorphosed rock units containing pre-
dominately phyllites, chlorite schists, and amphibolite gneiss (Rosidi et
al., 1979; Brown and Earle, 1983). The Mutis Complex has been
interpreted as equivalent to the Lolotoi Complex of Timor-Leste, and
both are interpreted to belong to the forearc of the Banda Arc (Harris,
2006). A Permian age had previously been proposed for both the
Mutis Complex (Rosidi et al., 1979) and Lolotoi Complex (Audley-
Charles, 1968). However, zircon U-Pb analyses in the Mutis and Lolotoi
Complexes yield significantly younger ages of 82–34 Ma (Harris, 2006;
Standley and Harris, 2009). We observed the Mutis Complex at Mt.
Mutis to contain plagioclase-rich amphibolite, graphite and chlorite
schist, and phyllite. We did not map other previously-documented vol-
canic and sedimentary Banda Terrane units in our map area except for
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blocks of the Paleocene – Eocene Dartollu Limestone (Harris, 2006) as
blocks within the Bobonaro mélange near Mt. Mutis.

3.4. Banda Orogen Sequence

The Banda Orogen Sequence refers to those units that were deposit-
ed on the Timor orogenic wedge or that were formed during orogenesis
between Australia and the Banda Arc (Roosmawati and Harris, 2009).

3.4.1. Bobonaro mélange
The Bobonaro mélange has been documented as a tectonic mélange

occupying the structural position between underplated Australian-
affinity units and overthrust Banda Terrane units (Harris et al., 1998).
This mélange has a shale matrix sourced from the Wailuli Formation
surrounding m- to km-scale blocks of all other unit types (Harris et al.,
1998). We observed the Bobonaro mélange as a gray shale matrix con-
tainingm- to km- scale blocks, with large blocks of Maubisse Formation
and ultramafic rocks especially prevalent near Fatumnasi (Fig. 5). We
mapped this mélange as structurally between the Gondwana Sequence
and the Mutis Complex, in structural contact with the northern side of
the Kolbano range, and below the Viqueque Sequence and younger
synorogenics in the Central Basin.

3.4.2. Viqueque Sequence
The Viqueque Sequence comprises the earliest synorogenic sedi-

mentary strata deposited on Timor. This sequence has been described
as a succession of deepwater deposits, with a basal unit of primarily
chalky pelagic limestones and marls known in Timor-Leste as the Batu
Putih Formation overlain by a sequence of clays, turbidites, sandstones
and conglomerates (De Smet et al., 1990; Haig and McCartain, 2007;
Tate et al., 2014).

Basal Viqueque Sequence units in ourmap area are deposited direct-
ly on the Bobonaromélange. This stratigraphic relationship necessitates
designating the Viqueque Sequence as a synorogenic sequence despite
the low-energy depositional environment of the basal pelagic units;
the Bobonaromélangewas developed as a tectonicmélange during oro-
genesis at Timor, so it follows that basal Viqueque Sequence deposition
must have begun after the start of structural deformation at Timor. The
Mutis Complex or Kolbano Sequence (which typically structurally over-
lie the Bobonaro mélange) are absent between the Viqueque Sequence
and the Bobonaro mélange in our map area. This requires somemecha-
nism of bringing the mélange to the seafloor before depositing the
Viqueque Sequence. One possible explanation is removal of the Kolbano
Sequence by gravitational sliding along a tilted Bobonaro mélange
detachment, as proposed in Timor-Leste (Tate et al., 2014). Similar
gravitational sliding has been demonstrated for the 2 km thick Lycian
Nappes in Turkey (van Hinsbergen, 2010). Alternatively, the Bobonaro
mélange may have been emplaced above the Kolbano thrust stack via
diapirism (Barber et al., 1986; Harris, 2011).

Our detailed stratigraphic observations of the Viqueque Sequence in
the Central Basin are included in Section 5. We also map the occurrence
of Viqueque Sequence deposits on the south coast, south of Pasi.

3.4.3. Younger synorogenics
Synorogenic deposits of the BandaOrogen Sequence also include coral

terraces, shallow marine deposits and alluvial gravels (Roosmawati and
Harris, 2009). We observed coral terraces as white limestone that
weather black with preserved coral textures in hand sample. These
terraces are found in several locations across the Central Basin to eleva-
tions up to 1100 m. They are mapped as unconformably overlying the
Viqueque Sequence and associated shallow marine deposits. While
most plentiful in the Central Basin, the younger synorogenic deposits
are also found in our map area in a narrow strip along the south coast
and in the river basin south of the Kekneno window.
4. Structural mapping

4.1. Mapping methods

Fieldmappingwas conducted at a scale of 1:50,000. GPS in theWGS
1984 reference framewas used for location.Mappingwas focused along
a single transect of West Timor in three main areas: the Kekneno
window, the Central Basin, and the Kolbano range (Fig. 5a–d). In
Fig. 5b–d, strike and dip measurements and solid contacts and faults in-
dicate those areas that were visited. Mapping in the Kekneno window
was performed mostly along riverbeds, focusing on the river from
Nenas to Lilana, one river south of Lilana and its two forks to the east to-
ward Fatumnasi, one river section near Boen and one river flowing to
the north from Bitobe (Fig. 5b). Roadcuts north of Lilana and the
trail up Mt. Kekneno were also used in mapping the Kekneno window
(Fig. 5b). Roadcuts between Lilana, Kapan, Fatumnasi, Nenas and
Nuapin allowed for observations of the Bobonaro mélange around the
window, and the trail up Mt. Mutis allowed for observations of the
Mutis Complex (Fig. 5a). Observations in the Central Basin were
gathered from a river transect in the Sabau section of the Viqueque
Sequence, along roadcuts on small roads in the Viqueque Sequence
east of Soe, and along roadcuts between Kapan, Soe and Nikiniki
(Fig. 5c).Mapping in theKolbanoRange relied primarily on riverbed ob-
servations in the river just east of Nunuboko, a river flowing south of
Pasi and another river between these two (Fig. 5d). Roadcuts between
Nikiniki and Kolbano and around Pasi supplemented the Kekneno
Range observations (Fig. 5a).
4.2. Kekneno window

Previous mapping in the Kekneno window showed structural repe-
tition of the Permian and Triassic Gondwana Sequence (Rosidi et al.,
1979; Bird and Cook, 1991). In one area of the window, Rosidi et al.
(1979) map a large northeast-striking anticline of a single succession
of Permian and Triassic units, with the main antiform axis north of our
Kekneno map area. Such a large anticline, with indicated limb dips of
45–60°, would require unit thicknesses for the Gondwana Sequence
much thicker than previously described. Rosidi et al. (1979) also show
three thrust faults striking approximately E-W on the southern side of
the window. In the Rosidi et al. (1979) map, exposure of Permian strata
in the thrust slice at Lilana with the Permian-Triassic contact truncating
against the thrust fault at Naitak suggest a preserved hangingwall cutoff
in map pattern (similar to our mapped fault at Naitak in Fig. 5b),
although the vergence direction of theirmapped fault shows this appar-
ent hangingwall cutoff in the footwall of the fault. Bird and Cook (1991)
map a portion of the Kekneno window north of Naitak as a sequence of
thrust repetition of Permian and Triassic strata. The thrusts and contacts
mappedbyBird and Cook (1991) all strike approximately E-W,with nu-
merous strike-slip faults striking approximately north-south cross-
cutting this thrust stack. Unit strikes indicated by Bird and Cook (1991),
however, are frequently perpendicular to the strike of thrusts and con-
tacts, most notably just west of Nenas where those authors described
the type sections defining the stratigraphy of the Niof Formation.

We mapped a structural repetition of the Permian to Triassic Gond-
wana Sequence stratigraphy in the Kekneno window (Fig. 5b, Fig. 6).
Bobonaromélange is found structurally above these deformedGondwa-
na Sequence strata on all sides of thewindow, with klippen of theMutis
Complex visible structurally above the Bobonaro mélange at Mt. Mutis
to the east andMt. Mollo to the south. The structural repetitionmapped
here is consistentwith an antiformal stack, and critical points in support
of this are discussed in the following paragraph, first in the center of the
Kekneno window near Matpunu, then in the southern part of the
window near Naitak and Lilana, then in the eastern area near Nenas
and Mt. Kekneno, and lastly in the northern part of our mapped area
north of Bitobe.



Fig. 6. A: Thrust of east-dipping Permian Cribas Formation (background) above east-
dipping Triassic Aitutu Formation (foreground) to the west of Nenas. B: Southwest-
verging folds within the Aitutu Formation in the footwall of the thrust fault adjacent to
the town of Naitak. Fold vergence confirms fault motion toward the foreland and
subsequent tilting to current fault dip toward the south.
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In the center of the deformed Gondwana Sequence region is an ENE-
plunging anticline axis. This anticline axis is the center of an antiformal
stack in map pattern, with this plunging anticline folding two thrust
faults and the repeated the Permian-Triassic stratigraphy between
those faults. A mud volcano is present along this anticline axis near
the town of Matpunu, containing clasts of Babulu sandstones. A thrust
fault south of the antiformaxis atNaitak is found to have its hangingwall
on the south side of the fault, but fold vergence toward the south in the
footwall (Fig. 6) suggests that motion along this thrust was toward the
south (consistent with the tectonic transport direction) and that this
thrust has subsequently been folded by the antiform. A preserved hang-
ing wall cutoff map pattern is found truncating against this fault at
Naitak, consistent with previous mapping (Rosidi et al., 1979). An E-
striking syncline at Lilana separates this folded south-dipping thrust
with a north-dipping thrust in the southern area of thewindow. Anoth-
er Permian-Triassic sequence is found atMt. Kekneno andNenas, with a
preserved hangingwall cutoffmapped at the thrust found along thebase
of Mt. Kekneno. West of Nenas and along the antiform axis, Gondwana
Sequence units strike N-S and dip to the east (consistent with previous
mapping (Bird and Cook, 1991)), showing that the antiform structure
plunges east below the Bobonaromélange at Nenas. In the river flowing
north of Bitobe, three more sequences of Permian-Triassic stratigraphy
are found repeated by thrust faults. The southernmost (lowest) of
these three sequences is mapped as possibly contiguous with the stra-
tigraphy at Nenas and Mt. Kekneno, but this has not been confirmed
in the field. The final repetition mapped here is shown as questionable,
and has only been mapped with aerial photography.
4.3. Central Basin

Previous mapping in the Central Basin indicated exposure of the
Viqueque Sequence and Quaternary deposits directly on the Bobonaro
mélange, with limestone terraces unconformably overlying all these
units (Rosidi et al., 1979). In addition, several fold axes and normal
faults have been mapped within the Central Basin (Rosidi et al., 1979).

Wemapped the Central Basin in the region between Kapan, Soe and
Nikiniki, with observations generally consistentwith themap pattern of
Rosidi et al. (1979) (Fig. 5c). The map pattern of this basin is that of a
very broad ENE-plunging syncline with synorogenic sediments uncon-
formably overlying the Bobonaro mélange on both the northern and
southern sides of the basin. Alluvial and shallow marine deposits are
found in the northeast corner of the mapped part of the basin, with
Viqueque Sequence dominating exposure on the southern and western
sides of the mapped basin. Coral terraces unconformably overlie the
Bobonaro mélange, the Viqueque Sequence and the Quaternary alluvi-
um. Mapped fold axes in the Viqueque Sequence indicate folding after
deposition with limbs dipping 14–30°.
4.4. Kolbano range

Previous mapping of the Kolbano range by Rosidi et al. (1979) indi-
cated that themajority of this range consisted of a thrust stack repeating
a succession of Ofu Formation and Batu Putih Formation, with two
thrust sheets of Nakfunu Formation at the northern edge of the Kolbano
Range. Later, more detailed mapping by Sawyer et al. (1993) revealed a
thrust stack that did not include the Batu Putih Formation of the
Viqueque Sequence, but rather was dominated by a thrust stack of
Cretaceous to Pliocene Kolbano Sequence units. Mapping by Sawyer et
al. (1993) also indicated that the northernmost thrust sheets of the
Kolbano range exposed only the Nakfunu Formation at the surface,
that the Jurassic Wailuli Formation is thrusted over the Kolbano stack
north of Nunuboko, and that the Wailuli Formation was exposed at
the base of the Kolbano Sequence in the first thrust sheet south of
Nunuboko (Fig. 5d). Previous mapping by Harris (2011) in the Kolbano
area interpreted an imbricate thrust stack repeating a Cretaceous to
Pliocene section 19 times, and a 13 km-long balanced cross section ac-
companying that previousmapping yielded 58% shortening (with pres-
sure-solution cleavage indicating additional unconstrained shortening).
Both Charlton (1989) and Sawyer et al. (1993) documented the occur-
rence of the Jurassic OeBaat Formation at Pasi (Fig. 5), bound to the
north and south by the Ofu Formation. Sani et al. (1995) document
the continuation of the Kolbano thrust stack offshore for 50 km to the
deformation front.Well penetration confirms that the basal detachment
of the imbricate stack is along theWailuli Formation (Sani et al., 1995).

Our mapping of the Kolbano range (Fig. 5d), is in good agreement
with mapping by Sawyer et al. (1993). Linear ridges of the Kolbano
range tend to follow resistant massive limestone lithologies in each
thrust sheet. Along the cross section trend at Nunuboko six thrust faults
within the Cretaceous-Pliocene Kolbano Sequence are mapped, in addi-
tion to one thrust at the northern end of the Kolbano Range that thrusts
Jurassic Wailuli Formation over the Lower Cretaceous Nakfunu Forma-
tion. Thrust sheets along this section expose increasingly deeper stratig-
raphy to the north: the hanging walls of the southern three thrusts
(immediately north of the shoreline) along this section only expose a
very thin portion of the Lower Cretaceous Nakfunu Formation adjacent
to the fault, while the hangingwall of the fourth thrust upstream
exposes the full Cretaceous-Pliocene Kolbano Sequence stratigraphy at
the surface and the two northernmost Kolbano Sequence thrust sheets
expose only the Nakfunu formation at the surface. In the western
Kolbano range map area (Fig. 5d) three more thrust faults within the
Kolbano range are visible to the south onshore. The thrust sheet at
Pasi contains the Jurassic OeBaat Formation, bound by a normal fault
to the north and a thrust fault to the south.
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5. Synorogenic basin micropaleontology

5.1. Stratigraphy

A sedimentary log of the Sabau section of the Central Basin is pre-
sented in Fig. 7. At the base, chalky marls are deposited unconformably
on the Bobonaro mélange. The basal unit contains well-bedded chalky
marls, white limestones, and occasional tuffs (Fig. 8). At 48 m is an
erosional unconformity at the base of a unit of coarse clastics, which is
a sequence of lithic coarse sandstones, pebble conglomerates, and fine
sandstones, all interpreted as mass-flow deposits (turbidites and debris
flows), and rare clay layers. Erosional truncations and angular unconfor-
mities (Fig. 8) are common between sandstone beds. Conglomerates
contain clasts of quartz, red limestone and serpentinite. Large slump
folds are present within this unit as well (Fig. 8). At 171 m from the
base begins a unit consisting primarily of clays. No unconformity is ob-
served at the base of this unit, but one is suggested by a sharp change in
the strike and dip of units. Clays with occasional silts and sands
continues to 288 m from the base of the section, where a unit of inter-
bedded turbiditic sandstones and clays begins (Fig. 8). This unit is
overlain beginning at 415 m by shallow marine deposits, consisting
of gray cross-bedded sands and cobble and pebble conglomerates.
Fig. 7. Sedimentary log of the Sabau section, including age and depth constraints from fora
Conglomerates contain clasts of quartz, gray and red limestone, and
serpentinite, and in some cases cut into underlying strata in erosional
channels. A number of unexposed intervals are found within the clay,
turbiditic sandstone and clay, and shallow marine units. Logging of
the Sabau section ended at 449 m above the base. Previous mapping
and themapping presented here indicate that these shallowmarine de-
posits continue above 449 m and are overlain by shallow marine lime-
stone terraces.
5.2. Micropaleontology methods

Samples for foraminiferal micropaleontology were taken from
chalky marls and limestones within the basal Batu Putih unit and from
clays within the other units (or silts where clays were not available for
an extended portion of section). Samples were disaggregated in water,
sieved and the 600–125 μm fractionwas used for foraminiferal analysis.
Planktonic foraminifera are used for age control, while benthic forami-
nifera are used to determine paleobathymetry. Detailed foraminiferal
data are available in the supplementarymaterial. Subsequently, washed
residues from five samples within the chalks unit were examined for
calcareous nannofossils to provide further age control.
miniferal micropaleontology. Intervals labeled with a range of ages indicate hiatuses.



Fig. 8. A: Contact between basal chalks unit and coarse clastic mass-flow dominated unit in Sabau section marked in red in foreland (with offsets from minor faulting). B: An angular
unconformity within the coarse clastics unit of the Sabau section. C: Slump folding within the coarse clastic mass-flow dominated unit of the Sabau section. D: Turbiditic sandstones
and clays within the Sabau section. Person at cliff base circled for scale.
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5.3. Age control

Between the base and 9 m above the base, the presence of
Sphaeroidinellopsis and Globorotalia tumida and the absence of
Sphaeroidinella dehiscens indicate a latest Miocene age of 5.57–5.53 Ma
(Lourens et al., 2004). Relatively few foraminiferswith variable but gen-
erally poor preservation could be disaggregated from the cemented
chalks, so several rectangular picking trays (11 × 7 cm) were surveyed
to examine sufficient numbers of Sphaeroidinellopsis. No evolutionarily
advanced forms of Sphaeroidinellopsis having a supplementary aperture
were found. Such advanced forms would belong to Sphaeroidinella
dehiscens and first occur at 5.53 Ma (Lourens et al., 2004), providing a
minimum age bound for the lowest 9 m of the section. We do not con-
sider it likely that these species were reworked considering the low-
energy depositional environment, the absence of any species clearly
older than 5.57 Ma or younger than 5.53 Ma, and the lack of sorting in
species sizes. As an additional check on the latest Miocene age we sent
four washed residues to Isabella Raffi (University of Chieti-Pescara,
Italy) for calcareous nannofossil biostratigraphy. Calcareous nannofossil
associations, captured after crushing and soaking residues in water,
were dominated by unusual numbers of Sphenolithus specimens. The
late Miocene marker Discoaster berggrenii in the basal sample and the
absence of Reticulofenestra pseudoumbilicus and Amaurolithus primus in
all four samples suggest a minimum age range of 8.2–7.4 Ma (zones
CNM16 and 17, see Backman et al., 2012) and a maximum age range
of 8.2–5.53 Ma for the basal 9 m (I. Raffi, pers. comm. 2014). The mini-
mumage range is likely too old because of the presence of theplanktonic
foraminifer Pulleniatina primalis (first occurrence at 6.6 Ma, Wade et al.,
2011). The calcareous nannofossils thus confirm the lateMioceneage es-
timate but in this case planktonic foraminifers provide the narrowest
age range for the basal 9 m, that is, 5.57–5.53 Ma.

The simultaneous appearance at 10.5 m of Sphaeroidinella and
Globorotalia crassaformis suggests a hiatus from 5.53 to 4.31 Ma
(Lourens et al., 2004; Wade et al., 2011) between 9 and 10.5 m. The
calcareous nannofossil assemblage with Discoaster pentaradiatus and
Pseudoemiliania lacunose and absence of Reticulofenestra pseudoumbilicus
at 10.5 m (I. Raffi, pers. comm. 2014) suggests an age of about 3.6 Ma
(Backman et al., 2012), allowing the possibility that this hiatus is even
longer.

The last common occurrence of Sphaeroidinellopsis is found at 35 m.
The age of 3.59Ma for this bioevent in the Pacific (Lourens et al., 2004) is
consistent with the stratigraphic order here. The few small-sized and
cortified specimens without supplementary aperture that co-occur
with Sphaeroidinella dehiscens at 39.5 m, 45 m and 47.5 m are consid-
ered juveniles of the nominate taxon.

The last occurrence of Globoquadrina altispira and first occurrence of
Globorotalia tosaensis suggests a small hiatus from 3.47 to 3.35 Ma be-
tween 35 and 36 m (Lourens et al., 2004; Wade et al., 2011). The hiatus
between 35 and 36 m is confirmed by the change-over from rare and
small-sized Neogloboquadrina acostaensis-humerosa to common and
larger sized Neogloboquadrina dutertrei.

The first keeled representatives of Globorotalia tosaensis are ob-
served at 145 m and should per definition be assigned to Globorotalia
truncatulinoides. The evolution of this keeled species from the ancestral
and non-keeled Globorotalia tosaensis is (in the Pacific) dated at 2.58Ma
(Gradstein et al., 2012).Globorotalia truncatulinoides remains spotty and
rare up to 341 m but becomes more persistent above this level albeit
that overall numbers of this species and the ancestral Globorotalia
tosaensis are low (see Supplementary material).

Sporadic and small-sizedGlobigerinoides obliquus are found up to the
top of the section, suggesting that the top of the section is older than
1.30 Ma (Lourens et al., 2004).

5.4. Paleobathymetry

Lower bathyal species characteristic of depths from 2000 to 1000 m
dominate from the base of the section to 36mwithin the chalks unit, in-
cluding Pullenia bulloides, Pullenia quinqueloba, Gyroidina orbicularis,
Melonis soldani, Karreriella bradyi, Oridorsalis umbonatus, and Cibicides
wuellerstorfii (Van Marle, 1989, 1991).
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Mixtures of shallow and deeper water species above 36 m point to
downslope transport. Particularly for the species that are neither truly
shallow nor deep, displacement may influence any paleodepth recon-
struction: their co-occurrence with lower bathyal species indicates
either lower bathyal depths if they are displaced by turbidity currents
or lowermiddle bathyal depths if they are in situ. The problem of down-
slope transport of benthic foraminifers by turbidity currents is smallest
in the clay samples. In clay samples at 145 m and 171 m within and at
the top of the coarse clastics unit, typically middle bathyal (1000–
500 m depth) species Hyalinea balthica and Cassidulina crassa (Van
Marle, 1989) are mixed with typically lower bathyal species (Pullenia
bulloides,Melonis soldanii, Cibicides wuellerstorfi and Cassidulina carinata
(Van Marle, 1988)) and species occupying middle to lower bathyal
depths (hispid and costate uvigerinids (VanMarle, 1988)). If thesemid-
dle bathyal species are in situ then a depositional depth of ~1000 m is a
fair estimate for these levels. The regular occurrences of pteropods
above 145 m and absence below 145 m suggest that the Sabau site
became uplifted to above the aragonite compensation depth around
the 145 m level. At 288 m (the top of the clays unit), pristine preserva-
tion suggests an in situ benthic fauna to which epiphytes (including
Amphistegina, Hanzawaia boueana, Cibicides refulgens, and Cibicides
lobatulus) are admixed by rafting. The autochthonous component is a
mixture of typicallymiddle bathyal species (exemplified by Sphaeroidina
bulloides, Hyalinea balthica, and Bolivinita quadrilatera (Van Marle, 1988,
1991)) and lower bathyal ones (including Pullenia bulloides, Cassidulina
carinata, Cibicides wuellerstorfi, Cibicides bradyi, and Melonis affinis (Van
Marle, 1988)). This mixture, supplemented by species occupying both
middle and lower bathyal depths (Bulimina alazanensis, and costate
and hispid uvigerinids (Van Marle, 1988)), is indicative of lower middle
bathyal depths of 750–1000 m (Van Marle, 1988; van Hinsbergen et al.,
2005).

Lower and middle bathyal species remain present up to and includ-
ing the sample at 341 m. Higher samples beginning at 375 m contain
few and rare middle bathyal species in combination with typically
upper bathyal (b500 m depth) or shelf species (including the non-
epiphytic Asterorotalia gaimardii, Cibicides dutemplei, and Cibicides
ungarianus (Van Marle, 1988, 1991)), which if in situ, suggest that the
uppermost part of the Sabau section was deposited in or close to the
upper bathyal zone. The planktonic foraminiferal fauna remains diverse
to the top of the section (including deep-dwelling species) likely indi-
cating depths of N100 m.
5.5. History of the Central Basin

The first sediments that unconformably overlie the Bobonaro mé-
lange are low-energy deepwater deposits of the basal Batu Putih unit
with an age of 5.57–5.53 Ma and lower bathyal benthic foraminifera
(Fig. 7). Uplift at the location of the Sabau section from lower bathyal
(1 to 2 km) to middle bathyal (1 km to 750 m) depths is documented
to be sometime between 3.35 and 2.58 Ma, at some point in the section
between the upper portion of the chalks unit and the upper portion of
the coarse clastics unit. This phase of uplift in the region of the Sabau
section is consistent with the stratigraphy of the mass flow deposits of
the coarse clastic unit, which shows a proximal sediment source provid-
ed by an emergent orogen and multiple events of folding/tilting of
the basin. The transition from coarse clastics to the clay unit is after
2.58 Ma. This lithologic change is likely not due to a subsidence-driven
change in depositional environment, as middle bathyal foraminifera
persist throughout the clays unit. Rather, the change in depositional en-
vironment could be due to a lateral shift of the depocenter of coarse
clastics (as with an evulsing channel) or to a change in the location of
active uplift in the source terrane. Further uplift at the Sabau section
to upper bathyal depths is documented within the turbidites and clays
unit between 2.58 and 1.30 Ma. The transition from predominantly
clays to turbidites and then shallow marine deposits is consistent with
progressive shallowing of the basin, consistent with foraminifera-
derived paleobathymetry.

The age and paleobathymetry constraints presented here for the
Sabau section do not agree with previous results of the timing of uplift
in the Sabau section or other sections of the Central Basin (e.g. De
Smet et al., 1990). Ourmeasured thickness of the Sabau section is some-
what less than the previous estimate of ~550 m (De Smet et al., 1990),
but we find the shoaling of paleobathymetry from lower to middle
bathyal depths at the same stratigraphic level as documented previously,
that is, between the upper chalks and the upper mass-flow dominated
coarse clastics (De Smet et al., 1990). However, previous foraminiferal
age constraints suggested that basal Batu Putih deposition began at
~3.0Ma, that coarsemass-flow deposition and uplift from lower bathyal
to middle bathyal depths occurred between 2.2 and 2.0 Ma, and that the
top of the upper clays and turbidites unit was deposited at only 0.2 Ma
(De Smet et al., 1990). De Smet et al. (1990) recorded Sphaeroidinella
at the base of the Sabau section, yetwe found it appearing only beginning
at 10.5m, contributing to our age revision for the base of the section. Our
identification ofGlobigerinoides obliquus at the top of the section requires
an age older than 1.30 Ma, necessitating our age revision for the top of
the section. As summarized in Fig. 9, our revised age constraints on the
Sabau section eliminate the apparent diachroneity in onset of sedimen-
tation and timing of uplift in the Viqueque Sequence across Timor as
was suggested by De Smet et al. (1990). We additionally eliminate the
need for a 7.5 mm/yr pulse of uplift at the Sabau section from middle
bathyal depths to modern elevations after 0.2 Ma as required by the
age of the top of the section from De Smet et al. (1990). Instead, our re-
sults suggest that in the Sabau section: A) basal Viqueque Sequence de-
position was at 5.57–5.53 Ma, B) uplift from lower to middle bathyal
depths occurred between 3.35 and 2.58 Ma, C) uplift from middle to
upper bathyal depths occurred between 2.58 and 1.30Ma, andD) the av-
erage uplift rate since 1.30 Ma was 0.8 mm/yr, with no need for a rapid
pulse of uplift since 0.2 Ma.

6. Thermochronology

6.1. Thermochronology methods

6.1.1. Apatite and zircon (U-Th)/He
Ten sandstone samples were collected for (U-Th)/He

thermochronology from Gondwana Sequence units of the Kekneno
Window. Samples were approximately 8 kg each and had ≥200 μm
grain size in hand sample. Standard magnetic and heavy liquid tech-
niqueswere used to separate apatite and zircon grains. Sample process-
ing was conducted at the University of Arizona Radiogenic Helium
Dating Laboratory. Each of the ten samples was processed for apatite
(U-Th)/He (AHe) and four of those ten samples were also processed
for zircon (U-Th)/He (ZHe). Three to five apatite grains (depending on
availability) were picked from each of the ten samples and three zircon
grains were picked from each of the four ZHe samples. Each grain had a
minimum width of 60 μm, and apatites were inclusion-free except
where noted in Table S1. Each grain was degassed individually by
laser heating to measure He content, after which U-Th-Sm content
was determined using Inductively Coupled Plasma Mass Spectrometry.
For more information on (U-Th)/He thermochronology methods see
Reiners et al. (2004).

6.1.2. Apatite fission track
Eight of the samples used for (U-Th)/He analyseswere also analyzed

for apatite fission track (AFT) thermochronology. Analysis of fission
tracks employed the external detectormethodwith zeta-age calibration
(Hurford and Green, 1983). Irradiation of samples took place at the
Oregon State University Radiation Center with a nominal neutron
fluence of 1e16 n cm−2. We counted zero or very few spontaneous
tracks in a significant number of grains, leading to high analytical uncer-
tainty for young grains and samples. One sample yielded a slightly



Fig. 9. Comparison between Sabau section of West Timor (this study) and Cailaco and Viqueque sections of Timor-Leste (Tate et al., 2014). Intervals labeled with a range of ages indicate
hiatuses. 1) Age for the top of Cailaco section revised from N1.88Ma (Tate et al., 2014) to N2.58Ma because of the absence ofGloborotalia truncatulinoides. 2) Age of the base of the Cailaco
and Viqueque sections based on earliest Globorotalia tumida revised from b5.59 Ma (Lourens et al., 2004) to b5.57 Ma (Wade et al., 2011). 3) Age of the top of the Viqueque Section is
N3.03 Ma using the magnetostratigraphic constraint of Aben et al. (2014).
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younger agewhen comparatively analyzed by the laser ablationmethod
(which allowed for inclusion of more grains that have few induced and
spontaneous tracks). This raises the possibility that the external detec-
tor method AFT ages reported here are biased slightly toward being
too old. However, we consider these uncertainties unavoidable for
such young samples, and therefore emphasize the reported analytical
uncertainties.

6.2. Thermochronology results

Thermochronology results are shown in Fig. 10a and are listed in
Table S1. In each of samples TB12-13, TB12-46 and TB12-131 one anom-
alous grain age was removed from analysis when calculating AHe
sample weighted means. Two anomalously high AHe ages were re-
moved from the sample weightedmean of TB12-27, as old ages relative
to the timing of deformation on Timor and the structural position of this
sample suggests the scatter in single-grain ages of this sample may be
due to time spent in the partial retention zone.

AHe ages correlate well with mapped structures in the Kekneno
window. The youngest samples, with ages of 0.33 ± 0.10 Ma, 0.37 ±
0.19 Ma, and 0.49 ± 0.27 Ma, are located along the antiform axis
where the deepest structural levels in the window are exposed at the
surface. Ages become progressively older south of the antiform axis,
with ages of 0.74 ± 0.24 Ma and 0.95 ± 0.25 Ma on Mt. Kekneno, 1.12
± 0.34 and 1.39 ± 0.14 near Lilana, and 1.49 ± 0.57 and 1.59 ± 0.50
just below the structural contact with the overlying Bobonaro mélange.
The oldest AHe age of 2.76± 0.25Ma is found near Nenas at the eastern
plungingmargin of theduplex just below the structural contactwith the
Bobonaromélange, and as noted abovemay be influenced by time spent
in the partial retention zone.

ZHe analyses find no grains completely reset during orogenesis on
Timor, as the youngest single-grain age of 14.07 Ma is older than esti-
mates of initial collision of the Banda forearc with the Australianmargin
(Berry andMcDougall, 1986; Keep andHaig, 2010; Tate et al., 2014; Tate
et al., 2015). However, ZHe ages suggest varying degrees of partial reset-
ting between samples. The youngest ZHe ages are found for the three
samples with youngest AHe ages of 0.33–0.49 located along the axis of
the antiform. ZHe ages of 14 to 124 Ma are much younger than the
Permian to Triassic age of deposition, suggesting partial resetting. ZHe
ages are older and only suggest very slight resetting for the sample on
Mt. Kekneno with an older AHe age of 0.74 ± 0.24.

AFT analyses find four samples with reset fission track age popula-
tions (Chi-squared probability ≥ 5%) and four samples with partially
reset ages. No samples are interpreted as having completely unreset
AFT ages, as each sample has central and pooled ages less than the
onset of exhumation documented in Timor-Leste at 7.13 ± 0.25 Ma
(Tate et al., 2014). The degree of AFT resetting correlates well with
AHe age, as the four reset AFT ages are found from those samples with
the youngest AHe ages. Youngest AFT central ages of 2.19Ma (95% con-
fidence interval 1.54–3.13 Ma) and 2.4 Ma (95% confidence interval
1.62–3.54 Ma) are found along the central antiform axis. Older AFT
ages of 3.31 Ma (95% confidence interval 2.54–4.31 Ma) and 3.53 Ma
(95% confidence interval 2.72–4.57 Ma) are found on a ridge south of
the peak ofMt. Kekneno and in the town of Lilana, respectively. Partially
reset AFT ages are found along the margins of the Kekneno window
close to the contact between Gondwana Sequence strata and the
Bobonaro mélange, as well as west of the town of Lilana. We note that
these AFT ages and resetting patterns are consistent with results from
Harris et al. (2000). Those authors found AFT samples to possess various
degrees of partial resettingnorth of ourmapped antiformaxis, reporting
calculated central ages ranging from 4± 1.5 to 19.2± 9.7.We also note
that AFT ages of 3.31 and 3.53 Ma are coincident with or shortly pre-
date our documented uplift and coarse clastic deposition in the Sabau
section and provide further evidence of an emergent and eroding
West Timor earlier than documented by De Smet et al. (1990).

6.3. Thermal modeling

Thermal modeling of exhumation rate and exhumation magnitude
was performed on AHe and AFT results using the procedures of
Willett and Brandon (2013). This one-dimensional model incorporates
the effects of a transient geothermal gradient during exhumation as
well as the effect of cooling rate on closure temperature. Kinematic pa-
rameters for this modeling (listed in Table S1) are taken from Farley
(2002) for AHe and from Ketcham et al. (1999) for AFT. Mean local
elevations, within radii of 4 km and 9 km for AHe and AFT respectively,
are used for each sample to account for the effect of topography on iso-
therms with depth (Willett and Brandon, 2013). Surface temperature



Fig. 10. Top: Apatite (U-Th)/He (AHe), apatite fission track (AFT) and zircon (U-Th)/He
(ZHe) ages in the Kekneno window. Middle: Exhumation rate since apatite (U-Th)/He
(AHe) or apatite fission track (AFT) closure age from thermal modeling. Bottom:
Exhumation magnitude since apatite (U-Th)/He (AHe) or apatite fission track (AFT)
closure age from thermal modeling.
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for each sample follows the modern-day mean annual temperature of
27 °C at sea level decreasing by 6 °C every kmof elevation.Model results
discussed below and presented in Fig. 10b and c assume a time of initi-
ation of exhumation (t1) at 4.5 Ma, which palynology (Nguyen et al.,
2013) and thermochronology (Tate et al., 2014) suggest is the timing
of island emergence in Timor-Leste. Model results are also included in
Table S1 for t1 = 7.1 Ma, the earliest exhumation in Timor-Leste and
consistent with AHe thermal models in Tate et al. (2014). Varying t1
from 4.5 to 7.1 only varies modeled exhumation rates and exhumation
magnitudes by about 10%. While 7.1 Ma provides an upper bound on
the age of earliest exhumation, we prefer t1 = 4.5 Ma because the
tectonostratigraphic unit of Timor-Leste that suggests exhumation as
old as 7.1 Ma (Tate et al., 2014) is not found in West Timor. We do not
favor modeling earliest exhumation coeval with uplift of the Sabau sec-
tion between 3.35 and 2.58 Ma because A) an AFT age of 3.53 Ma indi-
cates exhumation pre-dating uplift at the Sabau section and B) earliest
pollen input from island emergence is detected prior to synorogenic
basin uplift in the Viqueque Sequence of Timor-Leste (Nguyen et al.,
2013). The range of thermal modeling results discussed below and the
results found in Table S1 use pre-exhumation geothermal gradients of
15, 25 and 32 °C/km. 15 °C/km is the lowest geothermal gradient
found in wells in Timor and Savu in areas that have experienced thrust
stacking but little exhumation (Kenyon and Beddoes, 1977; Harris et al.,
2000). 32 °C/km is the present-day geotherm of the Australian passive
margin (O'Brien et al., 1996), our best estimate for the pre-deformation
geotherm of strata now incorporated in the Timor orogen. We would
expect the pre-exhumation geotherm to have been b32 °C/km, as thrust
stacking of cold upper Australian strata likely depressed the pre-defor-
mation geotherm before emergence and exhumation (Tate et al., 2014).

Modeled exhumation rates since AHe closure follow a pattern simi-
lar to AHe ages (Fig. 10b). Since the time of AHe closure, the fastest ex-
humation rates of 1.75–3.31 km/Myr are found along the antiform axis
at samples with AHe ages of 0.33–0.49 Ma. Similar exhumation rates of
1.68–3.01 km/Myr for slightly older AHe ages of 0.74–0.95Ma found on
Mt. Kekneno. Similar exhumation rates for these different closure ages
are reasonable because the older ages are found on mountain peaks
higher than their 4 km mean local elevations while the younger ages
are found at valley floors. Modeled exhumation rates since AHe closure
are slower (0.45–1.75 km/Myr) for other AHe samples to the south and
to the east where the duplex begins to plunge below overlying
Bobonaro mélange. Modeled exhumation rates since AFT resetting are
also fastest along the central antiform axis and onMt. Kekneno, ranging
from 0.95–1.82 km/Myr. Slower exhumation rates since AFT closure of
0.70–1.43 km/Myr are found in the sample west of Lilana. As exhuma-
tion rates since AHe closure aremodeled to have been faster than exhu-
mation rates since AFT closure for those samples that are double-dated,
it appears that exhumation rates at those sample locations have in-
creased since AHe closure at about 1.12 to 0.33 Ma.

Modeled exhumation magnitudes since AHe and AFT closure
(Fig. 10c) are anticorrelated with exhumation rate, and range from
0.65 to 2.53 km for AHe and 2.18 to 5.89 km for AFT. Because each
one-dimensionalmodel is independent, themodern geothermmodeled
fromAHedata in this ~10km-wide area is predicted to vary between lo-
cations by N30 °C/km,which is perhaps unreasonable.Wenote also that
these predicted exhumation magnitudes only apply since the time of
closure and that total exhumation may have been greater than this in
many locations. We therefore argue that total exhumation was greatest
along the antiform axis, because a) these units occupy a position struc-
turally below the greatest modeled exhumation magnitudes of 3.44–
5.89 km on Mt. Kekneno and b) these units produce partially reset
ZHe ages.

7. Balanced cross section

7.1. Cross section methods

A balanced cross section through themap area inWest Timor is pre-
sented in Fig. 11. We employ a 2° décollement dip that allows us to
match the results of both seismic reflection studies (Richardson and
Blundell, 1996) and seismic refraction studies (Shulgin et al., 2009)
that show 10–12 km of structural thickening below Timor and the near-
by island of Savu. Seismic reflection data from Snyder et al. (1996) in-
form the location and dip of the southeastern-most thrust in the



Fig. 11. Balanced cross section through area of structural mapping in West Timor. Deformed section above, restored section in three pieces below. Colors used as in Fig. 2. Paths of active slip highlighted in red.
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Fig. 12. Sequential restoration of the balanced cross section in Fig. 11. The location of the Sabau section is labeled for all steps after 5.5Ma. AFT and AHe thermochronologymodeling results constrain the location and timing of fault-driven uplift in the
Kekneno window at the labeled points and time steps. Lower left inset: illustration of shortening and continental subduction calculations.
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Gondwana Sequence. Seismic reflection data (Snyder et al., 1996) and
well observations (Harris et al., 2009) suggest backthrusting of the
northern Timor margin over the Banda forearc.

Unit thicknesses match those that we map at the surface of Timor:
1 km each for the Permian and Triassic stratigraphy and 800 m for the
Kolbano Sequence. It is possible that there is undocumented thickness
variation of Gondwana Sequence strata deformed below Timor, as
thickness variations and normal faulting are found on the present Aus-
tralian shelf (Tripathi et al., 2012; Baillie and Milne, 2014; Saqab et al.,
2017).Wedo not incorporate such thickness variations in this cross sec-
tion, however, as a) thickness variation is not seen in the units mapped
on land, so any schematic thickness variation in the subsurfacewould be
highly conjectural, and b) similar unit thicknesses in Timor-Leste (Tate
et al., 2015) and in some places on the Australian shelf (Karig et al.,
1987; Snyder et al., 1996) suggest generally consistent thicknesses at
a broad scale despite local thickness variations.Wailuli Formation thick-
ness is not preserved in the cross section as this unit is incorporated as
the matrix of the Bobonaro mélange.

The Banli-1 well location is projected from 9 km northeast of the
section, and subsurface geometries match the Banli-1 well constraints
of a major thrust within the Kolbano thrust stack, depths to unit con-
tacts, and gradually shallowing southeast dips in the Triassic (Sani et
al., 1995). Topography and bathymetry at the surface (Smith and
Sandwell, 1997) as well as mapped units, structures, and dips con-
strain the upper surface of the cross section. Kink methods following
Suppe (1983) are used to constrain fault and fold geometries.
Thermochronologic data and thermal modeling results presented
above are used to identify locations of recent and active structures driv-
ing uplift and exhumation at the surface. A break in the cross section
trace shown in Fig. 5a crosses what Charlton et al. (1991) have mapped
as the Mena-Mena strike-slip fault, potentially affecting our shortening
estimate on the order of 10 km.

7.2. Cross section interpretation

Thin-skinned thrusting of Permian and Triassic Gondwana Sequence
strata is interpreted tofill themajority of the cross section in the subsur-
face (Fig. 11). This interpretation follows directly from the map pattern
at the surface (Fig. 5b), which documents thrust repetition of Permian
and Triassic Gondwana Sequence strata. Some authors have instead
previously interpreted significant basement-involved inversion struc-
tures below Timor (e.g. Reed et al., 1996; Charlton, 2002a; Charlton,
2002b). We would note, however, that Charlton (2002a, 2002b) and
Reed et al. (1996) also interpreted the Lolotoi Complex (correlative to
theMutis Complex in Timor-Leste) as Australian pre-Permian basement
exposed at the surface, an interpretationwhich if truewould indeed ne-
cessitate basement-involved deformation. Zircon U-Pb ages from the
Mutis and Lolotoi Complexes contain young populations from 82
to 34 Ma (Harris, 2006; Standley and Harris, 2009), showing that
these units are too young to be pre-Permian basement. Additionally,
interpreting the Mutis Complex in our map area (Fig. 5) as Australian
basement would be inconsistent with the anticline-syncline map pat-
tern of the Kekneno antiform and circular Mutis Complex klippen. Fur-
ther, our thermochronology data and modeling (Fig. 10) suggests that
the most exhumation has occurred at the center of Kekneno window,
whereas one might expect the most exhumation on the eastern and
southern margins of the window if the Mutis Complex were Australian
basement. With the above observations we conclude that the Mutis
Complex is not Australian basement, and therefore basement-involved
deformation of the Australian margin at Timor is not required by the
units exposed at the surface.

Beyond this, there is a possibility of basement-involved inversion
structures that are restricted to the subsurface below Timor, especially
considering the normal faulting that was likely present in the pre-colli-
sional margin as described in Section 3.1. Such basement-involved
structures, however, would be expected to produce broad signals of
uplift and exhumation (e.g. Coughlin et al., 1998; Sobel et al., 2006),
contrary to the scale of spatial variation in thermochronology ages we
observe. Additionally, two centers of active uplift driven by basement-
involved inversion below both the hinterland Kekneno window and
the foreland Kolbano range would be kinematically infeasible, as con-
vergent slip from the north could not be fed along a detachment to
two different deep basement-involved structures at once. Lastly, inver-
sion structures are typically characterized by sedimentary units
that dramatically thicken as they approach inverted normal faults (e.g.
Perez et al., 2016), and we do not observe such stratigraphic thickening
in our map area. We therefore interpret thin-skinned deformation in
the subsurface, as we consider it the most kinematically feasible and
the most consistent with the surface geology. Seismic data offshore
Timor (Tripathi et al., 2012; Baillie and Milne, 2014; Saqab et al.,
2017) clearly demonstrate the plausibility of deforming strata that are
cut by normal faults into thin-skinned thrust stacks, as the youngest
Australian margin strata are observed to contain normal faults south
of the Timor Trough and form a thin-skinned thrust stack north of the
Timor Trough. Also, thin-skinned deformation similar to what we
have interpreted in Timor is evident in shortened continental margin
strata of Taiwan (Suppe, 1981), another prominent setting of active
arc-continent accretion.

The cross section geometry (Fig. 11) in the hinterland of the orogen
is dominated by an antiformal stack in the Kekneno window. This
antiformal stack geometry matches the map pattern in the Kekneno
window (Fig. 5b): a major anticline at Boen and Matpunu with beds
and thrust faults dipping northwest on the northwest side of the
anticline and dipping southeast on the southeast side. We propose fast
exhumation at the core of this antiformal stack (as indicated by
thermochronology) is driven by active thrusting up a ramp within the
duplex below the Kekneno antiform. Slip up this ramp is fed from
below by backthrusting over the Banda forearc, which also feeds slip
to active thrusting offshore north of Timor. At the north coast, an inac-
tive normal fault in the overthrust Banda klippe separates the
overthrust Banda lid from Banda units offshore, similar to previous in-
terpretations in Timor-Leste (Tate et al., 2015). Slip below the Kekneno
window antiform is fed along a shallow décollement to Kolbano
Sequence units in the foreland. Slip along these shallow Kolbano Se-
quence faults drove folding below Viqueque Sequence units in the
Central Basin, active uplift of the hinterland Kolbano range, and the sur-
face exposure of deeper Kolbano Sequence stratigraphy in hinterland
Kolbano Sequence thrust sheets than in foreland thrust sheets. Active
uplift of the Kolbano range, suggested by the strikingly steep topogra-
phy of this coastal range, is also driven at depth by duplexing of a
Gondwana Sequence culmination.

The cross section (Fig. 11) suggests 7.6 kmof exhumation at the cen-
ter of the Kekneno antiform, where we find the youngest AHe and AFT
ages and where ZHe ages are partially reset. This structurally predicted
exhumation magnitude is also permissible from our AFT thermal
modeling because exhumation magnitudes of 3.4–5.9 km/Myr are
modeled since AFT closure for the sample on top of Mt. Kekneno,
which map patterns suggest is in a structural position 2–3 km above
the core of the antiform. This exhumationmagnitude of 7.6 km is similar
to the 7.8 km modeled for the oldest ZHe age of 4.4 ± 0.7 Ma found in
Timor-Leste, using the coldest pre-exhumation geotherm of 15 °C/km
(Tate et al., 2014). Exhumation magnitudes suggested by structural ob-
servations, therefore, are in closest agreement with thermal models
using a geothermal gradient severely depressed through thrust stacking
of cold upper Australian strata prior to exhumation.

7.3. Shortening and continental subduction

Australian-affinity units restore to anundeformedAustralianmargin
extending 350 km north of the Timor Trough. Banda-affinity units in
this cross section restore to an undeformed length of 90 km. The
deformed length of this cross section from the Timor Trough to the



Fig. 13. Shortening, restored Australian margin length, continental subduction, synorogenic deposition and synorogenic uplift across Timor. Data from balanced cross sections shown in
blue, data from synorogenic micropaleontology shown in red. Continental subduction is the difference between the restored Australian margin length and the current distance from the
deformation front to the Banda backstop. Sources: 1) Tate et al. (2014), 2) Aben et al. (2014), 3) Tate et al. (2015), *: from this paper. Inset: cross section locations in black and synorogenic
sections in red with SRTM topography and Smith and Sandwell (1997) bathymetry.
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northern backthrust is 140 km. These lengths suggest aminimumshort-
ening amount of 300 km, or 68% shortening (Fig. 12).

We also use this cross section to constrain the length of continental
basement and lower crust subducted below the Banda forearc during
the arc-continent collision that has built the Timor orogen.We calculate
continental subduction by subtracting the distance between the defor-
mation front and the undeformed backstop from the original length of
the downgoing continental plate. Subtracting the current distance
from the Timor Trough to the undeformed forearc of 140 km from the
undeformed Australian margin length of 350 km shows that at least
210 km of Australian basement, lower crust and mantle lithosphere
must have subducted below the Banda forearc (Fig. 12).

7.4. Sequence of deformation

A sequential restoration of this balanced cross section is shown in
Fig. 12. 10 km of shortening is restored between the present and
0.5 Ma, matching the present-day convergence rate between Timor
and Australia of 20 mm/yr (Nugroho et al., 2009). At the Gondwana Se-
quence level this shortening is partitioned between restored shortening
at the southeast end near the Timor Trough, in the duplex below the
Kolbano range at the southern coast, below the antiformal stack of the
Kekneno window, and on the backthrust at the northwestern end of
the section. Restored shortening below the Kekneno window matches
the 1 km of uplift that the antiform axis has experienced between
0.5 Ma and the present, as documented by the AHe results. Restored
shortening below the Kekneno window is linked to shortening along a
shallow detachment within the Kolbano stack.

24 km of shortening is restored between 0.5 and 1.5 Ma, partitioned
between the duplex below the Kolbano range, the antiformal stack of
the Kolbano window, and the backthrust at the NW end. Shortening
below the Kekneno window matches 1.5 km of uplift from 1.5 Ma to
present in the southern Kekneno window near Lilana, as documented
by AHe results. The Sabau section is located at shallow marine depths
at about this time.

27 km of shortening is restored between 1.5 and 2.5 Ma. At 2.5 Ma,
we show the duplex below the Kolbano range completely restored.
Shortening below the Keknenowindowmatches 3.3 km of exhumation
at the antiform axis from 2.5 Ma to present, as documented by AFT re-
sults. Further shortening is restored in the duplex below the Sabau sec-
tion and along the northwestern backthrust. The Sabau section is
located at middle bathyal depths and at 2.5 Ma is at the end of the
phase of proximal coarse clastic deposition likely sourced from the
uplifting Kekneno window.

29 km of shortening is restored between 2.5 and 3.5 Ma. Shortening
below the Kekneno window matches 3.8 km of exhumation in the
southern Kekneno window near Lilana, as shown by AFT results.
Duplexing below Sabau as restored at this step is linked to uplift of the
Sabau section from lower bathyal to middle bathyal depths between
3.35 and 2.58 Ma. A significantly lower Kekneno duplex at 3.5 Ma
than at 2.5 Ma as drawn here is consistent with the stratigraphic transi-
tion in the Sabau section from low-energy chalks to high-energy coarse
clastic deposits between 3.35 and 2.58 Ma.

49 km of shortening is restored between 3.5 and 5.5 Ma. All
duplexing of the Gondwana Sequence below the Sabau section is
restored, and additional duplexing is restored below the southern
Kekneno window. All backthrusting of Gondwana Sequence units to
the northwest over the Banda forearc is restored here by 5.5 Ma. The
timing of fault motion and resulting uplift below the central and south-
ern Kekneno window is well-constrained in this sequential restoration
by thermochronology data, but the timing of backthrusting is poorly
constrained due to a lack of thermochronology data between the central
Kekneno window and the north coast. In Timor-Leste, backthrusting
over the Banda forearc has been linked to a widespread phase of emer-
gence at 4.5 Ma (Tate et al., 2015). By 5.5 Ma, the Mutis Complex has
overthrust the Gondwana Sequence, a duplex of Gondwana Sequence
units has developed below theMutis overthrust sheet, and the Kolbano
thrust stack has developed to the southeast. Additionally, the Bobonaro
mélange has developed between the Gondwana Sequence duplex and
the overriding units, and has also been emplaced above the hinterland
part of the Kolbano thrust stack. Viqueque Sequence deposition has
begun at the Sabau section at lower bathyal depths in the wedge-top
low between the highs of the Gondwana Sequence duplex and the
center of the Kolbano thrust stack. Viqueque Sequence deposition at
the Sabau section is of the low-energy chalks unit, suggesting no proxi-
mal emergent sediment source.
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161 km of shortening is restored between 5.5 Ma and the beginning
of deformation. The rate of shortening before 5.5 Ma was at most the
plate convergence rate between Australia and Asia of ~70 km/m.y.
(Nugroho et al., 2009; Spakman and Hall, 2010; Seton et al., 2012;
Koulali et al., 2016). This suggests that collision and shortening began
in West Timor by roughly 7.8 Ma.

8. Discussion

8.1. Comparison of West Timor and Timor-Leste

8.1.1. Map patterns
Map pattern observations suggest several key differences between

the structural developments of eastern and western Timor. The Gond-
wana Sequence duplex in Timor-Leste has been mapped as a hinter-
land-dipping duplex (Tate et al., 2015), whereas mapping of the
Kekneno window presented here suggest that a significant portion of
the Gondwana Sequence duplex in West Timor has developed as an
antiformal stack. This would imply that the ratio of fault slip to fault
spacing within the duplex is larger in West Timor, likely controlled by
differences in the internal strength of horses or frictional resistance
along the slip horizon at the base of the Permian. Significant differences
exist between the stratigraphies of eastern andwestern Timor that may
control such differences in horse strength, as for instance the lower
abundance of Aitutu Formation limestones in West Timor. This could
lead to slightly weaker internal strength and therefore closer duplex
fault spacing and shorter horses. Additionally, West Timor is broader
than Timor-Leste and exposes more of the foreland of the thrust belt
at the surface, whereas Timor-Leste exposes more of the hinterland.
For example, mapped exposures of the Viqueque Sequence in the Cen-
tral Basin (Rosidi et al., 1979) have a much wider extent than those
found in Timor-Leste (Audley-Charles, 1968; Tate et al., 2015). Our
mapping confirms that these Central Basin deposits are deformed only
by very broad, low-amplitude folding. Also, mapped Kolbano Sequence
exposures in the high-elevation Kolbano range differ significantly from
Timor-Leste, where Kolbano Sequence limestones are poorly exposed in
low-elevation regions near the south coast (Audley-Charles, 1968; Tate
et al., 2015). Because these Kolbano Sequence units along the southern
coast have much steeper topography in West Timor, it appears that
modern subsurface duplexing and surface faulting drive active Kolbano
Sequence uplift in West Timor but not in Timor-Leste.

8.1.2. Synorogenic deposition and uplift
Contrary to previous studies, our revised age and paleobathymetry

constraints of the Sabau section show no detectable difference in earli-
est deposition age and uplift timing from Viqueque Sequence deposits
in Timor-Leste (Figs. 9 and 13). Basal Batu Putih deposits in Timor-
Leste are also dated between 5.57 and 5.53 Ma (Tate et al., 2014). The
hiatus from 5.53 to 4.31 Ma is present in both West Timor and Timor-
Leste (Tate et al., 2014), perhaps reflecting a regional phase of non-de-
position or erosion due to deep-marine currents. Similarly, short hia-
tuses of 3.47–3.35 Ma in West Timor and 3.59–3.47 Ma in Timor Leste
(Tate et al., 2014) may represent the same hiatus, as the age difference
may be an artifact of low quantities of tosaensis specimens. Shoaling
from lower to middle bathyal depths in the Viqueque Sequence is doc-
umented between 3.35Ma and3.0Ma in theViqueque section of Timor-
Leste (Aben et al., 2014; Tate et al., 2014), between 3.33Ma and 2.58Ma
in the Cailaco section of Timor-Leste (Tate et al., 2014), and between
3.35 Ma and 2.58 Ma in the Sabau section of West Timor. (Note that
the absence of Globorotalia truncatulinoides in the Cailaco section de-
spite its prevalence in the Sabau section suggests that the top of the
Cailaco section is N2.58 Ma, not N1.88 Ma as concluded in Tate et al.,
2014.) TheViqueque section and Cailaco section in Timor-Leste, howev-
er, do not contain themass-flowdominated coarse clastics unit between
the chalks unit and clay dominated unit that is found in the Sabau sec-
tion from 48 to 171 m. This suggests that either the Sabau section was
much closer to a clastic sediment source shortly after 3.35 Ma than
those sections in Timor-Leste or that the Sabau section preserves an
evulsing depocenter of coarse clastics that was not similarly preserved
in Timor-Leste. The average sedimentation rate for the whole section,
however, is slower for the Sabau section than the Viqueque and Cailaco
sections. Additionally, the top of the measured Sabau section is both
younger and shallower than the measured Viqueque and Cailaco
sections in Timor-Leste (Fig. 9).

These combined constraints suggest that significant deformation
and orogenic wedge development must have occurred across the
whole length of Timor prior to 5.5 Ma, as Viqueque Sequence deposits
are deposited upon the Bobonaro tectonicmélange. Additionally, coarse
clastic mass-flow deposition shortly after 3.35 Ma demonstrates proxi-
mal island emergence above sea level close to the central basin of
West Timor at or before this time. It is permissible for an island to
have been emergent in West Timor even earlier than 3.35 Ma and con-
current with basal Viqueque Sequence chalk and marl deposition, as
palynology within similar Batu Putih limestones in Timor-Leste
suggests island emergence at 4.45 Ma, before deposition of clastic se-
quences in that preserved section (Nguyen et al., 2013). Lastly, uplift
of Viqueque Sequence basins from lower to middle bathyal depths is
synchronous towithin 350–750 kyrs. This suggests that similar process-
es drove uplift across the island. We suggest that duplexing of Austra-
lian margin strata below synorogenic basins provides a means of
differential uplift between basins and nearby Gondwana Sequence stra-
ta, similar to Timor-Leste where duplexing has been used to explain
spatial variations in exhumation (Tate et al., 2014).

8.1.3. Age and rate of exhumation
Comparing thermochronology data between West Timor and

Timor-Leste, AHe ages in West Timor ranging from 0.33 to 2.76 Ma,
are significantly younger than AHe ages in Timor-Leste ranging from
1.4 to 5.5 Ma (Tate et al., 2014). However, modeled exhumation rates
of 2.0 to 3.3 km/Myr for the youngest AHe ages in West Timor are
equal to the fastest modeled exhumation rates in Timor-Leste from zir-
con (U-Th)/He data where apatites were not available for analysis (Tate
et al., 2014). Both regions of rapid, young exhumation are interpreted to
be regions of active subsurface deformation. This process, which facili-
tates active deformation in the hinterland of the orogen in both eastern
and western Timor, despite less total exhumation occurring in West
Timor, also promotes large along-strike gradients in exhumation
magnitude and age. The Kekneno window displays large variation in
exhumation rate correlating to position in the structural antiform sug-
gesting a direct correlation between active deformation and exhuma-
tion. The spatial scale of exhumation provides insight into the depth
and extent of the structures facilitating uplift. We argue that subsurface
duplexing drives active growth of this antiform and the resulting exhu-
mation gradient, similar to processes in Timor-Leste (Tate et al., 2014).

The data presented here support the interpretation of active
shortening between Timor and Australia. Some have suggested that up-
lift beginning with shoaling observed in the Viqueque Sequence was
driven by slab breakoff and isostatic rebound (Mccaffrey et al., 1985;
Charlton, 1991; Sandiford, 2008; Ely and Sandiford, 2010; Keep and
Haig, 2010). Wholesale island uplift due to slab breakoff, however,
cannot explain the rapid and variable exhumation history from
thermochronology ages found within the Kekneno window, which
followsmapped patterns of thrust stacking. This laterally variable exhu-
mation is highlighted further when considering the areas adjacent to
the Kekneno window, as the Kekneno area was emergent and eroding
during deposition at the Sabau section. The lateral variability in uplift
magnitude and timing is explained better by subsurface duplexing
(as illustrated sequentially in Fig. 12) than by isostatic uplift of the
whole island. Similar arguments have also led to the conclusion that ac-
tive shortening and subsurface duplexing best explain uplift patterns in
Timor-Leste (Tate et al., 2014). Active convergence and shortening is
also favored by the observations of modern GPS convergence between
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Timor and Australia of about 20 mm/yr (Nugroho et al., 2009) or up to
32 ± 2 mm/yr (Koulali et al., 2016), short-wavelength uplift patterns
of coral terraces (Merritts et al., 1998; Cox, 2009), and an unbroken to-
mographic image of the downgoing slab (Fichtner et al., 2010; Spakman
and Hall, 2010).

8.1.4. Magnitude of shortening
Shortening and continental subduction as measured from balanced

cross sections from this paper and from Tate et al. (2015) are summa-
rized in Fig. 13. We find a minimum of 300 km of shortening in West
Timor, whereas 143–180 km along strike to the east a minimum short-
eningmagnitude of 362 km is found in western Timor-Leste, and 40 km
further to the east a minimum of 326 km of shortening is found in an-
other cross section (Tate et al., 2015). Shortening is less along this
cross section in West Timor than along the two cross sections in
Timor-Leste. However, the difference is not large enough to be consis-
tent with East-West propagation of collision at 110 km/Myr predicted
by Harris (1991). Trough-perpendicular GPS convergence of 53 mm/yr
(Nugroho et al., 2009) would predict 69–87 km more shortening in
western Timor-Leste and 88–106 km more shortening in eastern
Timor-Leste than in West Timor. Moreover, the cross sections here
and in Tate et al. (2015) do not display a consistent pattern of decreas-
ing shortening from east to west. Lastly, we note that the difference in
shortening estimates between the two closely spaced sections is greater
than the difference in shortening estimates of the easternmost and
westernmost sections. In light of this last point, it is possible that undoc-
umented shortening or other uncertainties account for much of the dif-
ference between these minimum shortening estimates.

Variations in margin length may have had stronger control over col-
lision timing and shortening magnitude than the oblique convergence.
Restored lengths of the Australian margin in these cross sections from
east to west are 374, 394 (Tate et al., 2015), and 350 km (this paper),
and differences in these margin lengths are similar to differences in
shortening magnitude. This alternative interpretation agrees with
Keep and Haig (2010), who suggested that a plateau similar to the
Exmouth Plateau off western Australia has subducted at Timor instead
of a relatively straight Australian margin that subducted obliquely
below theBanda forearc. Saqab et al. (2017) show that if a Timor Plateau
similar in scale to the Exmouth Plateau is added to the Australian mar-
gin in plate models such as those of Hall (2012), initial collision at
Timor would be predicted to occur at about 6 Ma.

Continental subduction suggested by the cross section in West
Timor is consistent with continental subduction suggested in Timor-
Leste. A minimum of 210 km of continental subduction beyond the
Banda forearc backstop is suggested in West Timor, whereas a mini-
mum of 215–229 km of continental subduction is suggested in Timor-
Leste (Tate et al., 2015). Results in West Timor are therefore consistent
with the conclusion of Tate et al. (2015) that a significant length of con-
tinental crust andmantle lithosphere of the Australianmargin has been
subducted below the oceanic Banda lithosphere. This is contrary to ear-
lier hypotheses suggesting that continental subduction during arc-con-
tinent collision or ophiolite obduction is short-lived (McKenzie, 1969;
Dewey and Bird, 1970). Such subduction of continental material during
arc-continent accretion has likely had a significant impact on elemental
recycling within the Earth (Hildebrand and Bowring, 1999).

8.1.5. Island-wide similarities
In summary, we conclude that the main first-order tectonic charac-

teristics of Timor are similar across the island: A) the onset of collision
must be older than 5.57–5.53 Ma, B) piggyback synorogenic basins ex-
perience uplift between 3.35 and 2.58 Ma, C) maximum exhumation
rates in the core of the mountain belt are 2.0 to 3.3 km/Myr, and D)
the amounts of shortening (300 to 362 km) and continental subduction
(210 to 229 km) are more similar than predicted by oblique conver-
gence. Because the timing, rate andmagnitude of deformation anduplift
are similar along strike, variations in orogen morphology are best
explained by variations in the distribution and style of shortening with-
in the wedge.

8.2. Along-strike variation of deformation mechanisms

A comparison of West Timor and Timor-Leste in map and cross sec-
tion view reveals key differences in the distribution of shorteningwithin
the orogen. Several mechanisms of hinterland shortening in Timor-
Leste are conspicuously absent in West Timor. Less backthrusting of
the Timor orogen toward the Banda Arc has occurred in West Timor,
as evidenced by the increasing distance between Timor and the Banda
Arc from east to west. Also, a slate belt such as that found in Timor-
Leste has not been exhumed in West Timor. We interpret the absence
of this region of greater exhumation is possibly due to a lack of
duplexing of underthrust Banda forearc in West Timor, in contrast to
that predicted in Timor-Leste (Tate et al., 2015). Instead of concentrat-
ing shortening in the hinterland, much more shortening has been ac-
commodated in the foreland in West Timor, which is expressed as a
much shorter distance and steeper slope between the south coast and
the Timor trough in the western part of the island than in the east
(Fig. 1). It appears therefore that along-strike variations in surface geol-
ogy and N-S position of the island are more strongly controlled by the
distribution of shortening in the wedge than by total shortening,
which varies only slightly. Several mechanisms may contribute to this
relative concentration of shortening in the foreland. First, the backstop
of the Banda forearc may have a greater internal strength below West
Timor, discouraging duplexing after backthrusting of theGondwana du-
plex over the forearc. Second, an asperity along the basal décollement
may cause the basal friction to be higher below the Kolbano range
than other areas along strike, steepening the offshore surface slope as
a critical wedge response (Davis et al., 1983) via the formation of a
Gondwana Sequence culmination below the south coast. Third, the
large Central Basin may have acted as a wedge-top basin (Fillon et al.,
2013), with deposition of the Viqueque Sequence and thicker, younger
synorogenics tending to prohibit deformation below that basin and en-
courage deformation instead toward the hinterland (in the Kekneno
window) and toward the foreland (at the Kolbano range).

A few key differences, therefore, appear to control the majority of
the along-strike variation of deformation observed at Timor. Several ex-
ternal controls on orogenic development, such as inherited margin ge-
ometry and timing of collision (that together have the strongest
control on shortening amount), have had minimal effect on the along-
strike variations in surface geology even though these controls were
previously thought to be some of themost important (Harris, 1991). In-
stead, the presence of a large synorogenic wedge-top basin, plus possi-
ble inherited differences in backstop strength and basal friction, has had
strong influence on the distribution of strain within the wedge. Addi-
tionally, inherited stratigraphic variation from carbonate to clastic-
dominated systems has appeared to cause variations in internal
strength of underplated units, influencingduplex geometry along strike.

9. Conclusions

Direct comparison of structural, thermochronologic, and paleonto-
logic observations inWest Timor to previous studies in Timor-Leste pro-
vide new information on the similarities and differences in deformation
along strike. Contrary to several previous studies, shortening, exhuma-
tion and uplift are similar in West Timor and Timor-Leste. Instead,
along-strike morphological differences of the Timor orogen appear to
be affected most heavily by 1) variability in the strength and friction
characteristics of the wedge inherited from pre-collisional depositional
environments or forearc development and 2) surface influences on de-
formation such as wedge-top sedimentation.

Patterns of deformation across the orogen, therefore, appear to act
on two very different wavelengths. As previously documented in
Timor-Leste (Tate et al., 2014) and supplemented here in West Timor,
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drastic heterogeneities in uplift and exhumation exist at the 5–10 km
wavelength.We argue that this is driven by the small-scale architecture
of duplexing and thrust stacking, in both West Timor and Timor-Leste
(Tate et al., 2014). The comparison provided here between the eastern
and western portions of the orogen, however, suggest that the aggre-
gate, broad-scale shortening history remains remarkably consistent
over length scales of hundreds of kilometers.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gr.2017.06.008.
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