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Abstract
The Sibela Mountains of the island of Bacan in eastern Indonesia contain one of the Earth’s youngest metamorphic complexes 
that is now exposed at elevations up to 2000 m. New mica 40Ar/39Ar and apatite (U–Th–Sm)/He data from metamorphic and 
igneous rocks indicate that these rocks were rapidly exhumed in the Pleistocene (c. 0.7 Ma). Exhumation of the metamorphosed 
Permo-Triassic basement (c. 249–257 Ma) was accompanied by metamorphism (recorded by schists) as well as partial melting 
(recorded by c. 1.4 Ma granitic dykes). These processes must have occurred at extremely high cooling and exhumation rates. The 
rapid exhumation on land was associated with significant subsidence in adjacent basins offshore that reach depths up to 2.4 km. 
Neogene metamorphic core complexes and other metamorphic complexes are well-known from eastern Indonesia, but they usually 
record much higher exhumation rates than those reported from older classic metamorphic core complexes found in other parts of the 
world and require a different formation mechanism. Unlike classic metamorphic core complexes that are characterized by low-angle 
detachment faults, the Bacan metamorphic rocks were exhumed on steep bounding normal faults forming a rectilinear block pattern. 
We suggest such complexes are termed metamorphic block complexes (MBC). The Bacan MBC is exceptionally young and like 
the other east Indonesian complexes was rapidly exhumed during subduction rollback. A flexure formed during arc-arc collision as 
the Sangihe forearc loaded the Halmahera forearc which reactivated steeply-dipping faults in a rectilinear chocolate block pattern.

Keywords Bacan · Metamorphic block complex · Subduction rollback · U–Pb zircon geochronology · 40Ar/39Ar 
thermochronology · (U–Th–Sm)/He thermochronology

Introduction

SE Asia is one of the most tectonically active regions in the 
world, where the Indian-Australian, Eurasian, Philippine Sea 
and Pacific plates converge. The island of Bacan is situated 
in the North Moluccas, in an area partly bounded by the 
Halmahera Thrust to the west and the Sorong Fault Zone 
to the south which runs from the Bird’s Head Peninsula 
of New Guinea in the east towards the island of Sulawesi 
(Fig. 1a). Bacan is situated at the southern end of the Hal-
mahera oceanic volcanic arc where geochemical studies 
of volcanic rocks indicate the arc intersects a continental 
crustal fragment at depth below Bacan (Morris et al. 1983). 
Central Bacan includes an exposed area of high-grade con-
tinental metamorphic rocks in the Sibela Mountains from 
sea level to elevations of more than c. 2000 m which are the 
highest in the North Moluccas (Fig. 1b). The history of the 
metamorphic rocks is uncertain; they have not been dated 
but have been assumed to be Paleozoic or older and have 
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an Australian origin (Brouwer 1921; Hamilton 1979; Hall 
et al. 1988).

The age, exhumation mechanism and rate and are 
unknown for the metamorphic rocks in the Sibela Moun-
tains. Steep incised valleys at the mountain edges, uplifted 
young coral reefs and high topography suggest very young 
and rapid uplift. Basins with depths as great as 2.4 km sur-
rounding the island of Bacan suggest contemporaneous sub-
sidence. Rapidly exhumed metamorphic complexes in SE 
Asia have been identified elsewhere in east Indonesia and 
Papua New Guinea. Some of these have been described as 
metamorphic core complexes, for example, those in north 
and central Sulawesi (van Leeuwen and Muhardjo 2005; 
Spencer 2011), West Papua (White et al. 2019) and Papua 
New Guinea (Little et al. 2007). Other metamorphic com-
plexes in Seram and northwest Sulawesi have been described 
as exhumed in a core complex-style (Pownall et al. 2014) 
or as similar to core complexes but lacking a main detach-
ment fault (Hennig et al. 2017), with cooling rates (Pownall 
et al. 2014, 2017a; Hennig et al. 2017) that exceed those 
typically reported for classic metamorphic core complexes 
(65–280 °C/Ma, e.g. Scott et al. 1998; Vanderhaeghe et al. 
2003; Whitney et al. 2013).

The metamorphic rocks exposed in the Sibela Mountains 
in Bacan lack a clearly identifiable detachment fault and are 
unlikely to represent a classic metamorphic core complex. 
Here we report new field observations, as well as new geo-
chronological and thermochronological data obtained from 
the metamorphic complex in the Sibela Mountains on Bacan 
(Fig. 1b), which enable assessment of its young Neogene-
Quaternary evolution and record rapid exhumation associ-
ated with steeply dipping faults. This requires a formation 
mechanism different from that of classic metamorphic core 
complexes, as discussed below.

Geological background

Bacan is the largest island west of Halmahera at the south-
ern end of the Halmahera arc. It is known to be underlain 
by continental crust, at least in part, based on geochemical 
studies of volcanic rocks (Morris et al. 1983; Forde 1997) 
and observations of metamorphic rocks on the island (Brou-
wer 1921; Hamilton 1979). Metamorphic rocks of different 
grades form the Sibela Mountains on Bacan (Brouwer 1921; 
Hamilton 1979; Yasin 1980; Hall et al. 1988; Malaihollo and 

Hall 1996). The Sibela Continental Suite forms the southern 
part of the Sibela Mountains (Fig. 1b) and includes schists 
and gneisses of upper amphibolite facies containing garnet, 
kyanite and staurolite (Brouwer 1921); all record multiple 
phases of deformation (Malaihollo and Hall 1996). These 
metamorphic rocks were undated before this study; Ham-
ilton (1979) proposed they were Paleozoic, and Malaihollo 
and Hall (1996) suggested they included Precambrian con-
tinental crust derived from Australia.

Apart from the Sibela continental metamorphic rocks, the 
basement exposed in Bacan includes the Sibela ophiolite, a 
Cretaceous arc-related incomplete ophiolitic complex (Hall 
et al. 1988; Malaihollo and Hall 1996) in the northern part 
of the Sibela Mountains, and Eocene to Lower Miocene vol-
canic and volcaniclastic rocks in the northern and southern 
parts of the island (Fig. 1b). The basement rocks are intruded 
by Neogene granitoids and diorites, and unconformably 
overlain by Lower to Middle Miocene shallow marine lime-
stones interbedded with clastic sediments, and Upper Mio-
cene to Pliocene volcanic rocks, volcaniclastics, and lime-
stones deposited in a nearshore shallow-marine environment 
(Malaihollo and Hall 1996). The youngest shallow marine 
sedimentary rocks dated using foraminifera (Hall et al. 1992) 
have a middle to late Pliocene age.

Based on geological mapping Yasin (1980) interpreted 
the Sibela Mountains as a horst block and identified active 
faults with trends of NW–SE and NE–SW, some marked 
by hot springs. Silitonga et al. (1981) also identified N–S 
and E–W fault trends and interpreted Bacan as broken into 
fault-bounded horst and graben blocks. They divided Bacan 
into three parts based on its topography. The central part 
is a 2 km high horst block (Fig. 1b) of crystalline schists 
and basic and ultrabasic rocks. This is separated by a nar-
row swampy depression trending NE-SW, interpreted as a 
graben, from the northern part of the island which reaches 
heights of 1 km (Fig. 2) and has a basement of mainly 
Paleogene intermediate volcanic rocks and phyllites. The 
northern part of the island is split by a NW–SE graben-like 
depression (Fig. 2). A narrow NE-SW trending depression 
on the SE side of the Sibela Mountains is another graben 
that separates the central block from the third part of the 
island (Fig. 2) which also has a basement of Paleogene inter-
mediate volcanic rocks and reaches heights of almost 1 km 
(Fig. 1b). Silitonga et al. (1981) observed that lineaments 
interpreted from air photos in coastal regions indicate recent 
movements around the margins of the island. They reported 
that the boundary fractures of the Sibela horst have acted as 
channels for recent basaltic eruptions.

The Cenozoic tectonic history of Bacan is complex 
and includes several phases of contraction and extension. 
Cretaceous to Paleogene Philippine Sea plate rocks were 
thrust over the Australian continental crust in Halmahera 
during the arc-continent collision in the Early Miocene 

Fig. 1  The study area on Bacan island, eastern Indonesia. a Bacan is 
situated southwest of Halmahera north of the Sorong Fault Zone and 
east of the Halmahera Thrust (Silver and Moore 1978). b Geological 
map of Bacan based on Malaihollo and Hall (1996), including sample 
locations (yellow stars). The area comprises highly elevated regions 
and deeply subsided basins (elevations in m above and below sea 
level). SM Sibela Mountains, MI Mandioli island

◂
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(Hamilton 1979; Moore and Silver 1983; Hall 1987; Hall 
et al. 1988). Australian continental crust was emplaced 
below Bacan during this collision. The Sibela Mountains 
expose continental crust and parts of the Cretaceous arc 
(Hall et al. 1988; Malaihollo and Hall 1996). After the col-
lision shallow marine carbonates were deposited through-
out the Halmahera and Bacan region during the Early to 
Middle Miocene. Eastward subduction of the Molucca 
Sea started in the Middle Miocene, contemporaneous with 
westward subduction beneath the Sangihe arc, to form the 
well-known double subduction system and resulted in arc 
magmatism on Bacan (Baker and Malaihollo 1996; Forde 
1997; Hall 2012) which continued during the Quaternary 
(Morris et al. 1983) and has now almost ceased. Collision 
of the Halmahera and Sangihe arcs began at c. 2 Ma (Hall 
2000; Hall and Smyth 2008; Hall and Spakman 2015) 
and convergence of the two forearcs formed the central 
Molucca Sea collision complex. The collision complex is 
bounded to the southeast by the Sorong strike-slip fault.

Methodology

New field observations and remote sensing

Our mapping and sampling were undertaken during five field 
expeditions between 1984 and 2010. Structural observations 
were acquired during fieldwork, initially using air photos 
for location, but during expeditions in the 1990s and more 
recently used Shuttle Radar Topography Mission (SRTM) 
imagery (Farr and Kobrick 2000) with GPS locations. Off-
shore, detailed mapping is based on high-resolution multi-
beam bathymetry with a pixel size of 15–25 m (Orange et al. 
2010), so it is possible to map faults and other features off-
shore with a similar resolution to that using SRTM topogra-
phy on land. Figure 2 shows land topography and offshore 
bathymetry based on SRTM elevation data on land, com-
bined with multibeam bathymetry in the southern part of the 
map. North of approximately 0° 30’S the map has less detail 
offshore and is based on 30 arc seconds global bathymetry 
(Becker et al. 2009).

Fig. 2  Bacan and the surrounding area are characterized by a rectilin-
ear fault pattern which separates highly elevated regions from deeply 
subsided basins. In contrast, the western fault strands of the Sorong 
Fault Zone to the east and south of Bacan are marked by elongate 
strike-slip basin geometries. Fault analysis is based on field obser-
vations on Bacan, air photos and remote sensing from high resolu-

tion 30  m Shuttle Radar Topography Mission (SRTM) imagery on 
land (Farr and Kobrick 2000), 15–25  m multibeam bathymetry off-
shore within the area outlined by blue line and 30 arc second global 
bathymetry (Becker et al. 2009) for the offshore region without multi-
beam bathymetry
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Sample selection

Two staurolite-garnet schists (31H, 34B), one biotite schist 
(31E), three gneisses (31B, 31G-D, 33B), and one cross-
cutting granite dyke (31G-L) were collected from cobbles 
and boulders of an alluvial fan conglomerate at sample sites 
31, 33, and 34 at the foot of the southeastern flank of the 
Sibela Mountains (Fig. 1b; Table 1). The alluvial fan rocks 
form a band trending NE-SW, up to a few hundred meters 
wide, and were deposited against a steep faulted slope that 
rises rapidly a short distance inland from the sea (Fig. 3a-c). 
Boulders are typically about 1 m across (Fig. 3d) although 
a few reach 2 m. The metamorphic rocks on the NW side 
of the fault are almost inaccessible because of the steepness 
of the slope and dense rainforest. Narrow valleys incise the 
upper parts of the alluvial fan before the metamorphic rocks 
are reached down which large waterfalls flow. To the NE 
metamorphic rocks are exposed in outcrop at the coast and 
are light-colored granite gneisses and dark staurolite-garnet 
schists, identical to boulders sampled in the alluvial fan fur-
ther SW. The metamorphic rocks were investigated on the 
NW side of the Sibela Mountains in 1984 (Hall et al. 1988) 
where the faulted surface between the alluvial fan and the 
metamorphic rocks to the SE is slightly less steep and it was 
possible to follow the fast-flowing streams upslope, passing 
round waterfalls, aided by roots and trees, to about 900 m 
elevation, above which access was effectively impossible. 
Again, the rocks found in the outcrop are identical to the 
boulders found in the alluvial fan and are dominated by gar-
net-mica schists, staurolite-garnet schists and quartzo-feld-
spathic gneisses. This indicates that the sampled boulders 
were derived from nearby outcrops and offer the possibility 
to study the inaccessible in-situ basement from boulders.

Isotopic analyses

Isotopic analysis and age dating were conducted on selected 
minerals separated from the seven samples described in the 
previous section and listed in Table 1. Full analytical data 
and 40Ar/39Ar analysis specification parameters are pro-
vided in supplements 1.1–1.5. Biotite-gneiss samples 31B 
and 31G-D, calc-silicate gneiss 33B and the cross-cutting 

dyke 31G-L were analyzed by zircon U–Pb geochronol-
ogy. 31G-D and 31G-L were also analyzed with apatite 
(U–Th–Sm)/He thermochronology to constrain their uplift 
history. Schistose samples 31H, 34B and 31E were analyzed 
by mica 40Ar/39Ar thermochronology to investigate the cool-
ing history of the metamorphic rocks.

Zircon U–Pb ages and oxygen isotopes

Zircon grains were separated at Royal Holloway University 
of London using standard heavy mineral funnel separation 
procedures (e.g. Mange and Maurer 1992). The samples 
were crushed in a jaw crusher and rock chips were washed 
using nylon tissue meshes to obtain a grain size fraction of 
63–250 μm. The magnetic fraction was extracted using a 
hand magnet and the remaining fraction was run through 
sodium polytungstate (SPT) heavy-density liquid (density 
of ~ 2.9 g/  cm3), rinsed with distilled water, and dried in an 
oven at 40 °C. Zircons were separated from the heavy min-
eral fraction by using a Frantz magnetic barrier separator 
(1.7 A, 20° tilt angle), di-iodomethane (DIM) heavy-density 
liquid (~ 3.3 g/cm3) and hand-picking techniques.

The mounted zircons were analyzed with SHRIMP-II 
(U–Pb) and SHRIMP-SI (18O/16O) at the Australian National 
University. These analyses were referenced to the TEMORA 
2 U–Pb age and oxygen standard (416.8 ± 1.0 Ma; Black 
et  al. 2004) and SL13 uranium concentration standard 
(Claoué-Long et al. 1995). Data reduction followed the 
method described by Williams (1997). Analytical data is 
listed in Supplements 1.1 and 1.2. Photomicrographs were 
taken in reflected and transmitted light to detect cracks and 
inclusions and cathodoluminescence (CL) imaging was car-
ried out on a JEOL JSM 6610A scanning electron micro-
scope to detect internal features of the zircons (i.e., growth 
zonation, core-rim sites). The beam size varied from 10 to 
20 μm for rim and core analyses, respectively. Cathodolu-
minescence images of analysed zircons can be found in Sup-
plement 2.

Ages greater than c. 100 Ma were corrected for com-
mon Pb using measured 204Pb. Cenozoic ages are 207Pb 
common lead-corrected 206Pb-238U ages assuming a 
206Pb/238U-208Pb/235U age-concordance, because of the 

Table 1  List of samples 
analyzed in this study with 
locations and analytical 
methods

Sample ID Latitude Longitude Lihtology U–Pb 40Ar/39Ar (U–Th–Sm)/He

31H – 0.793754 127.527032 Staurolite-garnet schist White mica
34B – 0.753426 127.619291 Staurolite-garnet schist White mica
31E – 0.793754 127.527032 Biotite schist Biotite
31B – 0.793754 127.527032 Biotite-gneiss Zircon
31G-D – 0.793754 127.527032 Biotite-gneiss Zircon Apatite
31G-L – 0.793754 127.527032 Granite dyke Zircon Apatite
33B – 0.771370 127.570608 Calc-silicate gneiss Zircon
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low concentration of 204Pb, 207Pb and 208Pb. This assumes 
each analysis is a mixture of common and radiogenic lead 
and subsequently unmixed from the measured 207Pb-208Pb 
ratio (e.g. Muir et al. 1996). An independent age estimate 
from the 207Pb-206Pb ratio cannot be determined, so the 
age is determined from the 238U-206Pb ratio (Muir et al. 
1996). Ages greater than 1000 Ma are calculated from 
207Pb/206Pb ratios and ages less than 1000 Ma are calcu-
lated from 206Pb/238U ratios, as these yield more reliable 
results because of uncertainties in common Pb correc-
tions. All errors quoted in the text are at the 1σ level. 
Isoplot 4.11 (Ludwig 2012) was used to display the data 
on conventional Concordia diagrams (Wetherill 1956) 
for samples with ages of Permo-Triassic and older, and 
Tera-Wasserburg Concordia diagram (Tera and Wasser-
burg 1972) for the Pleistocene dyke. These were used to 
visually assess outliers (e.g. lead loss, common lead and 
inheritance). Any outliers were eliminated prior to the cal-
culation of the weighted mean age.

Mica 40Ar/39Ar

Micas were separated using a Frantz electromagnetic separa-
tor and purified by hand-picking. Separates were irradiated 
at the UC Davis McClellan Nuclear Radiation Centre in 
California, USA with the GA1550 standard (98.5 ± 0.8 Ma; 
Spell and McDougall 2003) using methodology described 
by Forster and Lister (2004, 2014), and analyzed at the 
Research School of Earth Sciences, ANU, Canberra, includ-
ing incremental heating in a double-vacuum resistance 
furnace. Analysis was conducted on an ARGUS VI Multi-
collector Mass Spectrometer, with data reduction using the 
software Noble v1.8 and eArgon (Supplements 1.3 and 1.4) 
following the approach by Forster and Lister (2004) and Bel-
trando et al. (2009). Separates were analyzed with 30 steps 
and with temperatures rising from 450 to 1450 °C (Lovera 
et al. 1989). The data reported have been corrected for sys-
tem backgrounds, mass discrimination, fluence gradients 
and atmospheric contamination. Errors associated with the 
age determinations are one-sigma uncertainties and exclude 
errors in the age of the standard GA1550. Decay constants 
are those of Steiger and Jager (1977). The 40Ar/39Ar dating 

Fig. 3  Field photographs of the Sibela Mountains in southern Bacan. 
a–c The thickly forested mountain range has steep and deeply incised 
slopes and reaches 2 km elevation. Large alluvial fans at the foot of 
the mountains are covered by rainforest and palm plantations but 

show distinctive gentle slopes. d The alluvial fan breccio-conglomer-
ates contain large boulders of metamorphic rocks intruded by multi-
ple generations of granite dykes



507International Journal of Earth Sciences (2024) 113:501–521 

technique is described in detail by McDougall and Harrison 
(1999) and Forster and Lister (2009).

Apatite (U–Th–Sm)/He

Apatites from samples 31G-L and 31G-D (Supplement 1.5) 
were extracted using standard heavy mineral separation 
procedures after Mange and Maurer (1992). Suitable crys-
tals were analyzed at the University of Melbourne, using 
a solid-state diode laser for helium extraction coupled to a 
Balzers quadrupole mass spectrometer after the analytical 
approach of Gleadow et al. (2015) and referenced to analyses 
of Durango fluorapatite (31.02 ± 1.01 Ma; McDowell et al. 
2005). A triplicate single-grain analysis was usually per-
formed unless the helium gas concentration was too low, in 
which case four to seven grains were combined in one analy-
sis. The grain parameters, including length, radius, morphol-
ogy, alpha-ejection correction, and effective U concentration 
(eU), as well as the number of grains per analysis and the 
age results, are listed in Supplement 1.5.

Results

Remote sensing and field observations

Faulting on land and Sibela Mountains uplift

Structural interpretation supports the rectilinear pattern of 
NE–SW and NW–SE faults identified by Yasin (1980) and 
Silitonga et al. (1981). Direct observation of faults is made 
difficult by thick rainforest vegetation cover and steep ter-
rain (Fig. 3a–c), and air photo interpretation is incom-
plete in some areas due to cloud cover. However, faults 
can be mapped on land from air photographs and SRTM 
imagery which show they have straight traces, indicating 
a steep dip (Fig. 2; Supplement 3a, b). The faults bound 
the elevated blocks, such as the Sibela Mountains, which 
are separated by commonly swampy graben. The Sibela 
Mountains block exceeds 2 km in elevation.

At the edges of the Sibela Mountains there are clear 
changes from steep mountain slopes with deeply incised 
valleys to large alluvial fans dominated by breccio-con-
glomerates at the coast and at the foot of the mountains 
(Fig. 3a–c). None of the underlying shallow marine Upper 
Miocene to Pliocene clastic sediments in the northern and 
southern parts of Bacan or the surrounding smaller islands 
contain metamorphic rock clasts or grains. Their sedimen-
tary structures typically indicate predominantly shallow 
and low-energy depositional environments. Some sedi-
ments contain pyroclastic horizons and evidence of rapid 
deposition, such as dewatering structures and slumps, and 

storm horizons, indicating contemporaneous volcanic 
activity but contain no evidence of metamorphic sources.

The alluvial fans deposited at the flanks of the Sibela 
Mountains (Fig. 3c), especially on the NW and SE sides, 
contain boulders of coarse-grained high-grade schists, 
granites and granite gneisses (Fig. 3d). Since no meta-
morphic material is found in the youngest Pliocene marine 
sediments we interpret this to indicate uplift began in the 
Late Pliocene or later and the coarse alluvial fan breccio-
conglomerates are Late Pliocene to Quaternary. Late Plio-
cene or younger uplift of the Sibela block is indicated by 
Quaternary coral reef limestones now at a height of 700 m 
on Buku Genem (Mollat 1979, in Silitonga et al. 1981) 
in the NE part of the Sibela Mountains (Fig. 4). Today, 
Quaternary reefs fringe the northeast end of the Sibela 
Mountains and Mandioli island to the west of the Sibela 
Mountains (Fig. 4). Several boiling hot springs emerge 
in the sea close to the faults on the SE side of the Sibela 
Mountains, indicating present-day tectonic activity. The 
location of Neogene intrusive igneous rocks and Quater-
nary basic volcanic rocks (Fig. 1b) in both the northern 
and southern parts of Bacan are linked to the NW–SE and 
NE–SW steep faults (Yasin 1980; Silitonga et al. 1981; 
Baker and Malaihollo 1996; Malaihollo and Hall 1996) 
indicating the faults have influenced the locations of mag-
matism from at least the Early Miocene until the Quater-
nary. Continuing uplift is suggested by colonial forts in 
the Bacan islands dating from the late sixteenth century, 
originally constructed close to the coast and now situated 
some distance inland.

Faulting offshore and basins around Bacan

The rectilinear pattern of faulting observed on land can also 
be observed offshore around Bacan based mainly on high-
resolution multibeam bathymetry (Figs. 2 and 4). The map-
ping offshore shows a similar pattern to that on land with 
major steep faults trending NE-SW and NW–SE outlining 
numerous rectilinear blocks of approximately 10–20 km 
width (Fig. 4). Most of the offshore lineaments are sharply 
defined indicating they are active features with little sedi-
mentary cover. Blocks on land, such as those of northern 
and southern Bacan reach elevations up to 1 km and in the 
Sibela Mountains elevations of more than 2 km. Offshore the 
basin south of the Sibela Mountains is approximately 2.4 km 
deep and that south of southern Bacan is around 1.6 km deep 
(Fig. 1b). The basin northeast of the Sibela Mountains is 
approximately 1.5 km deep based on the global 30-arc sec-
onds bathymetry, and intermittent records of depths from 
depth sounder instruments used on boats during fieldwork 
in the region.

On the SE side of the Sibela Mountains closely spaced 
topographic contours characterize the northwestern side 
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of the adjacent offshore basin (Figs. 1b and 5a). Mapping 
using SRTM and multibeam imagery shows the steep sec-
tions between the foot of the southeastern Sibela Moun-
tains and the offshore basin to the southeast where several 
closely spaced sub-parallel faults can be identified. The 
faults are associated with large vertical displacements 
(Fig. 5b), and the total elevation difference from the Sib-
ela Mountains summit to the coastal alluvial fans is c. 
1.7 km, and that between the summit and the adjacent 
offshore basin floor to the southeast is c. 4.6 km. They are 
interpreted as steeply-dipping normal faults (Supplements 
3F, G).

The pattern of faulting and the shapes of basins contrast 
markedly with fault patterns and basin shapes associated 
with the Sorong Fault strands. The Sorong Fault basins are 
narrow, elongate parallel to the fault strands, and although 
locally up to 2 km deep are small in area (Fig. 2; Supple-
ment 3c, d and e). In contrast, the area of the rectilinear 
faulting with blocks in and around Bacan is approximately 
100 × 100 km, with basins approximately 20 × 20 km, com-
pared to the approximately 25 × 5 km area of the largest 
basin in the Sorong Fault zone SE of the south arm of 
Halmahera (Figs. 2 and 4). Other basins associated with 

the Sorong Fault to the east are also narrow and elongate, 
approximately parallel to the E-W trend of the major fault, 
smaller and less deep.

Offshore there is also striking evidence of young defor-
mation. As noted above, there are coral reefs at 700 m 
elevation in the NE part of the Sibela Mountains at Buku 
Genem and on the island of Mandioli, west of the Sibela 
block, former Quaternary reef edges are now at elevations 
of 100 to 200 m (Fig. 4). However, only 10 km west of 
Mandioli island, water depths increase westwards to more 
than 4 km, and former reefs are now drowned and dis-
tinctive reef edges are traceable at depths of 500–2000 m 
depth for distances of more than 30 km from north to south 
(Fig. 4). The reefs are not covered by significant sediment 
implying that the drowning is very young. Thus, from east 
to west, from south Halmahera crossing the Sibela Moun-
tains to the Halmahera Thrust (Fig. 5a) is a young flexure 
which is deepest at the Halmahera Thrust in the west with 
a maximum elevation of 2 km in the central Sibela Moun-
tains (Fig. 5b). The downfaulted basins have the form of 
keystone blocks within a flexural bulge. The pattern sug-
gests the flexure and the chocolate block pattern of blocks 
is a consequence of loading at the Halmahera Thrust by 
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the Molucca Sea collision complex (Silver and Moore 
1978; Hamilton 1979; Watkinson et al. 2011).

Petrography

The staurolite-garnet schists contain quartz, feldspar, biotite, 
white mica, garnet, staurolite, tourmaline, an opaque phase, 
and rare kyanite. They have a clear foliation marked by 
graphite-rich white mica bands and show evidence of duc-
tile deformation by micro-folds and shear bands. Abundant 
prismatic staurolite and garnet with complex internal struc-
tures grew during deformation, while relict kyanite appears 
to have grown during an earlier phase of metamorphism 

(Fig. 6a–d). White mica from the foliation bands and some 
white mica flakes from syn-kinematic garnet porphyroblasts 
and their pressure shadows have been analysed for 40Ar/39Ar 
from 31H and 34B to date the latest deformation event. Bio-
tite schists are fine-grained and show biotite mica fish in 
an SC shear fabric (Fig. 6e). Biotite flakes from foliation, 
from mica fish and subordinate from SC shear fabrics have 
been analysed with 40Ar/39Ar from 31E for evaluation of the 
deformation history.

The foliated biotite-gneisses 31B and 31G-D are com-
posed of quartz, K-feldspar, plagioclase, biotite, titanite, an 
opaque phase, and retrograde chlorite and epidote (Fig. 6f). 
The calc-silicate gneiss sample 33B contains subordinate 
biotite only and has abundant calcite in the foliation bands 

Fig. 5  a Simplified version of the topography and bathymetry based 
on the same sources as Fig. 3. The red line E–F is the elevation pro-
file shown in b running from the Halmahera Thrust in the west to the 
Halmahera South Arm in the east. b Elevation profile showing the 
proposed flexural bulge on Bacan (red line) with parameters used 

for elastic thickness calculations, following the approach described 
by Turcotte and Schubert (2002). Elevation profile with 4 × vertical 
exaggeration. Green lines indicate the interpreted major steep faults 
that intersect the profile
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(Fig. 6g). A leucocratic granite dyke (31G-L) cross-cuts the 
gneiss 31G-D and contains predominantly quartz, K-feld-
spar and plagioclase, with local dynamic recrystallization 
of quartz grains (Fig. 6h).

Analytical results

Zircon U–Pb and oxygen isotopes

Zircon U–Pb and oxygen isotope analyses were undertaken 
on three gneisses (31B, 31G-D and 33B) and one granite 
dyke (31G-L). Ion microprobe analyses of zircons from 
gneisses 31B and 31G-D yielded Permo-Triassic ages 
(weighted means at 248.6 ± 2.4 Ma and 250.9 ± 3.2 Ma) 
from oscillatory zoned euhedral to subhedral grains (Fig. 7a, 
b; Supplement 2). Sample 33B also contained Permo-Tri-
assic ages from euhedral to subrounded oscillatory zoned 
zircons (weighted mean at 257.2 ± 3.0 Ma), as well as Paleo-
proterozoic and Archean ages from subrounded to rounded 
zircons (Fig. 7c, d; Supplement 2). Precambrian zircons have 
mainly oscillatory zoned cores with dark rims or irregular 
overprinting structures but yielded no significant age vari-
ations between cores and rims (age differences are in the 
order of tens of Myrs) (Supplements 1.1 and 2).

Analysis of zircon grains from a granite dyke (31G-L) 
that cross-cuts 31G-D also yielded Permo-Triassic ages 
within oscillatory zoned zircons and grain cores (weighted 
mean at 251.9 ± 2.7 Ma) similar to 31G-D (Supplement 
2), but in contrast Pleistocene ages (weighted mean at 
1.42 ± 0.03 Ma) have been recorded within dark or oscilla-
tory zoned grain rims (Fig. 7e, f; Supplement 2). The Th/U 
ratios of the Pleistocene rims are very low (0.00–0.06). Such 
ratios have been considered to represent metamorphic zircon 
growth (Ahrens et al. 1967), although this interpretation has 
been challenged more recently as there are also magmatic 
zircons with such low ratios (Yakymchuk et al. 2018).

To further characterize the different zircon ages in-situ 
oxygen isotopic analyses of the granitic dyke 31G-L were 
collected using SHRIMP-SI which yielded comparable δ18O 
values from both Permo-Triassic cores (5.21–6.13 ‰) and 
Pleistocene rims (4.72–5.22 ‰) (Supplement 1.2). The 
values suggest interaction with a mantle fluid, rather than 

a magmatic, metamorphic or crustal source (Valley 2003; 
Black et al. 2004).

Mica 40Ar/39Ar

40Ar/39Ar analyses were carried out on three schistose sam-
ples (31E, 31H and 34B) from a 63–250 µm mica fraction 
which includes the largest mica flakes in the rocks that define 
the pervasive foliation (Fig. 6a-e). White mica from two 
staurolite-garnet schists yielded 40Ar/39Ar plateau ages of 
0.79 ± 0.04 Ma (31H) and 0.69 ± 0.05 Ma (34B) (Fig. 8a, 
b). Biotite from biotite schist 31E yielded a plateau age of 
0.64 ± 0.02 Ma (Fig. 8c). The ages indicate generally cooling 
through moderate (c. 300–500 °C) temperatures (Harrison 
et al. 1985; Reiners et al. 2018) and suggest very young 
exhumation in the Pleistocene.

Apatite (U–Th–Sm)/He

Multiple analyses were carried out on multi-grain aliquots 
from samples 31G-D (biotite-gneiss) and 31G-L (granite 
dyke). Five analyses of 31G-D yielded corrected ages of 
0.42–1.20 Ma; three analyses of 31G-L yielded corrected 
ages of 0.57–0.79 Ma. Data reduction yielded weighted 
mean ages of 0.68 ± 0.34 Ma and 0.69 ± 0.33 Ma, respec-
tively (95% confidence level—see Supplement 1.5). These 
ages are interpreted to be related to cooling through c. 
70–95 °C (Wolf et al. 1996; Reiners et al. 2018), and record 
near-surface exhumation in the Pleistocene.

Discussion

Protoliths of the metamorphic rocks

The protoliths of gneisses in the Sibela Mountains are inter-
preted to be related to Permo-Triassic arc magmatism. Zir-
con U–Pb weighted mean ages are summarized in Table 2. 
Permo-Triassic ages obtained from euhedral and oscillatory 
zoned zircons (Supplement 2) from the biotite gneisses 
31B and 31G-D (c. 249 and 251 Ma) are interpreted to 
reflect the crystallization ages of their granitoid protoliths. 
Abundant elongate to subrounded Permo-Triassic zircons 
and subrounded to rounded Precambrian zircons from the 
calc-silicate gneiss 33B (Supplement 2) are interpreted as 
detrital, indicating a volcaniclastic origin for the protolith. 
The Permo-Triassic zircons from this sample are oscillatory 
zoned (Supplement 2) and interpreted as ash fall deposits 
and/or reworked from contemporaneous Permo-Triassic 
magmatic rocks.

The Permo-Triassic granitoid and volcaniclastic protoliths 
from Bacan are interpreted to have formed during Permo-Tri-
assic arc-related magmatism at the north Australian margin 

Fig. 6  Photomicrographs of metapelites, granite-gneisses and a gran-
ite dyke from the Sibela Continental Suite. a-d Syn-kinematic garnet 
porphyroblasts (a, b) and prismatic staurolite (c, d) within strongly 
deformed quartz and white mica bands in staurolite-garnet schist. 
e Flattened biotite flakes and biotite mica fish in SC shear fabric of 
biotite schist. f Granite-gneiss showing local retrograde alteration of 
biotite to chlorite. g Calc-silicate gneiss with recrystallized quartz 
and calcite bands. h Leucocratic granite dyke similar to 31G-L with 
localized quartz recrystallisation. Bt biotite, Cal calcite, Grt garnet, 
Kfs K-feldspar, Ky kyanite, Qtz quartz, St staurolite, Ttn titanite, Wm 
white mica

◂



512 International Journal of Earth Sciences (2024) 113:501–521

Fig. 7  Wetherill Concordia (a–e) and Tera-Wasserburg Concordia 
(f) diagrams of U–Pb zircon analyses of gneisses (a–d) and a granite 
dyke (e, f). All rocks analyzed contain a main Permo-Triassic zircon 

population. The calc-silicate gneiss yielded several zircons with Pro-
terozoic and Archean ages (c), and the granite dyke recorded Pleisto-
cene zircon rims (f)
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of New Guinea (e.g. Bladon 1988; Pieters et al. 1983; Hill 
and Hall 2003; Gunawan et al. 2012, 2014; Zimmermann 
and Hall 2016). This is because similar Permo-Triassic zir-
cons (c. 205–275 Ma) have been reported from western New 
Guinea from detrital zircons obtained from volcaniclastic 
sediments of the Tipuma Formation (Gunawan et al. 2014), 
and from zircon dating of Upper Permian to Upper Triassic 
(c. 213–257 Ma) granitoids (Webb and White 2016; Jost 
et al. 2018), which represent potential unmetamorphosed 
equivalents of the protoliths at the northern Australian mar-
gin. The age of metamorphism of this granitic basement in 
Bacan is not known but is possibly related to arc-continent 
collision in the Early Miocene.

At the time of emplacement, the Bacan Permo-Triassic 
granitoid melts must have intruded into a pre-Permian base-
ment, such as the Silurian-Devonian metasediments in West 
Papua (Pieters et al. 1990; Jost et al. 2020) to account for 
the Precambrian detrital zircons found in sample 33B. The 
observed rounded Precambrian zircons are interpreted to be 
recycled from continental crust which probably forms the 
Precambrian basement of western New Guinea.

The granite dyke (31G-L) zircons from Bacan show the 
same Permo-Triassic age population as the biotite gneisses 
(Fig. 7e). This is interpreted as inheritance and shows that 
the dyke was derived from partial melting of Permo-Triassic 
granitoids (e.g., equivalents of its host rock 31G-D). Zircon 
rims from the dyke are interpreted to have crystallized at c. 
1.4 Ma (Table 2) as overgrowth derived from melting. The 
concentric zoning (Supplement 2) and the oxygen isotope 
values indicate a magmatic origin despite their low Th/U 
ratios. The dykes show localized dynamic recrystalliza-
tion as observed in the thin section (Fig. 6h) which may be 
related to post-crystallisation metamorphism at c. 0.7 Ma 
recorded in micas from schists in this study (Fig. 8) related 
to uplift and extension. An alternative explanation for the 
different metamorphic character of the dykes and the host 
rock gneiss is compositional differences. Deformation in 
both could be a result of the Pleistocene metamorphism 
dated in the schists, but while the gneiss with high content of 
mica developed a clear foliation, the leucocratic dykes only 
show the observed dynamic recrystallisation. This would 
however imply metamorphism of the granitic basement in 
the Pleistocene and not in the Miocene.
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Cooling and exhumation histories

U–Pb ages from oscillatory zoned rims on Permo-Triassic 
zircons in the granite dyke show they crystallized at c. 
1.4 Ma (Fig. 7f) and are interpreted to represent the intrusion 
age of the dyke. 40Ar/39Ar dating of micas in schists record 
ages between c. 0.64 and 0.79 Ma (Fig. 8; Table 2) related to 
exhumation. Granite dykes show localized dynamic recrys-
tallisation in thin section (Fig. 6h) which may be related to 
the Quaternary metamorphic ages recorded in the micas of 
the schists. This is interpreted to record young exhumation 
of the Sibela metamorphic rocks with the dyke formation 
related to magmatism shortly prior to exhumation.

U–Pb zircon and apatite (U–Th–Sm)/He ages from 
the granite dyke (31G-L), summarized in Table 2, indi-
cate a rapid cooling history between c. 1.4  Ma and c. 
0.7 Ma, recording an apparent cooling rate of 1380 °C/Ma 
(Fig. 9). This assumes approximate closure temperatures of 
900 °C for the zircon U–Pb age and 70 °C for the apatite 
(U–Th–Sm)/He age (Reiners et al. 2018). Whilst the early 
part of this history may relate to post-emplacement cooling 
to ambient crustal temperatures, we interpret the rapid cool-
ing to low temperatures to reflect exhumation of the sample 
in the upper crust. The lower temperature part of the cool-
ing history can be more certainly assigned to exhumation 
through the upper crust. By using the apatite (U–Th–Sm)/He 
data (age range of c. 0.4–1.2 Ma) and assuming a present-
day surface temperature of 25 °C, a minimum cooling rate 
between c. 38 and 113 °C/Ma can be calculated (an average 
of 65 °C/Ma using the average (U–Th–Sm)/He age of c. 
0.69 Ma) for exhumation in the uppermost part of the con-
tinental crust (Fig. 9). An average rate of 65 °C/Ma would 
be high for shallow subsurface levels and exceeds rates of 
temperature changes during mountain uplift and exhuma-
tion achieved solely as a consequence of erosion, such as 
those reported, for example, from Cascadia, USA with aver-
age rates of 15 °C/Ma (Brandon et al. 1998; Reiners and 
Brandon 2006) or late-stage metamorphic core complex 

exhumation, for example, of the Middle Miocene Rechnitz 
metamorphic core complex in the Austrian Alps at c. 11 °C/
Ma (Dunkl and Denémy 1997). Thus, the cooling rate esti-
mated for Bacan is interpreted here to indicate a different 
mechanism, tectonically-driven exhumation, which can 
facilitate such a high rate of cooling.

Table 2  Summary of radiometric ages obtained in this study

1σ error for all analysis
a Weighted mean age
b Plateau age

Sample Lithology Mineral aZircon U–Pb bMica 40Ar/39Ar aApatite (U–Th–Sm)/He

31H Staurolite-garnet schist White mica 0.79 ± 0.04 Ma
34B Staurolite-garnet schist White mica 0.69 ± 0.05 Ma
31E Biotite schist Biotite 0.64 ± 0.02 Ma
31B Biotite-gneiss Zircon 248.6 ± 2.4 Ma
31G-D Biotite-gneiss Zircon, apatite 250.9 ± 3.2 Ma 0.68 ± 0.34 Ma
31G-L Granite dyke Zircon, apatite 1.42 ± 0.03 Ma 0.69 ± 0.33 Ma
33B Calc-silicate gneiss Zircon 257.2 ± 3.0 Ma

Fig. 9  Temperature versus Time plot for the granite dyke 31G-L and 
schists analyzed in this study. The Pleistocene geo- and thermochro-
nological results presented in this study indicate rapid cooling and 
exhumation to the near-surface
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40Ar/39Ar mica ages of the Sibela Mountains schists are 
Pleistocene (c. 0.7 Ma) (Fig. 8; Table 2) and record cool-
ing through temperatures of c. 525 °C (phlogopite) and c. 
460 °C (white mica) following Reiners et al. (2018), who 
calculated closure temperatures as a function of cooling rate. 
The apatite (U–Th–Sm)/He data of the gneiss and granite 
dyke indicate a geothermal gradient of c. 42 °C/km based 
on the software AGE2EDOT (Brandon et al. 1998), which 
suggests exhumation from an inferred maximum depth of 
c. 11 km. Calculation of the cooling rate using the oldest 
40Ar/39Ar age of 0.83 Ma (sample 31H; plateau age plus 
error) and a minimum white mica closure temperature of 
350 °C (Purdy and Jäger 1976; Harrison et al. 2009) with a 
present-day surface temperature of 25 °C, results in a cool-
ing rate of c. 420 °C/Ma. This rate can be translated into an 
exhumation rate of c. 10 mm/year (Fig. 9). It should be noted 
that the cooling paths shown in Fig. 9 are approximations 
since they include uncertainties in the closure temperatures 
of the isotopic systems, as well as in the geothermal gradient 
used for calculations. However, it is clear that the very young 
40Ar/39Ar ages obtained from step-heating profiles shown 
in Fig. 8 indicate exceptionally fast cooling and exhuma-
tion since the Pleistocene. A high heat flow due to tectonic 
processes and a present-day elevated geothermal gradient is 
supported by fault-related Quaternary volcanism in Bacan 
and boiling hot water springs at the eastern edge of the Sib-
ela Mountains. Thus, cooling rates of the order of several 
hundred °C/Ma as calculated from the 40Ar/39Ar data are 
considered realistic.

The geochronological data show rapid young exhumation 
of continental basement in the Sibela Mountains and we 
suggest that the extreme differences in elevation, with rapid 
subsidence associated with basin formation offshore, is very 
young, and formed in the last 2 million years. The lack of 
metamorphic debris in Upper Pliocene clastic sediments, the 
subsidence of carbonate reefs offshore to depths up to 2 km 
and the uplift of reefs on land to 700 m support this inter-
pretation. Pleistocene exhumation resulted in the erosion of 
metamorphic rocks and granitoids on the NW and SE side 
of the Sibela Mountains which formed alluvial fans at the 
coast, and sediments were carried offshore into the basin, 
manifested in places by large-scale slumps identified on the 
multibeam imagery (Figs. 4; Supplement 3a, b).

Uplift mechanism

The continental metamorphic rocks of the Sibela Moun-
tains include Permo-Triassic granitoid protoliths intruded 
into Precambrian basement rocks or Paleozoic sedimentary 
cover rocks within the north Australian continental margin. 
These rocks were thrust beneath Philippine Sea plate arc 
rocks during the arc-continent collision in the Early Mio-
cene (Fig. 10a), probably metamorphosed in that process, 

and formed part of the basement at the southern end of 
the Neogene intra-oceanic Halmahera volcanic arc (Mor-
ris et al. 1983; Forde 1997) during east-dipping subduction 
(Fig. 10b). The rectilinear faults were structures that pre-
date, or were formed during the collision and later influenced 
location of igneous activity on Bacan, either post-collisional 
granite magmatism or Molucca Sea subduction-related Hal-
mahera arc volcanism.

The east-dipping Halmahera subduction zone was initi-
ated in the Middle Miocene forming the double subduction 
zone (Fig. 10b). Westward subduction rollback gradually 
eliminated the Molucca Sea plate since then. The Bacan 
region was largely submerged during the Miocene and 
Pliocene with Upper Miocene and Pliocene volcanism 
indicated by intercalated volcaniclastic material in shallow 
marine sediments. The Neogene and Quaternary volcanic 
arc was situated in east Bacan, which would have led to a 
high heat flow and steep geothermal gradient beneath the 
arc. Rollback would have led to thinning of the crust and 
lithosphere in the Halmahera forearc in western Bacan and 
further west, augmenting heat flow due to the inflow of hot 
mantle below the extending forearc. As the two arcs began 
to collide, the eastward thrusting of the Sangihe forearc over 
the Halmahera forearc at the Halmahera Thrust (Hall 2000; 
Hall and Smyth 2008) formed the Molucca Sea collision 
complex which loaded the Halmahera forearc in the Bacan 
region (Fig. 10c). There are two plausible explanations of 
the observed rapid and very young exhumation of the Sib-
ela Mountains metamorphic complex, one related to verti-
cal movement along the Sorong strike-slip system and the 
other to eastward thrusting of the collision complex. The 
loading produced a flexure with subsidence of the crust in 
the west, as indicated by carbonate reefs visible on the multi-
beam images to depths of c. 2 km (Fig. 4), and uplift further 
east shown by elevation of Quaternary reefs. The shape of 
the flexure can be assessed from bathymetric-topographic 
profiles across the forearc and arc and the most complete 
profile crosses from North Bacan to the Halmahera Thrust 
(Fig. 5). The elastic thickness of the plate can be estimated 
using the universal lithospheric deflection profile for a ver-
tical end load (Turcotte and Schubert 2002) such as would 
be produced by thrusting of the collision complex onto the 
forearc at the Halmahera Thrust. The elastic thickness (Te) 
calculated from the measured height of the forebulge (wb) 
and the half-width of the forebulge (xb) is 7–10 km. Most 
of Indonesia has Te values less than 30 km (Tesauro et al. 
2012) consistent with regionally hot and weak lithosphere 
(Hall and Morley 2004). The Okinawa Trough in a backarc 
setting has an effective elastic thickness of 9–30 km (Xu 
and Chen 2021). Values less than 20 km are common in the 
hot Cordillera backarc regions of North America (Hyndman 
et al. 2009) and values less than 10 km are reported for the 
Basin and Range area of the central U.S. Cordillera (Lowry 



516 International Journal of Earth Sciences (2024) 113:501–521

and Smith 1995). The values of Te for Bacan are therefore 
low, but not unexpected, for an arc region in which there has 
been a recent extension.

This flexure of this weak lithosphere is interpreted to have 
reactivated the rectilinear normal faults allowing independ-
ent block movements, i.e. uplift of the Sibela Mountains and 
subsidence of adjacent basins. A link to the Sorong strike-
slip fault system seems very unlikely. We suggest these verti-
cal movements resulted either from the flow of the deep crust 
or mantle from subsided to elevated blocks (Hall 2011), or 
delamination of a fluid-weakened lithospheric mantle and 
localized upwelling of the asthenosphere (cf. Zandt et al. 
2004). The former was interpreted by Morley and Westa-
way (2006) as a driving mechanism for subsidence in the 

Pattani and Malay basins. This would explain i) the heat 
for metamorphism recorded by the 40Ar/39Ar cooling ages, 
ii) growth of high-temperature Buchan-type metamorphic 
minerals (staurolite, garnet), iii) granite dyke magmatism 
from re-melting of the basement, including δ18O mantle sig-
natures, and iv) Quaternary andesitic volcanoes and volcanic 
rocks along the rectilinear faults around the Sibela Moun-
tains. All of these features have similarities to metamorphic 
core complexes (MCC); however, the interpreted high-angle 
nature of the faults is different from the classic MCC model 
which is characterized by low-angle detachment faults. Fur-
thermore, there is no indication of a major mylonitic shear 
zone although this could be obscured by rainforest.

Fig. 10  Schematic cross-sections and paleogeographic maps showing 
the tectonic evolution of the Bacan area from the Early Miocene to 
Pleistocene based on Hall (2000, 2012) and Hall and Smyth (2008). 
Black lines on the paleogeographic maps indicate cross-section ori-
entation; yellow circles show the location of Bacan at that time. a 

Northward subduction beneath Philippine Sea plate in the Early Mio-
cene. b Closure of Molucca Sea in the Middle Miocene to Pliocene. c 
Arc-arc collision: Sangihe arc thrust over Halmahera arc in the Qua-
ternary
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We suggest that vertical movements along block-bound-
ing normal faults facilitated rapid exhumation coupled with 
rapid subsidence of adjacent basins. We propose that this 
type of steep fault-controlled complex be termed a metamor-
phic block complex (MBC). This study invites the search for 
similar complexes in rapidly exhumed regions elsewhere.

Analogous metamorphic complexes

The extreme exhumation of Plio-Pleistocene metamorphic 
blocks is relatively poorly documented around the world. 
There are other metamorphic complexes in east Indonesia, 
in NW Sulawesi and Seram, some interpreted as classic 
metamorphic core complexes (e.g., Baldwin et al. 1993; 
Little et al. 2007; Spencer 2011; van Leeuwen et al. 2016; 
Advokaat et al. 2017), whereas others have similarities to 
the Bacan metamorphic rocks having been rapidly exhumed 
with young high-grade metamorphic rocks and granites 
within steep fault zones. We look at two examples in SE 
Asia and discuss the similarities.

In NW Sulawesi the Palu Metamorphic Complex (PMC) 
was exhumed in the Pliocene (van Leeuwen and Muhardjo 
2005; van Leeuwen et al. 2016; Hennig et al. 2017). Schists 
containing andalusite, cordierite, staurolite and Mn-rich gar-
net are associated with granite gneisses. 40Ar/39Ar dating of 
biotite, white mica and amphibole from strongly deformed 
mylonitic schists and recrystallized amphibolites reveals 
Early Pliocene (c. 5.3–4.8 Ma) cooling in the northern part 
and Late Pliocene (c. 3.1–2.7 Ma) cooling in the southern 
part of the PMC (Hennig et al. 2017). U–Pb, 40Ar/39Ar and 
(U–Th–Sm)/He analyses of various minerals from PMC 
metamorphic and S-type magmatic rocks give very simi-
lar mid to Late Pliocene ages. A minimum cooling rate of 
c. 17–21 °C/Ma is estimated for near-surface exhumation 
based on an apatite (U–Th–Sm)/He age of 2.4 ± 0.2 Ma 
from a granite dyke (Hennig et al. 2017). Alluvial and flu-
vial sediments of the Palu Formation unconformably overlie 
the PMC and contain Pleistocene nannofossils and alunite 
clasts that yielded a K–Ar age of 1.7 Ma (van Leeuwen and 
Muhardjo 2005; van Leeuwen et al. 2016) which indicate 
the PMC had reached the surface by then. A depositional 
age of 1.7 Ma results in a cooling rate of around 64 °C/Ma, 
similar to the average cooling rate proposed here for the Sib-
ela Mountains. Exhumation of the PMC was interpreted by 
Hennig et al. (2017) to have been facilitated by steep faults 
in a major strike-slip system linked to subduction rollback 
at the North Sulawesi trench (Hall 2018).

Seram has a longer complex Neogene history of meta-
morphism and granite melting. 40Ar/39Ar and U–Pb ages 
from different rock types record thermal events at 25–20 Ma, 
16 Ma, 5.7 Ma, 4.5 Ma, and 3.4 Ma (Pownall et al. 2017a, b). 
Late Oligocene–Early Miocene collision between the Aus-
tralian continental crust and the north Sulawesi volcanic arc 

is recorded by zircon U–Pb ages. At 16 Ma, a major kyanite-
grade metamorphic event in western and central Seram 
occurred at the same time as ultrahigh-temperature meta-
morphism and melting of granulite-facies rocks (Pownall 
et al. 2017a). These are interpreted to mark extension dur-
ing slab rollback which exhumed lherzolites and adjacent 
granulite-facies migmatites beneath extensional detachment 
faults in western Seram at 6.0–5.5 Ma, heating and shear-
ing adjacent schists to form gneisses (Pownall et al. 2017b), 
followed by widespread deformation and exhumation of 
migmatites on Ambon at c. 3.5 Ma (Pownall et al. 2017a). 
Ambonites, cordierite- and garnet-bearing dacites sourced 
predominantly from melts generated in the migmatites, were 
later erupted on Ambon from 3.0 to 1.9 Ma. These ages 
support multiple episodes of high-temperature extension 
and strike-slip faulting, interpreted to be the result of Seram 
being detached from SE Sulawesi, extended, and dragged 
east by the rollback of the Banda subduction hinge.

The metamorphic complexes in NW Sulawesi and Seram 
are largely narrow elevated zones bounded by or within strike-
slip faults. The PMC on Sulawesi was rapidly exhumed along 
steep faults in a strike-slip setting, while the metamorphic 
rocks on Seram were exhumed along strands of a larger detach-
ment fault in a strike-slip setting. Some prominent strike-slip 
faults reported around the world do have branch fractures 
combined with antithetic faults at their tips or where multiple 
stepping strike-slip features interact (e.g. Kim et al. 2003), but 
these are small and result in a series of parallel rotated blocks. 
Large-scale strike-slip faults can have normal faults at their 
tips, for example, the La Tet Fault, eastern Pyrenees (Cabrera 
et al. 1988), which are commonly straight and have an angle of 
c. 40–50° to the master fault (Kim and Sanderson 2006). Major 
strike-slip faults such as the Tan-Lu fault zone in eastern China 
(Lu et al. 2023) terminate in thrusting, fault-related folding 
and uplift, as well as basins, but these are quite unlike the pat-
tern of rectilinear faults and blocks close to Bacan. Although 
the major Sorong strike-slip fault zone passes close to Bacan 
(Fig. 3), there are no major elevated fault blocks within the 
several narrow horsetails splays near the western end of the 
fault zone. Within these strands are basins which are narrow, 
elongate parallel to the faults, c. 10–30 km long and up to 
c. 5–10 km wide, and locally up to 2 km deep in which 2D 
seismic lines show up to 1 s TWT (two-way travel time) of 
sediment. The largest basin in a Sorong Fault strand SE of the 
south arm of Halmahera is approximately 25 × 5 km in area 
(Fig. 3). There are few important faults not parallel to the main, 
broadly E-W, trend of the Sorong Fault strands. The rectilinear 
pattern of faulting within the area in and around Bacan is very 
different, to both the Sorong Fault strands, as well as the PMC 
and Seram complexes.

Elsewhere in the world, the Rwenzori Mountains of East 
Africa have some similarities to the Sibela Mountains. They 
consist of a Precambrian metamorphic basement, now elevated 
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to more than 5 km, forming a horst block at the edge of the 
western branch of the East African Rift system (Kaufmann 
et al. 2016). Uplift mechanisms are still debated. Wallner 
and Schmeling (2011) interpreted the delamination of part of 
the mantle lithosphere resulting in the rebound of the crust. 
Sachau and Koehn (2010) and Sachau et al. (2013) interpreted 
fault-related uplift in a rift-related extensional setting. Bauer 
et al. (2013) interpreted a long exhumation history, with rock 
uplift since the Miocene which outpaced erosion resulting in 
recent high and asymmetric topography, and fast final sur-
face uplift associated with glacial erosion along predefined 
fault zones. Kaufmann et al. (2016) modelled an uplift rate of 
1–2 mm/year in the last 2 Ma and Bauer et al. (2013) inter-
preted Plio-Pleistocene surface uplift/erosion in the Rwenzori 
Mountains to be around < 2–3 km, which would translate into 
roughly 1 mm/year uplift rate, both much lower than the rates 
we interpret for the Sibela Mountains. During the uplift of the 
Rwenzori Mountains since 300 ka, Ring (2008) suggested gla-
cial erosion removed c. 1–2 km material at rates of 1.5–4 mm/
year, which are similar to those of the Sibela Mountains, lead-
ing to isostatic rebound promoting normal faulting. All stud-
ies recognize that the exhumation of the Rwenzori Mountains 
occurred in a continental rift setting, very different from the 
Sibela Mountains, although high uplift rates and steeply dip-
ping faults have contributed to the rapid exhumation of deep 
crustal metamorphic rocks.

Conclusions

Eastern Indonesia is a tectonically active region in which 
there are many examples of rapidly exhumed metamorphic 
complexes. Some conventional metamorphic core com-
plexes characterized by low-angle detachments (van Leeu-
wen and Muhardjo 2005; van Leeuwen et al. 2007, 2016; 
Spencer 2011; Advokaat et al. 2017) are potentially active 
today (Hall 2018). Others are bounded by steep strike-slip 
faults, such as the PMC in NW Sulawesi (van Leeuwen 
and Muhardjo 2005; van Leeuwen et al. 2016; Hennig 
et al. 2017), or are within strike-slip fault zones such as 
those of Seram (Pownall et al. 2017a, b). The Bacan MBC 
is a different type of steep fault-controlled metamorphic 
complex. It is exceptionally young and like the other east 
Indonesian complexes was rapidly exhumed. We pro-
pose that this type of steep fault-controlled complex be 
termed a metamorphic block complex (MBC). Although 
each listed metamorphic complex is different they have 
important common features: all are young, were rapidly 
exhumed, and were associated in different ways with sub-
duction rollback. Exhumation rates for all the east Indo-
nesian examples are much higher than those estimated for 
older core complexes (e.g., Whitney et al. 2013; Baran 
et al. 2017) and we consider the rates determined for these 

young complexes are probably closer to the actual speeds 
of metamorphic complex exhumation since rates estimated 
from older complexes are averages measured over longer 
periods of time (Hennig et al. 2017).
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