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Abstract: Potassium-argon ages of Neogene to Recent igneous rocks from the Halmahera region 
record a history of intra-oceanic arc development since the late Middle Miocene following an 
earlier phase of collisional plutonism. Arc formation from the Middle Miocene onwards was 
due to the east-directed subduction of the Molucca Sea plate beneath the Philippine Sea plate as 

it arrived at the Eurasian margin. The distribution of ages within the Neogene arc indicates 
a northward migration of volcanic activity during the Late Miocene to Pliocene. Results of the 
dating work show that after collision with the Australian margin at c. 22 Ma there was a period 
of volcanic quiescence and limestone deposition before a new arc formed. This arc began 
erupting at around 11 Ma on Obi as a result of subduction of the Molucca Sea plate. Initiation 
of subduction is thought to have occurred around 15-17 Ma and may have been responsible for 
disturbing potassium-argon ages of pre-Neogene rocks. Dates from fresh rocks show that the 
volcanic front migrated northwards through Bacan and Halmahera throughout the Late Miocene 
to Early Pliocene. Limestone deposition was curtailed as arc activity migrated north while 
volcanism died out from the south. No Neogene volcanism younger than 8 Ma is observed in the 
Obi area while on Bacan subduction-related volcanism ceased at c. 2 Ma. Late Pliocene crustal 
deformation caused a 30-40 km westward shift of the volcanic front. Quaternary volcanic rocks 
exposed in Bacan and the extreme south of Halmahera are not direct products of subduction but, 
rather, display geochemical characteristics of both subduction and fault-related magmatism. 
These volcanic rocks are distributed along splays of the Sorong fault system. The formation and 
propagation of the Halmahera arc is a consequence of the clockwise rotation of the Philippine Sea 
plate as the southern edge moved across the northern Australian margin and impinged on the east 
Eurasian margin. The ages of initiation of volcanism and subduction track the developing plate 
boundary as subduction propagated northwards. 

The principal islands of  the Halmahera group 
(Halmahera, Bacan and Obi) lie in northeastern 
Indonesia in the province of  Maluku, straddling the 
equator between 127°E and 129°E. These islands 
lie at the junct ion  of  three major plates (the 
Philippine Sea plate, the Australian plate and the 
Eurasian plate) where the Alpine-Himalayan and 
the C i r cum-Pac i f i c  orogenic  belts meet .  The 
present-day tectonics are therefore complex (Fig. 
1). These belts meet  in the region of  the Sorong 
fault system which is responsible for transferring 
crustal fragments of Philippine Sea and Australian 
origin into the complex of  island arcs and small 
ocean basins that forms the Eurasian margin. 
Present-day tectonics are the result of  the north- 
ward movement  of  continental Australia (Australia 
and New Guinea) into the Pacific region throughout 
the Tertiary. Clockwise rotation of the Philippine 
Sea plate since c. 25 Ma led to the development  
of the Sorong Fault Zone as it collided with the 
northern Australian margin (Hall et al. 1995a, b). 
Current mot ion between these two plates is taken 
up by sinistral movement  on the Sorong fault 
system in northern New Guinea. 

The currently active Halmahera  arc, at the 
eastern edge of  the Molucca Sea (Hamilton 1979; 
Moore & Silver 1983), formed as a consequence 
of  eastward subduction of  the Molucca  Sea plate 
beneath the Phil ippine Sea plate as the latter 
rotated clockwise.  Geophysical  evidence from 
earthquake data indicates a seismic zone dipping 
at c. 45 ° to the east to depths of  about 200 k m  
(Cardwell et al. 1980). To the south the subduction 
zone appears to be terminated by a strand of  the 
Sorong fault system just  north of  the eastern tip of  
Mangole  (Sula Platform). Opposing the Halmahera 
arc is the Sangihe-nor th  Sulawesi arc approxi- 
mately 250 km to the west which is the product  
of  westward subduction of  the Molucca Sea plate; 
beneath the Sangihe arc the slab dips at 55-65 ° and 
reaches a depth of  600 km (Cardwell et al. 1980). 
The oldest rocks known from the Sangihe arc are 
of  early Middle Miocene age and particularly 
voluminous arc activity occurred between 5 and 
14 Ma (Hamilton 1979). 

The present Halmahera arc lies north of  the 
equator and is built upon a Neogene arc that 
extended from Obi northwards through Bacan to 

From Hall, R. & Blundell, D. (eds), 1996, Tectonic Evolution of Southeast Asia, 
Geological Society Special Publication No. 106, pp. 499-509. 
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Fig. 1. Location map showing the principal tectonic elements and islands of the study area. 

north Halmahera (Hall et al. 1988b; Hall & Nichols 
1990). This paper describes the Neogene to 
Pliocene development of this arc based on 
potassium-argon and petrographic studies of the 
volcanic rocks. Other Neogene rocks dated by the 
potassium-argon method are described and placed 
in a plate tectonic context. 

Stratigraphy 
The Tertiary stratigraphy of the region is summa- 
rized in Fig. 2. The pre-Neogene geology of the 
region consists of a basement of ophiolitic and arc- 
related rocks (Hall et al. 1988a; 1991; Ballantyne 
1990) overlain by and imbricated with, arc 
volcanic, plutonic and sedimentary rocks of late 
Mesozoic to Eocene age (Hall et al. 1988b; Hakim 
1989; Ballantyne 1990; Hakim & Hall 1991). 
Following an Eocene unconformity (possibly 
linked with the Pacific plate reorganization at this 
time) a Late Eocene arc developed with associated 
basaltic pillow lavas and volcaniclastic turbidites 
(Hall et al. 1991; Malaihollo 1993); this arc ceased 
activity in the earliest Miocene and its termination 
is marked by a regional unconformity. Middle 
Miocene limestones were deposited throughout 

the region during a period of stability before the 
development of the Neogene arc and associated 
sedimentary rocks. Deformation in the Pliocene 
is marked by another unconformity. Continental 
metamorphic rocks representing Australian crust 
and possibly of Palaeozoic or younger age 
(Hamilton 1979; Malaihollo 1993) are juxtaposed 
against ophiolitic rocks in the southern part of the 
region. Detailed stratigraphic descriptions of pre- 
Neogene and Neogene rocks are given in Hall 
et al. (1988a, b, 1991), Hakim & Hall (1991) and 
Roberts (1993). 

Analytical methods and data presentation 

Samples were selected for potassium-argon dating 
primarily on the basis of their freshness and the 
presence of suitable potassium-bearing phases. 
Mineral separates were used; amphiboles and micas 
were the preferred minerals. Whole rock analyses 
on fresh volcanic rocks provided good quality 
results (confirmed by biostratigraphic dating in 
many areas) with small errors. Biostratigraphic 
dating gives confidence that young, fresh rocks 
with a potassium rich, glassy residuum provide 
reliable isotopic ages. Sample locations are given 
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Fig. 2. A simplified Tertiary stratigraphy for the three principal islands of the region studied. 
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in Fig. 3 whilst analytical results are presented in 
Table 1. 

Samples for potassium-argon analysis were 
crushed and sieved to yield a fraction between 
300 l.tm or 250 l.tm and 125 ~m (if the sample was 
small the sieve fraction 500-125 pm was used); 
this was then washed in deionized water. The 
washed fraction was either used directly for 
potassium-argon analysis or further processed to 
produce mineral separates by a combination of 
heavy liquid and magnetic separation techniques. 
The samples were then split for separate potassium 
and argon analyses. All potassium-argon analyses 
were carried out at the NERC Isotope Geoscience 
Laboratory (NIGL) at the BGS site in Keyworth, 
Nottinghamshire. Potassium analyses were con- 
ducted in duplicate using flame photometry against 
standard potassium solutions and a pure water 
blank after sample digestion in excess hydrofluoric 
and perchloric acids. Argon analyses on a separate 
aliquot were performed by complete sample fusion 
in a gas extraction line; the sample gases were 
mixed with an enriched 38Ar spike (isotope dilution 
method) and cleaned up using a titanium getter and 
a liquid nitrogen cold trap. The extraction line was 
coupled to a gas source Micromass 1200 mass 
spectrometer with a magnetic deflection of 60 ° and 
sensitive to 3 x 104 Amps/Torr; calculations and a 
direct printout of the results were provided by VG 
software using the constants recommended by 
Steiger & J~tger (1977). The mass spectrometer 
and spike volume were regularly calibrated by 
comparison with the International Standard G1-O 
glauconite (reproducibility results available from 
the authors on request). 

Error calculation and data reduction 

methods 

All isotopic ages are quoted with errors at the 95% 
confidence level (2o). The major factor affecting 
the error is connected with the correction for atmos- 
pheric argon. If the atmospheric component 
(40Aratm) is small, uncertainties in its measurement 
will be minor compared to the total 4°At. However, 
if 4°Arat m is the major component then the same 
degree of uncertainty will cause large errors in 
the smaller radiogenic component (40Arrad). For 
samples with low atmospheric contamination a 
minimum error of 1% is assumed based on the 
uncertainty in the calculation of the spike volume. 
Potassium errors were calculated from the average 
of at least two analyses and 10 error calculated 
from the deviation of the average from the actual 
values obtained, l o  error in % was used for age 
calculation and then converted to 2o error for 
reporting purposes (see Table 1). For some samples 
K error is relatively high. This is due to a number 
of factors namely: matrix effects affecting the flame 
photometer reading for some samples; undigested 
sample (opaques) and sample heterogeneity 
exacerbated by the small size of aliquots that must 
be used for samples with high K content. All efforts 
have been made to minimize these problems 
including triplicate analyses if necessary. 

For some very young samples 40Arra d is below 
the limits of detection for the spectrometer so the 
VG software at NIGL allows an maximum age 
calculation for such samples by assuming there is 
less than or equal to 1% radiogenic argon present 
(the limit of precision for argon analysis). These 
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Fig. 3. Sample location map. Black triangles represent 
currently active arc volcanoes. 

ages are of limited use and in some cases the use 
of a larger sample for argon analysis (or of a more 
K-rich fraction) yields sufficient radiogenic argon 
for analysis. 

Isochron plots provided weighted averages for 
suites of ages in some cases. Two types of isochron 
plots were used, 4°Ar vs. 4°K and 4°Ar/36Ar vs. 
4°K/36Ar, and ages determined from the slope of 
the line. The intercept of the line with the y-axis 
qualitatively indicates loss/gain of argon and initial 
4°Ar/36Ar ratio respectively. Where potassium- 
argon ages from a single formation are within error 
of one another a site or formation mean is quoted 
along with the standard error on the mean (Table 1) 
and in these cases this is accepted as the best 
estimate of the age. 

Potassium-argon data were also tested statistic- 
ally to try to identify periods of volcanism and 

probable gaps in the spectrum of Neogene ages; 
iterative cluster analysis of the data and their 
associated uncertainties was used. First, a density 
trace was obtained by computing the fraction of 
data points that fall into a certain interval or 
window (0.7 Ma was chosen in this case) using a 
distance weighted kernel estimator (to assess the 
contribution of each data point in the current 
window) and assuming a Gaussian distribution for 
the errors about the data points. Following this 
the probability of gaps in the suite of ages was 
calculated by sampling one point from equally 
spaced locations in the range 0-12 Ma (including 
points from uncertainty ranges) to produce a trace 
of 'gap ages' (see below). 

All age data discussed here are presented in 
Table 1; sample localities are shown in Fig. 3; 
results from volcanic rocks are plotted in geo- 
graphical order in Fig. 4. Ages are described by 
area, working from south to north. The time scale 
of Harland et al. (1990) is used. 

Pre-arc Neogene ages 

Bacan  

The oldest Neogene rocks from the region are 
quartz-monzodiorites of the Nusa Babi intrusions 
from Bacan. These plugs are distributed throughout 
eastern Bacan and petrographically are charac- 
terized by plagioclase with lesser orthoclase, green 
amphibole, biotite, quartz and opaques; some 
samples show chlorite and/or epidote alteration. 
Trace and major element tectonic discrimination 
diagrams suggest either an arc or a post-collisional 
magmatic origin (Malaihollo 1993). Dating of 
biotite from the type locality (BR80) gave an age 
of 19.8 _+ 1.6 Ma interpreted to be a crystallization 
age which is supported by the field observation that 
these intrusions cut only rocks older than Middle 
Miocene. Samples from other localities show the 
effects of later alteration and yield younger 
potassium-argon ages. 

Rocks belonging to the Saleh intrusions from 
Pulau Saleh Kecil (SR6) and south Bacan (B66) are 
amphibole-rich diorites and chemically distinct 
from the Nusa Babi intrusions. Petrographic studies 
indicate an order of crystallization typical of arc 
rocks; tectonic discrimination diagrams are 
ambiguous, suggesting either a post-collisional or 
arc origin. These samples yield Early to Middle 
Miocene ages (9.3_ 1.5 Ma and 15.1 _+ 1.6 Ma 
respectively) on amphibole separates interpreted 
as crystallization ages. 

H a l m a h e r a  

In NE Halmahera a minor syeno-gabbro sill (c. 2 m 
thick, lateral extent probably less than 100 m) was 



Table 1. K-Ar Dates from Halmahera, Obi and Bacan 

Formation Sample Location Rock type F Material Grain size % K Wt for Ar 4°Ar atm (hi g q )  4°At* (nl g-t)  Age Ma 
(for localities see Fig. 3) (~tm) (2(y error) (g) (%) (1~ error) (2(~ error) 

Halmahera 
Quaternary HR209 SW Halmahera Bi tuff A B i 250-125 3.79 ± 0,08 0.1484 98.76 <LOD <0.4 

Kayasa H260 Central Halmahera 2px And (f) B Wr 500-125 0.91 ± 0,02 1.0018 76.42 0.076 _+ 373 2.1 ± 0.2 
HB16 N W  Halmahera Welded tuff A Wr 250-125 2.68 _+ 0,05 2.0039 93.26 0,228 ± 15.13 2.2 ± 0.7 
H258 Central Halmahera Hb And  (f) A Hb 500-125 0.94 ± 0,02 1.3406 91.18 0.085 ± 10,57 2.3 ± 0.5 
HR717 N W  Halmahera Mdiorite O Wr 250-125 0.94 ± 0.02 0.519 84.34 0.109 ± 5.98 3.0 ± 0.4 

Weda Group HR705 Central Halmahera 2px And A Wr 500-125 1,34 ± 0,13 1.1727 55.38 0.220 ± 1.67 4.2 ± 0.5 
HR703 Central Halmahera Hb px And A Wr 500-125 1.12 _+ 0,02 1.3133 79.97 0.203 ± 4,16 4.7 ± 0.4 
HA147A Central Halmahera 2px And (f) A Wr 500-125 1.60 _+ 0.11 1.3356 61.31 0.301 ± 1,94 4.9 _+ 0.4 
H256 Central Halmahera Hb And (f) B Hb 500-125 0.30 _+ 0.01 1.5009 82.84 0.065 ± 5,09 5.7 ± 0.6 
KT5b dp Kayoa Island Px And B Wr 300-125 1.07 ± 0.02 1.1572 86.42 0.239 ± 6,54 5.8 _+ 0.8 
H275 Central Halmahera Hb And  (f) A Wr 500-125 1.12 ± 0.03 1.2911 83.11 0.273 ± 5.10 6.3 ± 0.7 
HR711 Central Halmahera Hb And A Hb 500-125 0.66 ± 0.01 1.0282 86.14 0.196 ± 6.38 7.7 _+ 1.0 

Alkaline Sills 

Obi 
Woi and Guyuti 

Bisa 

Baean 
Kaputusan 

HB93 NE Halmahera S-gabbro A W 250-125 2.77 _+ 0.06 0.5295 72.58 1.297 + 2.88 12.0 ± 0.7 
HB94 NE Halmahera S-gabbro A Bi 250-125 3.42 ± 0.07 0.4168 56.22 1.723 _+ 1,74 12.9 _+ 0.5 
HB97 NE Halmahera S-gabbro A Hb 250-125 0.88 ± 0.02 0.4074 89.73 0.359 ± 8.93 10.5 ± 1.9 

Site Mean for 11.8 ± 0.7 
Alkaline Sills 

OJ58 Central Obi Px And (f) B Wr, 250-125 1.79 ± 0.04 0.733 75.1 0.744 ± 3.2l 10.7 ± 0.7 
OJ40 dp NE Obi Bi px And A Bi, Px 250-125 0.83 ± 0.02 1.0418 65.33 0.347 _+ 2.16 10.7 ± 0.5 
OD194 Central Obi And (f) A Wr 300-125 1,64 _+ 0,3 1.353 35.46 0.708 +_ 1.16 11.1 +__ 0.3 
OD15 NE Obi Crystal tuff B Bi 250-125 4,76 ± 0.26 0,1403 67.48 2.100 ± 2.35 11.3 ± 1.3 
OD42V N Obi Px And (f) B Wr 300-125 1.50 _+ 0.3 0.9353 42.39 0,669 _+ 1,27 11,5 + 0.5 

Formation Mean for 11,1 _+ 0.2 
Woi and Guyuti Fms 

OR303 P. Bisa Hb And C Wr 500-125 1.63 + 0,05 1.0283 86.41 0.557 ± 6,63 8.8 ± 1.2 
OR306dp P. Bisa Hb And  C Wr 500-125 2,01 ± 0,03 1.232 78.96 0.748 ± 3,95 9.5 ± 0.8 

Site Mean for 9.2 ± 0.4 
Bisa Volcanic Rocks 

BR82 dp N Bacan Hb And A Wr 125-250 1.36 _+ 0.04 1.0238 66.66 0.118 ± 2.42 2.2 ± 0.1 
BP30 dp Nr. Labuha Hb And  A Wr 250-500 1.09 ± 0.02 1.2044 87.57 0.107 _+ 7.23 2.5 _+ 0.4 
BM131dp Ra R. cent. Bacan Hb And B Wr 250-425 1.54 _+ 0.09 2.4686 84.74 0.153 ± 5.74 2.5 ± 0.3 
BM453dp P. Mamalaya Bi px And B Wr 2 5 0 4 2 5  1.38 ± 0.04 2.2700 81.91 0.117 _ 4.69 2.7 _+ 0.2 
BR203 SW Bacan Hb And B Hb, px 125-250 1.89 ± 0.09 1.0420 92.59 0.311 ± 3,13 4.2 ± 1.1 
BM256 Bibinoi R. Welded tuff A Wr 250-500 1.63 _+ 0.03 0.3493 72.16 0.304 ± 2,98 4.8 ± 0.3 
BM26 P. Mandioli S Bacan Hb And A Hb, px 125-250 1.10 _+ 0.06 0.6240 77.58 0.212 _+ 3.73 5.0 ± 0.5 
BR174 SW Bacan Hb And A Hb 125-250 2.26 ± 0,05 1.0276 81.35 0.445 ± 4.57 5.1 ± 0.5 
BM361 NE Bacan Px And A Wr 125-250 0.97 _+ 0,03 0.3237 86.48 0.207 ± 6,75 5.5 ± 0.8 
BR16 tp NE coast Bacan Px And A Wr 250-425 1.50 ± 0.16 1.0052 80.11 0.341 +_ 4.19 5,8 +_ 0.8 
BR58 dp N coast Bacan Px And A Wr 250-425 1.16 _+ 0,01 2.2149 58.28 0.304 ± 1.78 6.7 ± 0.3 
BR49 SE Bacan Hb And A Wr 250-500 2.10 ± 0.04 0.0584 78.64 0.612 ± 6.42 7.5 ± 1.0 

Nusa  Babi Intrusion BR80 dp E Nusa Babi Monzonite C Bi 125-250 4.29 _+ 0.09 0.1024 68.74 3.325 ± 3,87 19.8 ± 1.6 

Saleh Diorite SR6 P. Saleh Kecil Diorite A Amp 125-250 0.36 ± 0.01 1.0611 89.20 0.132 _+ 8.49 9,3 ± 1.6 
B66 Sibela Mtns. Diorite B Wr 125-250 0.65 -+ 0.01 2.110 75.85 0.131 ± 3,33 15.1 ± 1.6 

Abbreviations. Sample: dp = duplicate; tp = triplicate. Rock type: And  = andesite;  Bas = basalt; Dac = dacite; Tuff  = tuff; Bas and = basaltic andesite; Mdiorite = microdiorite;  S-gabbro = syeno-gabbro;  f = float, 
c = clast from conglomerate or similar, if neither then in situ. Freshness F: A = fresh (no secondary minerals, glass fresh); B = mainly fresh (< 5% modal secondary minerals); C = slightly altered (5-10% modal secondary minerals); 
O = opacitic alteration of mafic minerals (usually hornblende). Material: Wr = whole rock; Bi = biotite; Musc  = muscovite; Hb = hornblende; Px = pyroxene. Others: LOD = limit of  detection. 
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Fig. 4. Primary potassium-argon ages (and their errors) for Neogene volcanic rocks plotted in geographical order 
from north to south. Shaded areas illustrate periods of volcanism within the named formations derived from the 
statistical treatment described in the text and shown graphically in Fig. 5. Note the younging trend from south to 
north is particularly marked from Obi, via Bisa, to Bacan. Quaternary volcanic activity is also shown. 

found intruding redeposited limestones of Eocene 
age. The sill is fresh and has two distinct grain 
sizes, coarse and medium. Analcite occurs as a 
primary constituent of the groundmass together 
with alkali and plagioclase feldspar; titanaugite, 
sodic amphibole and biotite are all intimately inter- 
grown along with titanomagnetite. Dating of three 
samples (whole rock, biotite and amphibole) yield 
similar ages which can be reduced to a site mean of 
11.8 _ 0.7 Ma interpreted as primary crystallization 
ages. 

A r c - r e l a t e d  N e o g e n e  a g e s  

Obi  

The Woi Formation in central and northwest Obi 
consists predominantly of volcanic rocks (lava 
breccias and flows with pyroclastic rocks) with 
interbedded volcaniclastic sandstones and breccio- 
conglomerates. Chemically the volcanic rocks are 
sub-alkalic calc-alkaline arc-related rocks and the 
majority are andesitic although there is a significant 
spread into the basaltic andesite and dacite fields 
(Miyashiro 1978; Cox et al. 1979). Petro- 
graphically they are typically plagioclase- and 
clinopyroxene-phyric, minor phenocryst phases are 
biotite and rarely amphibole (both commonly show 
opacitic rims). Feldspar and clinopyroxene are 

often associated as glomerocrysts. Phenocrysts are 
set in a fine-grained groundmass of small clino- 
pyroxenes, opaque grains and plagioclase micro- 
lites showing felty, intersertal and, occasionally, 
trachytic textures. Variable amounts of glass occur 
in the groundmass, amygdales occur in some areas 
and are infilled with opaline silica and a variety of 
fibrous minerals. The lateral deep-water equivalent 
of the Woi Formation is the Guyuti Formation 
which consists of debris flow deposits containing 
andesite and limestone clasts representing a deep 
marine slope forearc environment (R. Hall & 
D. Atmo, pets. comm., 1994). 

Potassium-argon results on rocks from the Woi 
and Guyuti Formations in central Obi are similar, 
with small errors. The formation mean for Woi and 
Guyuti Formation samples is 11.1 _+ 0.2 Ma. This 
age is supported by nannofossil and foraminiferal 
ages from sedimentary rocks within the Woi 
Formation as well as from limestone clasts within 
the Guyuti Formation (foraminiferal and nanno- 
plankton dates indicate a late Middle to Late 
Miocene age range). 

Neogene volcanic rocks also occur just north 
west of Obi island on Pulau Bisa. These are pre- 
dominantly fine-grained aphyric volcanic rocks 
(although small opacitic brown hornblendes may 
form a minor phenocryst phase) and contain xeno- 
liths of ultramafic material probably derived from 
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the Tapas ophiolite. Two samples from this island, 
OR303 and OR306, yield ages of 9.5_ 0.8 and 
8.8_ 1.2 Ma respectively, giving a site mean of 
9.2 ___ 0.4 Ma - notably younger than ages from 
the Woi Formation. 

Bacan 

The Kaputusan Formation is widely distributed 
throughout Bacan and consists of volcaniclastic 
sedimentary rocks, lavas and associated pyroclastic 
rocks deposited in a subaerial or shallow marine 
environment. The Goro-Goro Member is the 
volcanic member of the Kaputusan Formation and 
is divided petrographically into: two pyroxene 
andesites, hornblende andesites, hornblende 
pyroxene andesites and hornblende biotite 
andesites. All these rocks display typical andesitic 
features such as strongly zoned plagioclase 
and mafic phenocrysts, glomerocrysts of early 
crystallising minerals, abundant opaques 
(magnetite, titanomagnetite), microcrystalline to 
glassy groundmasses and occasional trachytic 
textures with the addition of the named phenocryst 
phases. Chemically the volcanic rocks are typical 
calc-alkaline arc rocks, predominantly basaltic 
andesites to andesites with minor basalts and 
dacites; some samples plot in the high-K to 
shoshonitic fields. Their trace element ratios are 
also typical of arc rocks (Malaihollo 1993). 

Twelve andesite samples from the Goro-Goro 
Member of the Kaputusan Formation yielded good 
quality potassium-argon results. Biostratigraphic 
dates (nannofossils) from sedimentary rocks of the 
Pacitak Member of the Kaputusan Formation 
indicate a Pliocene age ranging from N19 to N21. 
Isotopic ages obtained from rocks in the Goro-Goro 
Member fall between 7.5 Ma and 2.2 Ma but 
within this range there appear to be two concen- 
trations of ages. This apparent division may be an 
artefact of incomplete sampling. The ages form a 
broad continuum (Figs 4 & 5, Bacan area), but 
there does appear to be a gap at 3.5 Ma. This gap 
corresponds to an overall lack of volcanism at this 
time in both Halmahera and Bacan. The two groups 
of rocks show minor chemical differences, based on 
trace element data (Malaihollo 1993), and a broad 
difference in geographical distribution; the older 
rocks are found in south Bacan. 

Halmahera and Kayoa 

Neogene volcanic rocks on Halmahera and Pulau 
Kayoa belong to the Volcanic Member of the Weda 
Group and the younger Kayasa Formation. These 
rocks occur in thick sequences that show abundant 
evidence of sub-aerial eruption from large volcanic 
edifices in central and northwest Halmahera whilst 
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Fig. 5. Gaussian kernel smoothed density estimates for 
observed Neogene ages (using a window of 0.7 Ma). 
For description of the technique see text. (a) Densities 
of ages at certain times suggests that volcanic activity 
is pulsed rather than continuous over the lifetime of the 
arc. (b) Calculated probability of gaps in the volcanic 
record implying lack of volcanic activity at intervals 
of high probability. 

in the southwest arm volcanic rocks are found in 
redeposited volcaniclastic sequences. These were 
built on an early to mid Tertiary volcanic arc that 
deposited the Oha Volcanic Formation on 
Halmahera and the Bacan Formation on Bacan. 
Petrographically the rocks are predominantly 
porphyritic pyroxene and/or hornblende andesites 
with strongly zoned plagioclase in a micro- 
crystalline to glassy matrix; hornblendes frequently 
show opacitic or highly included rims. Alteration is 
rare and the vast majority of the samples are fresh. 
Chemically the rocks are basaltic andesites to 
dacites and are medium to high-K rocks of the 
calc-alkaline series with typical arc volcanic REE 
patterns (Hakim 1989; Hakim & Hall 1991) that are 
directly comparable to volcanic rocks from the 
Sangihe Arc (Morris et al. 1983; Morrice & Gill 
1986). Samples analysed for potassium-argon were 
collected from Pulau Kayoa, midway between 
Bacan and Makian, and from central Halmahera; 
most are float samples as they are invariably the 
least weathered. 

Potassium-argon ages for Weda Group volcanic 
rocks on Halmahera and Kayoa range between 
4.2-7 Ma whilst those from the Kayasa Formation 



506 s. BAKER • J. MALAIHOLLO 

are restricted to around 2 to 3 Ma. All these 
samples were included in the computation of the 
density trace and 'gap ages' along with those from 
Bacan. The results of this statistical test suggest one 
fairly long period of continuous volcanism (7.8 to 
4 Ma)and  a second period from 3 to 1.8 Ma on 
both Bacan and Halmahera. 

Quaternary volcanic activity 

Current volcanic activity in the region is restricted 
to an area north of, and including, Makian Island 
as far as Galela town in northwest Halmahera. 
Evidence of Quaternary volcanism on Bacan is 
witnessed by the presence of (now extinct) volcanic 
edifices that retain much of their original form; 
eruptive rocks from these are olivine and pyroxene 
phyric basalts. These have not been dated but 
chemically they show characteristics of both arc 
and within-plate volcanism (Malaihollo 1993). 

Off the extreme southern tip of Halmahera is 
the small island of Pulau Doworalama; a biotite 
separate from a biotite tuff collected here did not 
yield sufficient radiogenic argon for analysis 
(below the limit of detection) indicating that it is 
very young. Calculation, assuming < 1% radio- 
genic argon, yields an age of less than 0.5 Ma. 

A number of other small islands lie off the south 
of Halmahera but none were visited by the 
University of London group. Morris et al. (1983) 
visited the islands of Woka, Kekik and Pisang and 
sampled the Quaternary volcanic rocks exposed 
there. They found them to have some shoshonitic 
characteristics with higher alkali contents than are 
found in their 'oceanic segment' of the arc, with 
dramatic enrichments of Ba and St. 

Neogene reset ages from 
pre-Neogene rocks 

Potassium-argon data relating to thermal overprints 
on older rocks are notoriously difficult to interpret 
and meaningless 'mixed' ages can be the result. 
The problems of incomplete resetting under the 
localized low grade metamorphic and fluid-rich 
conditions obtaining within island arcs are encoun- 
tered in the Halmahera region. This is observed in 
areas where rocks with disturbed potassium-argon 
ages are found within a few metres of rocks with 
unaffected, primary ages (also reflected in the 
petrography of the samples). A number of demon- 
strably pre-Neogene rocks (based on stratigraphic 
and biostratigraphic evidence) yield Neogene ages, 
probably as a result of enhanced heat flow during 
initiation and development of the Neogene arc. 
These reset ages appear to show a systematic 
variation, generally younging from south to north. 

Discussion 

Post-collisional Neogene igneous activity 

The oldest Neogene age from the region is 
associated with intrusive rocks of the Nusa Babi 
intrusions (BR80) whose age is 19.8 _+ 1.6 Ma. As 
noted earlier, tectonic discrimination diagrams 
suggest that the Nusa Babi Intrusive may have a 
collisional or an arc magmatic origin. The regional 
unconformity of Early Miocene age (c. 22 Ma) is 
interpreted by Hall et al. (1995a) to be the result of 
Australia-Philippine Sea plate collision. The Nusa 
Babi Intrusive rocks post-date collision by several 
million years and are therefore considered to be the 
result of magmatic activity associated with heating 
and stacking of the young orogenic belt in the 
Bacan area (Malaihollo 1993). The Nusa Babi 
monzodiorites are the most acidic plutons in the 
region and this supports the possibility that 
continental crust was involved in their formation. 

The sills found in NE Halmahera are dated 
c. 12 Ma;. The geographical position of these 
rocks suggests they are due to isolated, shallow 
magmatic activity in a region well behind the 
developing arc front. Their La/Nb ratios are less 
than 1 (0.86 for HB93 and 0.72 for HB97, un- 
published ICP data) indicating a true alkaline 
chemistry (M. E Thirlwall, pers. comm. 1995) that 
strongly suggests they are unrelated to the early 
arc activity occurring in Obi at this time. 

Neogene arc initiation and development 

Arc precursors: The two diorite samples dated 
from Bacan (Saleh intrusions, SR6, B66) display 
mineral chemical and geochemical characteristics 
that indicate an arc origin. The interpretation of 
their isotopic ages as primary crystallization ages 
implies a period of plutonic activity preceding the 
development of an eruptive arc in the Bacan region, 
perhaps in response to subduction initiation (no 
volcanic rocks of this age range have been found 
in Bacan). 

Age of arc inception: The earliest primary ages 
from arc volcanic rocks are from samples collected 
from the Woi and Guyuti Formations in central Obi. 
None of these ages deviate by more than half a 
million years from 11 Ma, indicating a short but 
prolific eruption of andesites at this time. These 
samples were collected from a wide range of geo- 
graphical and stratigraphic locations and are 
thought to be representative of the earliest volcanic 
episode on Obi; no younger dates have yet been 
obtained from this region. These rocks are 
interpreted as the first effusive products resulting 
from subduction of the Molucca Sea plate and 
indicate that the slab must have reached depths 
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sufficient to have caused melting (100-110kin, 
Tatsumi 1986). 

Age variation within the arc 

Ages obtained from acid lavas on Pulau Bisa, just 
north of Obi, indicate volcanic activity between 
9.5-8.8 Ma. The gap in ages between Obi and Bisa 
volcanic rocks suggests either a hiatus in volcanic 
activity between 11 and 9.5 Ma or erosion causing 
removal of younger arc products on Obj. 
Significant erosion of the arc is unlikely since ages 
of volcanic clasts from Neogene sedimentary 
formations on Obi (notably the Guyuti Formation) 
are also within the age range of Woi Formation 
volcanism. The rocks from Bisa may represent late 
stage products of the waning arc in the Obi region 
as arc activity moved northwards. 

The oldest volcanic rocks found in Bacan are of 
early Late Miocene age (7 to 8 Ma) and activity 
appears to have been fairly continuous until the 
Late Pliocene-Pleistocene (c. 2.5 Ma). Within this 
time span there are greater densities of ages at 7-8, 
c. 5, c. 2.5 and 0.5Ma. These groupings are 
reflected in concordant chemical and fractionation 
trends indicating each group evolved from a 
separate magma chamber (thus representing 
different volcanic centres). Within the Bacan group 
of islands there is no clear northward younging 
of ages but rather a vague suggestion of general 
younging to the north and west. Neogene and 
probable pre-Neogene rocks outcrop on Pulau 
Kayoa (c. 30 km north of Bacan) and KT5B has an 
age of c. 5.5 Ma. 

Ages of Halmahera volcanic rocks lie in a 
spectrum from c. 8.7 Ma to c. 2 Ma. This is 
divided into two groups corresponding to the two 
divisions on Bacan (c. 2 to 3 Ma and 4 to 7.8 Ma) 
but it has not been possible to relate these to 
discrete volcanic centres as on Bacan. Volcanic 
rocks from Halmahera, like Bacan, do not display a 
clear younging of ages within this area and the 
effect is only seen on a regional scale. A coarse 
northward younging trend is illustrated in Fig. 4 
where the ages of samples are plotted against their 
locations from north to south. 

The present-day active arc that stretches from 
Makian through Tidore, Ternate and into the north- 
west arm of Halmahera is located approximately 
5 0 k m  west of the Neogene arc in central 
Halmahera. This shift must have occurred at or very 
near the time of the Pliocene shortening event that 
thrust together the eastern and western halves of 
Halmahera and overthrust arc rocks of the Woi 
Formation onto the forearc Guyuti Formation on 
Obi. It also coincides with a probable gap in the age 
spectrum indicating no volcanic activity around 
3.6 Ma (Fig. 5). 

Significance of  reset ages 

As indicated earlier, apparent Neogene potassium- 
argon ages have been obtained from pre-Neogene 
rocks. They demonstrate a systematic northward 
younging whilst also consistently pre-dating the 
ages of Neogene volcanic rocks typically by 3 Ma 
within a given area. 

Fault-related volcanic activity 

The very young volcanic rocks found in the Bacan 
and southern Halmahera area of the region (Pulau 
Doworalama, Pulau Pisang, Pulau Woka and Pulau 
Kekik) are thought to be related to volcanism 
occurring along splays of the Strong fault system. 
Chemical analyses of these rocks show them to 
have an arc-like character but with a significant 
within-plate component (Morris et al. 1983) that 
supports the notion that they are fault-related. 
Quaternary volcanoes in Bacan lie along a lineation 
interpreted to be a fault strand whilst the southern 
islands lie away from the line of the arc in an 
area thought to contain several fault strands. It is 
possible that these faults have provided lines of 
weakness through which small partial melts, 
related to subduction processes, could pass. If these 
fault strands do provide conduits for magma 
migration this indicates that they must be deep 
crustal discontinuities. 

Conclusions 

Using a conservative estimate of the rate of conver- 
gence between the Molucca Sea plate and the 
Philippine Sea plate of c. 20 km Ma -1 (R. Hall, 
pers. comm. 1994) in the Neogene and assuming a 
depth of subducted slab of 100 km beneath the Obi 
sector of the arc at the time of the first volcanic 
products, the time of initiation of subduction can be 
estimated. It is suggested here that the Molucca Sea 
slab began to sink beneath the Philippine Sea plate 
at around 15 to 17 Ma (corresponding to reset ages 
of older rocks from the Obi region). This resetting 
reflects locally high geothermal gradients as a 
result of crustal heating and magma rise prior to 
volcanic activity. Models for the thermal structure 
of island arcs indicate a higher heat flow and raised 
isotherms over the volcanic portion of the arc 
(Oxburgh & Turcotte 1970; Toksoz et al. 1971) 
especially in very young arcs. Oxburgh & Turcotte 
(1970) suggest that heat transferred high in the 
crust by rising magmas could produce near- 
surface vertical gradients of c. 100°Ckm -1. 
Convective hydrothermal cooling through fractures 
and permeable rocks could lead to even higher 
gradients (Parmentier & Scheidl 1981). The 
patchiness of the alteration and resetting of these 
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rocks suggests  that the m e c h a n i s m  for these 
changes is predominantly fluid based rather than a 
regional  raising of  i sotherm levels. The very 
local ized nature suggests  that f luid migrat ion 
occurs along fractures rather than permeating the 
rock pile and there is abundant evidence of faulting 
and fracturing with associated mineralized veins 
within pre-Neogene formations, notably the Bacan 
and Oha Formations. 

Arc activity in the Halmahera region began on 
Obi at 11.5 Ma causing uplift and cessation of  lime- 
stone deposition. By 9 Ma volcanic activity had 
shifted north to Pulau Bisa. Meanwhile,  intrusion of  
diorites was occurring in Bacan prior to eruptive 
vo lcan i sm at c. 7 Ma. Arc deve lopmen t  on 
Halmahera was more or less synchronous with that 
on Bacan and limestone deposition in these areas 
ceased (except in the backarc region of  NE 
Halmahera where it continued into the Pliocene). 
Pliocene deformation caused a westward shift of  
the arc and at c. 2 Ma arc volcanism ceased south of  
the equator (Pliocene to Recent  volcanic activity in 
this region was restricted along strands of  the 
Sorong fault system). 

A large volume of  volcanic products was erupted 
in the first 1 Ma on Obi with little evidence of  
subsequent volcanic activity. These oldest lavas are 
calc-alkaline and there is no indication of  unusual 
boninitic or tholeiitic melts as observed in the early 
stages o f  some intra-oceanic systems, particularly 
the Izu-Bonin-Mar iana  System (Hawkins et al. 
1984; Stern & Bloomer 1992). Subsequent volcanic 

rocks from other parts of  the arc are also normal 
calc-alkaline types. Any unusual chemical and 
isotopic compos i t ions  are related to crustal 
contamination of  subduction melts or fault-related 
volcanism. On Bacan and Halmahera, volcanism 
also appears to have occurred in pulses of 1 to 2 Ma 
duration fol lowed by similar periods of relative 
volcanic quiescence. Subduction-related volcanic 
activity did not occur along the whole length of  arc 
simultaneously but migrated northwards with t ime 
probably as a consequence  of  the c lockwise  
rotation of  the Philippine Sea plate (Hall et al. 
1995b). Using the oldest age from Obi ( l l . 5  Ma) 
and that from central Halmahera (7.7 Ma), volcanic 
activity in the arc has m o v e d  north at c. 
65 km Ma -~. 
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