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ABSTRACT

The Halmahera Arc is a volcanic arc forming part of the Philippine Sea Plate which is
moving westward on the north side of the Sorong Fault Zone. This zone is an area of
active deformation separating the Australian Plate from the Pacific region in northeast
Indonesia. The arc is a relatively young feature which was initiated in the Late Miocene
by the eastward subduction of the Molucca Sea Plate beneath Halmahera. Basins in the
vicinity of Halmahera contain up to 5 km of Neogene sedimentary rocks, a reflection of
the rapid subsidence in this area. These are now partly exposed on land as the result of
Pliocene or younger deformation. The sediments contain abundant and diverse

foraminiferal assemblages.

Compilation of micropalacontological and K-Ar data from material collected in the last
nine years has produced a revised Neogene stratigraphy which now includes the
northwest arm, where three new formations have been introduced. In the southwest
arm the stratigraphy of the Weda Group has been redefined.

A planktic foraminiferal zonation scheme for the Upper Miocene to Upper Pliocene has
been erected for the Halmahera area and seven zones and three subzones have been
established. Qualitative and quantitative studies of the benthic foraminifera has
produced a palacobathymetric zonation for the area. Four zones ranging from Inner
Neritic to Lower Bathyal were identified.

Microfacies analysis of the Subaim Limestone Formation identified six lithofacies and
ten sublithofacies. Several models for areas of Miocene carbonate deposition in the
Halmahera Region are described. Shallow marine conditions with localised reef
development around emergent basement highs characterised the Subaim Formation
throughout the Miocene and Early Pliocene.

Integration of foraminiferal biostratigraphy, sedimentology and tectonic studies of this
region allows palaeogeographic reconstructions of the Halmahera Region for the
Neogene. Four principal periods have been identified; Early Miocene, Middle Miocene,
Late Miocene to Early Pliocene and Post 3 Ma.
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Introduction

width of the Molucca Sea. These arms are identified as the northeast, southeast,
northwest and southwest. The islands of Halmahera Morotai and Bacan are referred to
in this study as the Halmahera Region.

The most recent census of Halmahera's population was conducted in 1977 and
suggested more than 186,000 people live on the island and the adjacent islands of
Temnate and Tidore (Muller, 1993). Most of these are Muslims although a significant
Christian minority attest to the early influence of European culture.

The islands of Temé.te, Tidore, Moti, Mare and Makian to the west of Halmahera, were
once the world's only source of cloves. These islands together with the nutmeg and
mace islands of Ambon and the Bandas were the origin of the name 'Spice Islands.'
The search for these precious spices fuelled the 15t Century's Age of Exploration. The
Portuguese were the first Europeans to reach the islands of Ternate and Tidore in 1521.
By 1522 they had built a fort on Ternate. The Spanish arrived 50 years later and settled
on Tidore where they conducted anti-Portuguese activities until the turn of the century
when the Dutch arrived. The Dutch ended Portuguese dominion and drove out the
Spanish, English and French. By 1583 the Dutch had monopolised the spice trade and
shifted the centre of clove production to Ambon. During this process virtually all the
clove trees on the original spice islands were destroyed. Dutch supremacy over
Indonesia lasted more than three centuries until the country's declaration of
independence from their colonial rulers in 1945.

The Halmahera Region was occupied by the Japanese for most of World War II.
Thousands of soldiers were based in the area with 42,000 men stationed in the town of
Kao alone. For a few weeks the region, particularly Morotai, was the centre of world
attention when the Allies landed their "Tradewind Task Force' as a staging point for the
invasion of the Philippines. Today derelict bunkers, rusting hulks and landing craft can
be found in the northern part of the region.

1.2 REGIONAL GEOLOGY

The Halmahera region is a tectonically complex area which is located at the boundaries
of three plates: the Philippine Sea Plate (PSP), the Molucca Sea Plate (MSP) and the
Australian Plate (Figure 1.2). Halmahera can be divided into two parts: a western
volcanic province and an eastern ophiolitic province ( e.g. Van Bemmelen, 1949;
Verstappen, 1964; Sukamto et al., 1981; Hall ez al., 1988a, b). The oldest rocks in
western Halmahera are the ?Late Cretaceous to Eocene Oha Volcanic Formation
interpreted to represent the arc of a west facing subduction zone (Hakim & Hall, 1991).
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Introduction

Sorong Fault Zone separate Obi from Bacan (Hamilton, 1979; Morris et al., 1983,
Letouzey et al., 1983; Dow & Sukamto, 1984) and form the northern and southern
boundaries of Weda Bay where they are suggested to control the position of the
depocentre (Hall & Nichols, 1990b).

1.3 PREVIOUS WORK
1.3.1 Early Dutch Expeditions and W.W.II

Halmahera was part.of the Dutch East Indies prior to Indonesian independence, and
was studied mainly by Dutch geologists whose investigations commenced in 1850.
Martin described Tertiary brachiopod fossils found in stream float from western
Halmabhera in a report published in 1887. The first major work in the region was
conducted by Verbeek (1908) in his report on the geology of the Moluccas. He
mentioned diabase, porphyrite and diabase, and raised reefs (210m above sea level) on
Maju, an island west of Ternate. Wanner (1913) published results of traverses across
central and southern Halmahera in 1909 and Gogarten (1918a) described the geology of
the northern coast after his visit in 1911. He was also responsible for a German survey
of volcanoes in the northern Moluccas (1918b).

H. A. Brouwer undertook the first major study of Halmahera and traversed central
Halmahera and both the northeast and southeast arms in 1915. His 1923 paper (in
Dutch), in a review of these surveys, mentions Cretaceous sediments containing
Globigerinids notably Globigerina cretacea, Gg. bulloides, Gg. aequilateris, Discorbina
canaliculata and Textularia (Pseudotextularia globosa ). He differentiated the Tertiary
into 'Old' and '"Young.' The Eocene tuffaceous sandstones were found to contain
Orthophragmina, Nummulites and Alveolina and the coralline alga Lithothamnium .
Young Tertiary clays, shales and marls in the southeast arm contained Alveolina and
probable Lepidocyclina pointing to a Late Oligocene to Early Miocene age. In the
northeast arm massive limestones contained fauna indicative of the Aquitanian or
Burdigalian (Early Miocene). Possible Pliocene material described from the southeast
arm were noted for their high percentage of Globigerinidae.

The cruise of the Dutch survey vessel Snellius in the eastern Indonesian archipelago,
(1929-1930) increased the knowledge of submarine geology of the Halmahera region.
Kuenen (1935) produced a report on the volcanological findings of the cruise in which
he described the basalts and andesites of Tidore.

Halmahera was occupied by the Japanese during the Second World War, during this
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period Bessho (1944 ) published a geological study based on mineral exploration of the
ultramafic rocks and several reconnaissance geological surveys. Also in 1944, the
Military Geology Unit of the U.S. Geological Survey produced an unpublished
geological sketch map of Halmahera as part of a "terrain intelligence study."

1.3.2 Post II War Work

In 1949 van Bemmelen published a review of the work of the Geological Survey of the
Netherlands East Indies from its initiation in 1850. Unpublished oil company material
was also incorporated. He included a stratigraphy of Halmahera (fig 1.4), based mainly
on Brouwer's 1923 work and a brief description of the lithologies of western and
eastern parts of the island. The oldest rocks were considered to be the "pre-Jurassic"
metamorphic "crystalline basement complex" exposed in the Sibela Mountains of
Bacan. Late Mesozoic rocks were thought to overlie the basement and be accompanied
by contemporaneous intrusions. Early Tertiary sediments with intrusions are
conformable on top. These Late Mesozoic and Early Tertiary successions are then
unconformably overlain by Neogene formations composed of carbonate and
volcanigenic sediments and volcanic rocks. Finally, raised coral reef and volcanic
deposits rest unconformably upon this succession.

. ICH HALL
. Apandi & NIC (()1L989¢183 L
AGE Bemmeien \gasm udana
(1949) (1980) (1980) ICENTRAL & SW ARM (WEST SIDE]] SW ARM (EAST SIDE) l SE & NE ARMS
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Figure 1.4. Compilation of past stratigraphies for the Halmahera Region.
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Van Bemmelen defined a number of physiographic zones;

Ternate Zone is a young Neogene-Quaternary belt extending from Morotai, through the
active volcanoes of northern and western Halmahera, to the Bird's Head of Irian Jaya.
Raja Ampat Zone extends from east Halmahera , through the islands of Gebe, Waigeo
and Batanta.

Several mineral exploration surveys were conducted during this period (Wantanabe,
1948; Krieff, 1954; Hermann & Gunther, 1960) and g?ysotile asbestos was found to
occur in the ultramafic rocks of the eastern arms. Eight active volcanoes were
recognised by Van Padang (1951) in the Halmahera Region.

Aerial photographs were used to distinguish the major characteristics of the west
Halmabhera volcanic arc by Verstappen (1960; 1964 ). He distinguished relief, stream
dissection, drainage patterns, lineations, stratification and vegetation. He was able to
recognise the deeply dissected undulating uplands of the eastern arms, the east tilted
fault block of the southern arm and the complex volcanic graben of the northern arm.
His interpretation was supported by field surveys undertaken in 1956 and 1958.

1.3.3 Indonesian Studies

Extensive geological mapping was carried out by the Indonesian Geological Survey in
1975-1976 as part of a Five Year Development programme. The results were published
as 1:250,000 scale maps and group reports; Supriatna (1980), Apandi & Sudana
(1980), and Yasin (1980). These reports detail the geologies of northern Halmahera
and Morotai, central Halmahera and southern Halmahera and Bacan respectively (see
Figure 1.4).

Apandi & Sudana (1980) followed Verstappen (1964) in dividing Halmahera into an
east and a west geological province. The boundary zone between is occupied by
intensely deformed Neogene sediments, and is termed the Median line (Sukamto et al.
1981), Junction Zone (Hall et al. 1988a) and the Central Zone (Hall et al. 1988b).

Apandi & Sudana (1980) suggested that the east province has an ultrabasic basement
which is unconformably overlain by the Dodaga, Dorosagu, Conglomerate and
Limestone Formations. The Dodaga and Conglomerate Formations are considered to be
of Upper Cretaceous age based on foraminifera (Rotaliporidae, Globotruncanidae and
Heterohelicidae). A Palaeocene to Eocene age is inferred for the other formations by
similar foraminiferal evidence. A hiatus was observed from the latest Eocene until Early
Oligocene, when volcanic activity produced the Bacan Formation.
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Yasin (1980) considered the oldest rocks in the southern arm of Halmahera to consist
of andesites and basalts. These were included in the Bacan Formation, which is defined
as consisting of breccias and lavas with intercalations of sandstone, sandy tuffs and
claystones; the last two sediments are fossiliferous. Planktic foraminiferal assemblages
recovered (Globigerina primitiva, Gg. tripartita tapurensis, Gg. selli, Gg. yeguaensis
and Globorotalia opima) indicate an Oligocene to Early Miocene age. Concurrently,
carbonates were deposited as the Tutuli Formation which contain both larger benthic
(Cycloclypeus sp., Amphistegina sp., Spiroclypeus sp.) and planktic foraminifera (Gr.
opima, Gg. selli, Gg. increbescens) and are considered Oligocene to Early Miocene.
No basal contact between the Bacan Formation and older rocks was observed. A
tectonic contact is inferred between this formation and the extensive overlying Neogene
sediments. Apandi & Sudana (1980) and Yasin (1980) gave the name Weda Formation
to the Neogene sediments in southern and central Halmahera. Bessho (1944) had
previously used the name Weda Series for these rocks which consist of sandstones
interbedded with marls, limestones and conglomerates. Apandi & Sudana divided the
formation into a Conglomerate Formation (Middle Miocene-Early Pliocene) and a
carbonate or Tingteng Formation. The latter contains planktic foraminifera ( Gr. tumida
and Sphaeroidinellopsis subdehiscens ) indicating a Late Miocene-Early Pliocene age.

The eastern province was subjected to uplift and erosion during the Quaternary. This is
indicated by reefal limestones along the coasts of north Halmahera and Morotai and
deeply incised valleys. Nearly all the western province is covered by Quaternary
volcanics of the Kayasa Formation. Volcanic activity continues today.

Sukamto et al. (1981) used geological maps to divide the region into three distinct
provinces. They proposed;

Eastern Halmahera-Waigeo province extends eastwards including the islands of Gebe,
Gag, Bisa, and Waigeo towards the Birds Head in Irian Jaya.

Western Halmahera-Obi province corresponds to van Bemmelen's (1949) Young
Tertiary volcanic belt. '

Talaud-Tifore province which is limited to the east by the Halmahera Trough and to the
west by the Sangihe Trough.

Like Verstappen (1964) this work concluded that western Halmahera formed part of a
volcanic arc, and that the eastern provinces have a non-volcanic arc origin. A
compressional tectonic setting is inferred for the eastern belts, and extensional for the

west.
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Soeria Atmadja (1981) concluded that the 'K'-shape of the island resulted from a
double arc of a paired metamorphic belt, similar to Sulawesi. The north and southwest
arms form the western low-pressure volcanic belt. This is characterised by Quaternary
volcanics, Neogene marine sediments and Oligocene-Miocene volcanics. The high-
pressure subduction zone belt is represented by the northeast and southeast arm
elements of the Eastern Halmahera ophiolite.

Hartono & Tjokrosapoetro (1984) divided the Indonesian archipelago into thirteen
terranes including the Bacan and the Halmahera-northern Irian Jaya arc.

1.3.4 Geophysical and Tectonic Studies

A contour map of earthquake hypocentres in Indonesia was published by Hatherton &
Dickinson (1969) and Fitch (1970; 1972). Fitch & Molnar (1970) related earthquake
focal mechanisms to regional tectonics in eastern Indonesia. These studies delineated
two Benioff zones dipping away from the central axis of the Molucca Sea Plate beneath
the Sangihe Arc to the west and the Halmahera Arc to the east. The centre of the
Molucca Sea Plate is a topographic high which is locally above sea level e.g. Talaud,
Mayu Mare and Tifore islands.

From seismic reflection profiles Silver & Moore ( 1978) identified the Molucca
Collision Zone as the only modern example of an arc-arc collision. They interpreted the
central topographic high to represent the Molucca Sea Plate deformed and obducted on
to the colliding fore-arcs. Together with Sukamto ef al. (1981) they indicated that the
northern boundary of the Halmahera Plate is an oblique intersection of the Halmahera
Trough and the Philippine Trench, implying that Halmahera is not on the Philippine Sea
Plate. In contrast to McCaffrey's (1982) paper which discussed evidence which
indicated that Halmahera is part of the Philippine Sea Plate.

Hamilton (1979 ) described Halmahera in his review of Indonesian geology and
tectonics. This was a compilation of both onshore and offshore geological and
geophysical data. He envisaged western Halmahera as a volcanic arc, and the eastern
arms as an "apparent subduction melange' and interpreted this to be a paired belt
belonging to a west-dipping subduction system which is incorrect. His mistake was
caused by him basing his interpretation on personal communications and the data of
Wanner (1913 ) and Brouwer (1923). This led him to believe that imbrication occurred
in the relevant rock types.

Cardwell et al. (1980) utilised the spatial distribution of earthquake hypocentres and
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their focal mechanism solutions to plot the 3-dimensional shape of the Molucca Sea
Plate and infer the nature of plate boundaries in the region. The inverted U-shape of the
Molucca Sea Plate was recognised and it was postulated that the majority of regional
deformation is taken up by the Philippine Fault and the opposing nature of Molucca Sea
Plate subduction. They inferred that the Philippine Trench is terminated by a transform
fault south of 2° N, explaining the lack of seismicity, and that subduction of the
Philippine Sea Plate in the Halmahera Region is young. They suggested that northward
subduction beneath the Sangihe Arc was terminated when the Talaud-East Mindanao
island arc collided with the Sangihe-West Mindanao arc, thereby connecting the
Sangihe Trench with the Philippine Fault. Halmahera is separated from the Talaud-East
Mindanao island arc by a transform fault.

McCaffrey et al. (1980a) confirmed the existence of the Molucca Collision Zone from
seismic reflection profiles and the large negative free air gravity anomaly. They
suggested that the topographic high was fault controlled, which is consistent to the
asymmetric shape of the gravity anomaly over the basin. From the seismic wave travel
times the collision complex was postulated to be comprised of kilometre scale blocks
supported in a homogeneous matrix. The interpretation of the central Molucca Sea high
is that of ophiolitic basement blocks thrust upwards by steeply penetrating faults.

McCaffrey et al. (1980b) used a micro-earthquake survey to conclude that the upper 20
km of crust below the central Molucca Sea is dominated by scattered normal and strike-
slip fault mechanisms whilst reverse fault mechanisms characterise earthquakes below
this depth. The complex is interpreted as the amalgamation of the two opposing arcs
accretionary wedges. Shortening is accommodated by high-angle reverse and strike-slip
faulting at the basement of the central Molucca Sea high rather than by displacement
between the Molucca Sea Plate and the colliding arcs (McCaffrey, 1982; 1983;
McCaffrey et al., 1983).

Moore & Silver (1983) proposed that the Philippine Trench is propagating southward
in response to the collision of eastern and western Mindanao and the subsequent strike-
slip motion. Talaud was described as the northern limit of the present Halmahera fore-
arc, and the Snellius Ridge, northeast of Halmahera, was suggested to be the
northward extension of the Halmahera arc. From their interpretation, East Mindanao
and the Halmahera Arc are connected by the Philippine Fault, hence placing them on a
plate other than the Philippine Sea Plate

The existence of NW-SE Late Neogene-Present compressional structures in the
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southern Halmahera Region was proposed by Letouzey et al. (1983) who used multi-
channel seismic reflection profiles. They also proposed the presence of several sinistral
and transcurrent faults south of Halmahera, and the possibility of Molucca Sea Plate
remnants in eastern Sulawesi and Obi related to collision.

Van der Linden ez al. (1989) deduced from seismic profiles that the flat sedimentary
cover overlying the block-faulted subsurface of Kau Bay is similar to the structure of
the uplifted basement of northeastern Halmahera.

Following his earlier work McCaffrey (1991) concluded that the inverted U-shape of
the Molucca Sea Plate increases its buoyancy hence preventing sinkage below the

encroaching island arcs. The central high is therefore being lifted by high-angle thrust
faults penetrating up to 15 km into the upper mantle, exposing the ophiolite sequence.

1.3.5 Recent University of London Studies

These investigations were initiated in 1984 when London University and the Geological
Research and Development Centre in Bandung, Indonesia began a programme of
collaborative multidisciplinary research into this region. This has produced a series of
papers starting with Hall (1987). The paper discussed the evolution of plate boundaries
in the region and proposed that Halmahera and eastern Mindanao have been part of a
single plate since Late Eocene to Early Oligocene, both having Late Cretaceous to Early
Tertiary arc and fore-arc basements. He disputed the presence of an Oligo-Miocene arc,
favoured by Sukamto et al. (1981). Hall (1987) maintained that the succeeding
volcanism was attributed to the eastward subduction of the Molucca Sea Plate beneath
Halmahera which began in the Pliocene. This episode was followed by a period of
volcanic quiescence associated with the westward shift of the arc in the Pleistocene.
Today the arc is built upon the deformed remains of this Pliocene arc. Figure 1.5
illustrates the present plate boundary configuration and principal tectonic elements of
the Halmahera Region.

Results of a series of traverses along rivers in the northeast arm and central part of the
west arms of Halmahera and another traverse in the Sibela Mountains of Bacan in 1984
were published in two papers by Hall et al. (1988a, 1988b). It was suggested that the
post-Pliocene volcanics of western Halmahera were built on a denuded Cretaceous-
early Tertiary island arc (Hall et al. 1988b), and that the Basement Complex of eastern
Halmahera contains a dismembered ophiolite with fault slices of Mesozoic and Eocene
sediments (Hall ef al. 1988a). Similarities between eastern Halmahera and the Marianas
fore-arc were used to produce the interpretation that this complex was a pre-Oligocene
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non-accretionary fore-arc. The eastern Halmahera basement can be traced into
Mindanao, and is probably related to similar 'terranes' within or around the present
Philippine Sea Plate (Hall et al. 1988a). In Hall et al. (1988b), a geological history for
the Halmahera Region was proposed.
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Figure 1.5. Principal tectonic elements around Halmahera. Solid circles show positions of recent
volcanoes of the Sangihe and Halmahera arcs (after Hall & Nichols, 1990a).

Volcanic activity ceased during the Eocene and the former fore-arc of eastern-
Halmahera was uplifted and deeply eroded. Slow subsidence followed in the Mid-Late
Oligocene and by the end of the Miocene the region was dominated by shallow water
carbonates. Increased subsidence in the Early Pliocene resulted in the deposition of
volcanic debris from the Pliocene arc in western Halmahera which is built on the Early
Tertiary arc. This rapid subsidence in the back-arc was related to the initiation of
Molucca Sea Plate subduction beneath western Halmahera. A major deformation event
in the Pleistocene resulted in the cessation of volcanism and a shortening between
eastern and western Halmahera. This is thought to be related to the interaction of the
Molucca Sea Plate and the Australian continent and/or the subduction of the Philippine
Sea Plate beneath eastern Halmahera. The present active arc has shifted westward and
is built on the deformed Pliocene arc.
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A new stratigraphy was constructed for the Halmahera Region. Most of the northeast
arm consists of the dismembered ophiolite with imbricated sediments. Pelagic
limestones of the Gau Limestone Formation exposed in these slices are dated to be at
least Turonian and Barremian (Heterohelix, Hedbergella, probable 'Globuligerina',
?Globigerinelloides) possibly even Late Jurassic. A transition into thinly-bedded
siltstones and fine grained sandstones represents the Dodaga Breccia Formation. Clasts
give a Campanian or Maastrichtian age (Polygonella incrustata, Clypeina?, Orbitoides
cf. tissoti, Textulariopsis). Supriatna (1980) described the Dorosagu Formation as
Palaeocene-Eocene and made reference to its resemblance to the Dodaga Formation.
The Geledongan Limestone Formation is dated as Early to Middle Eocene
(Nummulites, Neorotalia, Alveolina oblonga, Microalveolina, Operculina and
Discocyclina). These represent a facies change from deeper to shallow-water. The
Basement Complex is unconformably overlain by Middle Oligocene and younger
sedimentary and volcanic rocks.

In order to fully describe the Halmahera succession, Palacogene and Neogene rocks
were assigned new formation names. The Onat Marl Formation was dated as Mid to
Late Oligocene (Chiloguembelina, Cassigerinella chipolensis, Tenuitella spp.,
Dentoglobigerina). A clast of reefal limestone in the Jawali Conglomerate Formation
was dated as Eocene, suggesting that the conglomerate was produced by the erosion of
the Basement Complex, Geledongan reefal limestone and Early Miocene limestones.

The Jawali Formation passes into the Subaim Limestone Formation in the northeast
arm. Elsewhere the Subaim rests unconformably on the basement. The oldest
limestones above the unconformity are Early Miocene, and none are younger than Late
Miocene-Early Pliocene.

The Early Pliocene is represented by the Saolat Marl Formation in the Coastal
Mountains. These contain calcisiltites of Late Miocene-Early Pliocene age (Uvigerina
spp., Lenticulina, Globigerinoides quadrilobatus group, Globorotalia menardii group,
Gr. ¢f. ungulata, Orbulina universa, Dentoglobigerina). In the upper Wasile River the
Wasile Sandstone Formation is in tectonic contact with the Basement Complex. These
are probable Pliocene (Globigerinoides, Gs. cf. obliquus, Sphaeroidenellopsis, Gr.
menardii, Gr. cf ungulata, Pulleniatina). The Neogene succession is completed by the
volcaniclastics of the Tapaya Volcanic Formation (Early-Late Pliocene) and the shallow
marine to subaerial lavas and volcaniclastics of the Tafonga Volcanic Formation.

13
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The continuation of this collaborative research programme took place in 1987 when
extensive field work in the southern part of Halmahera was undertaken. The findings
are in an unpublished report (Hall et al. 1988c). A new stratigraphy for the southern
and eastern arms was erected, and major revisions to the previous stratigraphy were
made (Hall ez al. 1988a, 1988b). The Buli Group was created to contain the Basement
Complex sediments. Two fore-arc basinal sequences considered to rest unconformably
on the ophiolitic rocks (the Gowonli and Sagea Formations) were also defined. These
are geographically and stratigraphically distinct in the southeast arm. Pelagic limestones
within the Gowonli Formation give a Senonian age (Globotruncana ventricosa and G.
linneiana). The Sagea Formation was dated as Early-Middle Eocene. In addition, the
Geledongan Limestone Formation was included in the Paniti Formation (Middle-Late
Eocene) which rests unconformably on the Gowonli and Sagea Formations.

The Dodaga Breccia Formation volcanic component in the southwestern arm was
assigned to the Oha Volcanic Formation (pre-Late Miocene). Of equivalent age to the
Jawali Conglomerate but in the southeast arm is the Gemaf Conglomerate Formation
(?Early Miocene).

In the southwest arm a series of turbidites and debris flows called the Loku Formation
were deposited in the Late Miocene ( Globigerina, Sphaeroidenellopsis seminulina
seminulina, Globorotalia cultrata, Globigerinoides quadrilobatus, Dentoglobigerina

altispira, Globiquadrina dehiscens).

Unconformably overlying the Loku Formation is the Weda Group. This contains a
number of formations of Late Miocene-Pliocene age. These include the Superak,
Akelamo, Dufuk, Gola and the Kulefu Formations of the southwest arm, together with
the Tapaya and Tafonga Formations in the Central Zone, and the Saolat Formation in
the southeast arm.

In the southwest arm the basal member of the Group, the Superak Formation, lies
unconformably on the Oha Formation. Younger formations are in a conformable
sequence above. The Akelamo Formation crops out discontinuously above the Superak
Formation and passes laterally into the Dufuk Formation.

The volcanic dominated Tapaya and Tafonga Formations and the redeposited volcanic

Kulefu Formation were considered the youngest members of the Weda Group. They
occur predominantly in the Central Zone.
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Ballantyne (1990; 1991a, b) and Ballantyne & Hall (1990) discussed the geochemistry
of the eastern Halmahera ophiolite and suggested that it had a polygenetic origin
including rocks of boninitic, island arc, and within plate affinities. The petrology and
chemistry of these rocks support the interpretation that the Halmahera ophiolite (now
imbricated in the fore-arc) is similar to the Mariana fore-arc. Ballantyne (1990) showed
through chemical analysis that the Late Cretaceous volcanics in the northeast and
southeast arms were similar to those of the Oha Formation in the southwest arm.

Hall et al. (1990) noted the similarity between the basement of Halmahera and
submarine plateaux‘and ridges of the Philippine Sea Plate. This was suggested to
indicate the presence of an extensive region of Late Cretaceous-Eocene arc erected upon
the Mesozoic ophiolite. This thickened crust was subsequently fragmented by the
spreading of the West Philippine Central Basin and back spreading in the Eastern
Philippine Sea. A proto-Philippine archipelago with transitory intra-oceanic arcs was

considered to be a modern analogue.

Ophiolites, arc volcanics and continental rocks were recognised in the basement of the
southern Molucca Sea region by Hall et al. (1991). The former are interpreted as parts
of the Philippine Sea Plate, whilst the volcanic basement has an island arc character of
probable Late Cretaceous-Palacogene age and is overlain by an Eocene limestone and
Oligocene rift sequence. The arrival of continental crust probably coincided with the
collision of the Australian Margin with the Pacific arc-ophiolite terranes or was caused
by terrane movement along the Sorong Fault Zone in the Late Palacogene-Early
Neogene.

Hakim (1989) investigated the petrology, geochemistry and low-temperature alteration
of the volcanics in the southwestern arm of Halmahera. He demonstrated that the Oha
Formation has a Late Cretaceous age and is interpreted as the arc related to the fore-arc
of eastern Halmahera. The Weda Group volcanics are shown to be products of Molucca
Sea Plate subduction beneath Halmahera. Hakim & Hall (1991) suggested that the Oha
Formation is the result of subduction within the Pacific and may be correlated with
similar basement material in the Philippine Sea region.

Charlton (1989) mentioned Halmahera in his study of the terranes in the Sorong Fault
Zone. Like Verstappen (1964) and Sukamto et al. (1981), he concluded that western
Halmabhera constituted a volcanic arc whilst the eastern Halmahera terrane was of anon- .

volcanic arc origin.
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Kusnama (1990) distinguished the provenance of southeastern and southwestern
Neogene sandstones. The former are dominated by arc detritus, whereas the latter are
characterised by ophiolitic material, this led to the conclusion that east and west
Halmahera were separated before the Pliocene. The absence of quartz in the sandstones
led Nichols et al. (1990) to suggest that the Halmahera Basin has not been affected by
continental input throughout its history. They attributed the changes in the sandstones
petrography to be related to the evolution of the arc and not the dissection of the arc
massif.

Hall & Nichols (1990a) and Nichols & Hall (1991) proposed that the Halmahera Basin
was created in a back-arc setting by the subsidence of the Mesozoic-Palaeogene arc.
Nichols & Hall (1991) presented the stratigraphy outlined in the 1988c report (see
Figure 1.4).

Following the R.R.S. Darwin cruise in Indonesia, Nichols et al. (1990) described the
southern termination of the Philippine Trench based on GLORIA side-scan sonar and
single channel seismic profiles. They suggested that the movement of the southward
propagating trench was impeded where it met a thickened, elevated oceanic plateau (the
East Morotai Plateau). The convergence was translated via a broad NE-SW zone of
transpressional dextral strike-slip across northern Halmahera into the Molucca Sea
Collision Zone. To the south of this strike-slip zone is the Eastern Halmahera-Waigeo
Ophiolitic Terrane, which lies between the Philippine Sea Plate and the Sorong Fault
Zone. Halmabhera is therefore considered a diffuse boundary zone at the margin of the
Philippine Sea Plate.

Hall & Nichols (1990b) postulated that the heterogeneous character of the Philippine
Sea Plate strongly influenced the position, nature and evolution of the plate boundaries.

@1@) suggestéd that future convergence in the Halmahera Region between the Philippine
Sea Plate and Eurasia will result in the southward propagation of the Philippine Trench
towards the Sorong Fault Zone or the development of a new trench to the east of the
East Morotai Plateau. Which ever occurs, the Eastern Halmahera-Waigeo Terrane will
eventually be accreted to the Eurasian Margin.

Milsom et al. (1992) used the termination of the Philippine Trench as an example of the
development of a trench along strike. It was argued that if the nature of the lithosphere

at a distance of 100 km or more could influence the trend of trench propagation then the
Philippine Trench would have propagated east of the East Morotai Plateau. The fact that
it did not suggests that propagation was determined by immediate and local weaknesses
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and not by regional factors.

Hall, Ali & Anderson (1993) used palacomagnetic data to model the movement of the
Philippine Sea Plate from the Eocene to Recent. Between 0-25 Ma they suggested a 40°
rotation with northward translation, and between 40-50 Ma the data indicates a 50°
rotation with southward translation. They also determined the poles of rotation of the
Philippine Sea plate; 15°N 160°E for the 0-25 Ma interval and 10°N 150°E for the
interval 40-50 Ma. This model predicts the initiation of the Sorong Fault Zone at ~25
Ma.

1.4 GLOSSARY OF DESCRIPTIVE TERMINOLOGY

Throughout this thesis descriptive terminological abbreviations are used. The following
is a glossary of their definitions.
Abbreviation Definition

First Appearance Datum (FAD) The first calibrated appearance of a taxa

Last Appearance Datum (LAD) The last calibrated appearance of a taxa

First Occurrence (FO) The first appearance of a taxa
Last Occurrence (LO) The last appearance of a taxa
sp. Species of foraminifera genera-indicates that specific

identification is impossible or has not been attempted

spp- A group of species within a genus.

SSp. Sub-species within a species

For further details of other included open nomenclature abreviations refer to Bengtson
(1988).

Indonesian terminology is also used:

Pulau (P.) | Island
Tanjung (Tg.) Headland
Air or Sungai River
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CHAPTER TWO
FIELD AND LABORATORY TECHNIQUES

2.1 INTRODUCTION

The aim of this project was to establish a Neogene foraminiferal biostratigraphy and
determine biofacies of the Halmahera Region. This chapter considers the techniques
and methods utilised to achieve this goal. Samples were collected by several
expeditions to the Halmahera region and research in these concentrated on
palacomagnetic surveys, biostratigraphical sampling and regional mapping. The
following is an account of the fieldwork and subsequent laboratory-based studies.

2.2 FIELD TECHNIQUES
2.2.1 LOGISTICS

Halmabhera crosses three degrees of latitude and is comparable in size to Wales
(Figure 2.1). It has a similar K-shaped morphology to its larger neighbour Sulawesi to
the west. Although narrow in places (as little as 7 km in parts of the NW and SW
Arms) access to the interior is usually limited to following the coast and turning
inland where the mountainous terrain is cut by narrow, sinuous rivers which provide
the only routes . Hall et al., (1988c) described field conditions in Halmahera as
"arduous." However this is gradually changing as the island's rainforest is being
harvested for timber. The logging roads created by this industry provide easy access
to areas which until recently were extremely difficult to reach.

Figure 2.1. Halmahera in comparison to Wales.
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Travel

Outward flights were from Jakarta via Ujung Pandang and Ambon to Ternate and the
return flights went from Galela via Ternate, Manado and Ujung Pandang (Figure 2.2).
A boat with eight crew was hired in Ternate: this vessel, the Sinar Bahtera (23 m
long, 27 tonnes, 120 hp) served as a base for the expedition and provided transport
between the islands. A 7 m dugout canoe powered by an out-board motor provided
transport to and from the boat.

;}" PHILIPPINE SEA

10°-

Figure 2.2. Flight routes within Indonesia.
Supplies

Most field equipment was brought from the UK or obtained in Bandung. The only
exceptions were cooking equipment, food supplies and fuel, much of which was
purchased in Ternate. In southern Halmahera there are no towns and only the larger
villages have any sort of shop and these cannot be relied upon to provide provisions.
All necessary supplies for the field season were purchased at the start of the trip in
Ternate, with supplementary items obtained at Labuha in Bacan. When essential, fuel
could be brought from logging camps, but usually at exorbitant prices! Therefore
before beginning the expedition it was necessary to obtain all possible provisions in
Ternate and to ensure that enough cash in small denominations was available to pay
porters and any other incurred costs. All provisions were stored on the boat in the
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hold. To stop the spoiling of these supplies vermin traps and "Rat Glue" were bought
on the recommendation of the crew. These proved to be successful. In addition to the
scientific personnel and the crew, provisions were also bought for porters during field
traverses.

Diet and Health

Provisions consisted essentially of rice, noodles, dried fish, sardines, tinned sausages
(beef not pork because most porters are Muslim), a selection of sauces, tea and coffee.
All meals were confined to this limited selection resulting in a monotonous diet which
was supplemented occasionally by fresh fruit, vegetables and fish. Multivitamin
tablets were taken to improve the nutritional value of the food. All water was boiled
before use.

Vaccinations against typhoid, cholera, japanese encephalitis B and hepatitis were
made prior to the expedition. Antimalarial tablets were also essential, although
mosquitoes are not that common in Halmahera. However, at least one member of the
expedition contracted this disease. Foot care was a high priority and vaseline had to
be applied to feet daily. This alleviated most problems caused by walking in wet
boots all day. Even so, after a protracted period of these conditions, feet become
rather raw.

Clothes

Walking boots, long cotton trousers and cotton shirts were the standard wear. The
climate and walking conditions ensure that after a short time all clothing is wet, so
waterproofs were only used in exceptional storm conditions.

Climate

Most of the year it is wet and hot (26-32°C) with high humidity. However, little direct
sunlight penetrates to the forest floor. Rain falls almost every day, the amount and
duration varies during the seasons and from year to year. In the wet season torrential
downpours are common resulting in rivers swelling and flooding in a very short time,
and this can wash away camps and hinder traverses along rivers.

Terrain

With the exception of flood-plains of some of the larger rivers, Halmahera is hilly and
frequently mountainous. Rivers are deeply incised with steep profiles and waterfalls
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in their upper reaches. Rainforest cover is virtually total with clearings around coastal
villages and where logging has harvested the trees. The natural rainforest has a
relatively open floor, but secondary rain forest created by logging is often overgrown
with treacherous footing. Parangs (machetes) are always needed to clear paths and
progress is often slow.

2.2.2 SAMPLE COLLECTION

Field work took the form of either coastal mapping or river traverses into the interior
of Halmahera. Each has its own advantages and disadvantages. Mapping and sample
collection were carried out during these excursions.

Coastal Work

A high percentage of field work was conducted along the coastlines of the various
islands which were generally characterised by good rock exposure. Coastal outcrops
were usually readily accessible although in NW Halmahera and Morotai it often
proved difficult and dangerous to land. The dugout canoe was used to go ashore for
short periods, and sections were collected and logged whenever possible. If sections
were incomplete discrete "'spot samples" were collected. The longest sections
encountered during the fieldwork were located along the coast of both Halmahera and
Bacan and these provided the basis of the planktic foraminiferal zonation scheme of
Chapter 4.

Where sections were logged, samples were taken at the base of individual beds. If a
unit was thicker than 1m, up to three samples were collected, i.e. at the base, middle
and top. These were used to check whether a change in lithology was reflected in the
recovered foraminiferal assemblages, and if thick sedimentary packages were the
result of a long period of accumulation or a product of rapid deposition.

River Traverses

These were chosen after careful examination of aerial photographs during the
planning stage of the expedition. River valleys offer the most accessible routes into
the interior and they also contain the best (and often only) rock exposures. Samples of
various lithologies were collected when encountered and sections were logged
whenever possible. The disadvantage of river traverses is that they follow tortuous
paths and wading through water all day is both wearing and unpleasant. These
traverses are also often unpredictable and steep gorges and waterfalls can require
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routes to be modified.
Sample Location

The most important part of fieldwork is to be able to accurately locate the
geographical position of collected samples. Without this information piecing together
the local geology is very difficult. The 1:250,000 scale maps were more reliable than
the 1:100,000 maps which proved to be inaccurate. Aerial photographs were the most
useful location guide, but even with these and maps it is still a major task to gauge
locations accurately. An inovation in rainforest field work was the use of the GPS
Magellan 500 satellite navigation system. These hand held instruments are only
slightly larger than a calculator and totally portable. If a slight clearing is found or
even a river bed they can offer a location within 50 m in approximately five minutes.
This has improved the resolution of sample and location maps immensely.

Samples collected during the expeditions to Halmahera were labelled by a simple
code indicating the location and person who collected the sample followed by a
number. The sample letters and numbers correspond to location points which are all
marked on the locality base maps in the Department of Geological Sciences,
University College London. Simplified sample location maps are enclosed and
referred to in relevant sections. The first letter(s) of the sample codes in this study are

as follows:
. B Bacan
. H "Halmahera

The final letter of the code (normally the second letter) corresponds to the collector as
follows:

M.G. Audley-Charles
Simon Baker

Dwi Atmo Agustiyanto
Gary Nichols

Jason Ali

Laurence Garvie
Jeffrey Malaihollo
Paul Ballantyne
Robert Hall

Spencer Roberts

wEmYTZCOC-QOW»
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There is one exception to this code, samples labelled H with no other letter were
collected by Robert Hall in 1984.

2.2.3 PROBLEMS OF FIELDWORK

There are four major problems of sample collecting in the Halmahera Region:

1y

2)

3)

4)

All tropical regions suffer from the effects of tropical weathering which breaks
down rocks by a combination of chemical and physical weathering processes.
In Halmahera, igneous, metamorphic and sedimentary rocks have all been
affected by this destructive process. Whilst this made collection of material
relatively easy it also meant that in situ contamination may have occurred. This
takes place when waters passing through weathered layers of rock wash out
foraminifera and other microfossils and redeposit them elsewhere. A mixed

population of reworked and indigenous fauna can result.

Tectonic effects are also major concerns to fieldwork on Halmahera. River
sections are often poorly exposed and collection of a continuous suite of
samples may be hampered by faulting. This may completely fault-out the
section to be collected, juxtapose an unrelated sequence into the section or even
repeat the previously examined rocks. In rainforest conditions it is quite easy to
miss fault contacts, although sudden changes in lithology and structure are
usually good indications.

Tides and weather are major problems determining the accessibility of sections
in coastal fieldwork. As the field programmes had specific objectives a strict
schedule had to be maintained.Therefore, if weather or tide conditions were

wrong sections were not examined.

The effect of the sea washing extant, long ranging foraminifera into weathered
sediments creates a contamination problem for coastal sections.

2.3 LABORATORY METHODS

The aim of laboratory processing was to disaggregate the sediment samples and

collect foraminifera from the rock residues. The following is an account of the

preparation techniques used in this study.
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2.3.1 SAMPLING STRATEGY & SAMPLE EVALUATION

Samples were examined from each arm of Halmahera. The majority of material
collected were spot samples. These can provide useful stratigraphic information about
different formations but cannot be used to establish a biozonation scheme. Therefore,
where possible samples from logged sections were processed because these were
most suitable for more detailed biostratigraphical work (see Chapter Four).

Samples were evaluated on the basis of their microfossil content and their ease of
processing. Mudstones, siltstones and marly limestones proved the most suitable
whereas conglomerates, interpillow material and indurated limestones were less
productive.

2.3.2 DISAGGREGATION TECHNIQUES

After samples were unpacked they were dried in an oven. This opens up pore spaces,
removes pore waters and maximises the penetration of the various disaggregating
solutions thereby increasing their effectiveness. A variety of methods were used
depending on the type of sediment and on its induration.

Washing Soda (Na;CO3) Method

This method is cheap, safe and relatively effective on partially indurated argillaceous
rocks, marls and soft limestones. The samples are broken into small fragments,
ideally 1 cm2, which allows the greatest surface area to be affected by the solution
and increases sediment break-down. These fragments are placed in a heat resistant
bowl which is topped up with water. One or two large spoonfuls of Na,CO3 are then
added to the water. The bowl is placed on a burner and the solution is heated until it
boils. It is then allowed to simmer until the rock shows no further signs of breaking
down. The water level should always be maintained during this process. This process
can be repeated after wet sieving off clay fraction.

Hydrogen Peroxide (H,0;) Method

Hydrogen peroxide is an oxidising agent and care should be taken when using this
method. For many rocks it is as effective as the previous technique but can also be
used on more indurated calcareous material. Preparation is the same as the last
method but instead of water H,0O; is used. This reaction can be quite violent and can
be speeded up by heating the solution, but this is dangerous and fume cupboards
should be used. When the rock shows no more signs of disaggregating“the residue
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Field Techniques and Methodology

solution can be varied depending on the rock type, but the stronger the solution the
more the foraminifera become etched and the lower the recovery.

2.3.3 WASHING, SIEVING AND PICKING
Washing and Wet Sieving

After samples have been disaggregated many of the residues, with the exception of
those from the HC] method, consist of muds which obscure the microfossils. To
remove these clay minerals the residues are washed over a 63 um sieve. If the clays
are difficult to remove further boiling with Na;CO3 may be required. When no more
mud can be washed from the sample the residue is flushed into a crucible and the
excess water is decanted off. The sample is placed in an oven and dried.

Dry Sieving and Picking

Foraminifera vary greatly in size so it is useful to sieve the dried residues into various
size fractions for analysis. This study used 841 pum, 710 pum, 500 pm, 250 pm and

125 pum. A catcher tray at the base of the sieve stack collected the 62-125 pm fraction.
For foraminiferal analysis the 500, 250 and 125 um fractions proved the most
productive. However, larger foraminifera, especially Amphistegina sp. often occurred
in the larger fractions.

There are several methods for comparing sample populations:

1)  Weigh out 1 gram of residue and collect all the foraminifera within it. Repeat
with all the samples. This provides a means of direct correlation between
different samples.

2)  Aliquot or Splitter method: Various authors have reported on the minimum
number of specimens necessary to record a representative population within a
sample, numbers between 200 and 300 are the the usual concensus (Van Marle,
1988). This method uses a random sample microsplitter to divide the residue
approximately in half. If all examined samples are split to a size where at least
250-300 specimens can be counted then statistically it is possible to compare
different samples. This is achieved by recording how many times the sample
was split to reach the 200-300 specimen cut-off point e.g. whether the sample
is 1/ or 17155 of its original size. Population counts can then be multiplied using
this Figure and comparisons between different samples are possible.
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The second method was used in this study because the standard weight technique is
time consuming and not always practicable with large quantities of samples. Sieved
and split residues were then placed on a tray and picked using a light microscope.

To establish a planktic zonation scheme all planktic foraminifera in the sample
fractions were collected and recorded. For palaeobathymetric studies at least 150 but
usually 300 benthic specimens were collected from individual sample size fractions.
This was necessary to reproduce representative fraction populations. Size fraction
populations are discussed further in Chapter Five.

2.4 OTHER METHODS
2.4.1 SCANNING ELECTRON MICROSCOPY

For more detailed examination of specimens a Zeiss DSM 940 Scanning Electron
Microscope (SEM) was used. SEM "'stubs' were used to mount specimens to be
viewed. These were covered by a piece of exposed photographic film with the
emulsion side up. By applying water to the emulsion enough adhesion was obtained
to stick the foraminifera. The stubs are coated with gold and placed in the SEM
chamber and photographed.

2.4.2 COMPUTER ANALYSES

All data was collated in a spreadsheet programme (Excel 4.0) for the Apple
Macintosh (see appendices 1, 2 and 3). The benthic foraminiferal information was
then used for cluster analysis which was carried out using the SPSS/PC+ V3.0
software package. This is a well known set of programmes widely used on mainframe
and personal computers. The clustering technique is available in the Advanced
Statistics option of this package and is fully described by Norusis (1988). This
method is discussed further in Chapter 5.
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CHAPTER THREE
NEOGENE SEDIMENTARY ROCKS OF THE HALMAHERA
REGION

3.1 INTRODUCTION

The following chapter provides an account of the Neogene stratigraphy for the
Halmahera Region. This has been erected utilising lithostratigraphy, biostratigraphic
data recorded in appendices 1 and 2 and Chapter 4 and K-Ar ages (Hall et al., 1992).
Formational descriptions are based on Hall et al. (1988c), Nichols & Hall (1991), and
Malaihollo (1993) with biostratigraphical and supplementary lithological information
provided by the present study. Halmahera has been divided in to five areas; SW Arm,
NW Arm, NE Arm, SE Arm and the Central Zone (Figure 3.1), the different
formations have been grouped regionally and chronologically within this framework.
Figure 3.2 shows the stratigraphies of these different areas and Figure 3.3 is a
geological map of the Neogene formations of the Halmahera Region.
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Figure 3.1. Regional Divisions of Halmahera.
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Neogene sedimentary rocks of the Halmahera Region

3.2 STRATIGRAPHIC NOMENCLATURE

The nature of exposure on Halmahera presents some problems in the application of the
accepted Stratigraphic Code of Nomenclature. River sections provide adequate
exposure, but it is rarely possible to log sedimentary sequences over more than a few
tens of metres. Formations cannot be continuously logged to provide type sections and
the boundaries between formations cannot always be precisely defined.

Formations described and defined in this study are rather more loosely constrained than
those in use in Europe and North America. They conform to the fundamental definition
of formations in that they are mappable units with consistent sets of characteristics. In
most cases foraminifera and nannofossil dating provides stratigraphic limits to these
units.

3.3 NEOGENE ROCKS
3.3.1 NE AND SE HALMAHERA
Jawali Conglomerate Formation

Summary: Coarse conglomerates of fluviatile origin containing well rounded ophiolite
debris.

Age: ?Late Oligocene-Early Miocene.
Lithologies: Conglomerates of ultramafic debris.

Thickness: The thickness of the formation in the Jawali valley is approximately
400 m.

Type Section: Jawali River, north side of NE arm.
Distribution: NE arm (see Figure 3.4).

Upper and Lower Contacts: Unconformable on ophiolitic basement and
conformably overlain by Subaim Limestone.

Depositional Environment: Fluviatile.

Type Section: In the type area there are well exposed, coarse boulder conglomerates
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Neogene sedimentary rocks of the Halmahera Region

containing clasts of ophiolitic material. The clasts are poorly sorted, well rounded and
up to 0.5 m across. The conglomerates are clast-supported and have a matrix of poorly
sorted pebbly sandstone with similar ophiolitic detritus and some carbonate clasts. The
contact with the Basement Complex is not visible but as the basement rocks are
approached the clasts in the conglomerate become larger and the proportion of matrix
decreases, as does the proportion of carbonate in the matrix. Stratigraphically higher in
the conglomerates, where there is more carbonate detritus, there are rare small conical
gastropods in the sandy matrix.

The conglomerates thin laterally away from the present valley bottoms and cannot be
traced far from the rivers. The regular change in clast size, matrix character and
ophiolitic debris indicates that they are alluvial or fluvial deposits which accumulated on
an irregular surface of the underlying Basement Complex. In the Saolat and Jawali
Rivers there is a transition from these conglomerates into the overlying limestones
indicating a marine transgression and onlap has probably covered the conglomerates in
other areas.

Age: The formation is not precisely dated and is assumed to be Early Miocene based
on the ages of the oldest limestones of this facies in the NE arm; in the type area the
oldest limestones above the formation are Lower Miocene or younger (H188-189). In
the Onat River one clast of reef limestone has been dated as Eocene (HA86) and another
as probable Early Miocene (HA83). This suggests that the conglomerate was deposited
by a early Neogene river system eroding a landscape exposing the Basement Complex,
Eocene reef limestones and Early Miocene limestones, and the older valley has been re-
excavated by the Onat River.

The conglomerates locally pass upwards into a finer grained breccio-conglomerate with
rounded and angular clasts of basic and ultrabasic rocks in a calcareous pebbly sand
matrix. On the mountain sides above the Jawali River and in the Saolat River this
breccio-conglomerate horizon rests directly on brecciated and blocky basic and
ultrabasic rocks of the Basement Complex with no intervening conglomerate. The
proportion of ophiolitic debris in these calcareous rocks varies; some beds are strictly
calcareous micro-conglomerates or micro-breccias, while others are merely pebbly
limestones with ophiolitic pebbles. Because of incomplete exposure it is difficult to
determine the thickness of this transition into limestones but it is nowhere more than
50 m thick and may be as thin as a few metres in places.
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Gemaf Conglomerate Formation

Summary: Distinctive dark conglomerates of well rounded ophiolite debris and well-
sorted dark sands of littoral origin.

Age: ?Early Miocene.
Lithologies: Conglomerates and sandstones composed of ultramafic debris.

Thickness: The coastal exposures near Gemaf indicate a minimum thickness of a few
tens of metres. However, the wide area over which this formation is distributed
suggests that thicknesses of several hundred metres are probable. The thickness of this
formation is likely to be highly variable.

Type Section: Gemaf, east end of SE arm.
Distribution: East end of SE arm (see Figure 3.4).

Upper and Lower Contacts: None seen, although it is thought to be
unconformable on ophiolitic basement and conformably overlain by Subaim Limestone.

Depositional Environment: Littoral/very shallow marine.

Type Section: On the coast near Gemaf these conglomerates are well exposed. They
are composed dominantly of serpentinite and weathered ultramafic material with rare
clasts of gabbro and red cherts. Clasts of asbestos indicate that the clasts have not been
transported very far. The conglomerates are well bedded in most places, very well
sorted, with a well marked orientation of elongate pebbles parallel to the bedding. They
are interbedded with well sorted sandstones. At the west end of the section the
conglomerates are finer and the sequence is dominated by sandstones which form
lenses and beds between the conglomerates. No fossils were evident in hand
specimens. West of the Sagea River the Gemaf Conglomerates (HR327) are faulted
against well-bedded reefal limestones. These conglomerates resemble those exposed at
the coast near Gemaf.

Petrology: The sandstones in the Gemaf Conglomerate Formation are typically lithic
arenites. The clasts present are dominantly serpentinite plus small quantities of chrome
spinel and a variety of other minerals derived from an ultrabasic source terrain. Lithic
clasts of chert are occasionally seen. These arenites are well sorted and the clasts are
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Neogene sedimentary rocks of the Halmahera Region

generally well rounded.

Interpretation: The sedimentary structures seen in the Gemaf Conglomerate
Formation strongly suggest a littoral environment of deposition. The characteristics
which lead to this conclusion are the very well rounded nature of the clasts (at all sizes)
and the very good sorting of the material into beds of different grain sizes. These
features, along with the absence of channelling and graded beds, strongly favour a
beach environment as opposed to a fluvial or submarine fan or fan-delta setting for this
formation.

The very restricted clast types indicate that the material was derived from a single terrain
of ophiolitic material. An emergent mass of ophiolitic basement, forming a landmass or
island region similar to that between present-day East Halmahera and Waigeo, would
have been eroded to provide material to local beaches around the islands of ophiolite.
Such a facies would be expected to be laterally impersistent and the Gemaf
Conglomerate Formation is not always present between the ophiolitic basement and the
Subaim Limestone Formation in the SE arm.

Age: The only fossils found were indeterminable palynomorphs in two samples
(HB128,129). Map relationships indicate that this formation lies directly on the
Ophiolitic Basement Complex and is conformably overlain by rocks of the Subaim
Limestone Formation. These limestones are as old as Early Miocene. The minimum age
of the Gemaf Conglomerate Formation is therefore Early Miocene. Brouwer (1923)
reports an Early Miocene (Aquitanian) age for conglomerates near to Gemaf although it
is not certain that they belong to this formation.

Notes: There is a possibility of confusion when mapping conglomerates of this type in
the SE arm of Halmahera. Identical conglomerates are found in the Paniti Formation.
Similar fine conglomerates and well sorted dark sandstones consisting of ultrabasic
debris also occur within the Saolat Formation which can normally be distinguished by
their context. In particular, the Gemaf Conglomerate Formation is devoid of carbonate
whereas the Pliocene sandstones are typically closely associated with carbonates. The
similarity of facies in beds of different ages is due to the similarity of the environment
of deposition: a littoral setting on the margins of an uplifted block of ophiolitic rocks.

Subaim Formation

Summary: Massive and well-bedded limestones of reefal or reef-derived material with
rare clastic intervals. A shelf carbonate sequence which persisted throughout the
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Miocene.

Age: Miocene, locally Miocene-Early Pliocene.

Lithologies: Limestones (packstones, wackestones and boundstones).
Thickness: 500 m is an average thickness.

Type Section: The Subaim Mountains in the NE arm of Halmahera.

Distribution: NE and SE, locally central and possibly SW, Halmahera (see Figure
3.4).

Upper and Lower Contacts: This formation either rests directly on ophiolitic
basement or a conglomerate unit (the Gemaf or Jawali Conglomerate Formations) lies
between. The upper contact is a transition into the Saolat Formation.

Depositional Environment: Shelf carbonates (reef-derived and associated facies).

Type Section: The Subaim Limestone Formation was introduced and defined by
Hall et al. (1988b) for Miocene limestones which outcrop in the NE arm of Halmahera;
description of the formation and localities are given in that paper. The same, frequently
massive, reefal limestones occur commonly in the Central Area, the SE arm and in one
outcrop on the SW arm. Miocene limestones of a similar type are also found as clasts in
the Loku Formation. The descriptions here are based on the work of the 1987, 1989
and 1990 expeditions.

Kobe Area, Central Zone: To the west of the Central Zone lies a thick sequence of
limestones which are not well exposed. The poor exposure is due largely to the
presence of travertine and calcareous tufa which form thick mantling deposits over the
bedrock in the streams. The thickness of the limestone sequence can hence be estimated
from the topographic relief to be around 500 m. A clastic interval consisting of a 10 m
thick unit of sandstones and laminated siltstones (HG165,166), sandwiched between
thick beds of bioclastic limestones (HG162,164,168) occurs here. The remainder of the
500 m of sequence consists of coralline limestones and bioclastic packstones and

wackestones, often very rich in foraminifera tests.

Headwaters of Tapaya River, Central Zone: Air photographs show that much
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of the higher parts of the Central Zone are covered by limestone karst. The limestones
appear to be broadly flat lying and have been interpreted (Hall & Nichols 1990a) as
thrust westwards over the Weda Group, based upon aerial photographic interpretation
and dating of samples (HA123-125, HA133, HA139) collected by the 1984 expedition.
The limestones were sampled in 1990 at elevations up to 670 m, and up to ~20 km
south of the north coast, above the headwater valleys of the Tapaya River. Most of the
samples (HR882-884, HR905-921, HR944-949) are compact limestones with a
crystalline aspect reflecting sparry replacement and calichification associated with karst
formation. For this reason they have proved difficult to date despite containing
abundant fossil debris. Most samples yielded ages of Miocene-Recent but one sample
(HR949) did yield an unambiguous Middle Miocene age confirming the overthrust
interpretation.

Sagea area, west end of SE arm: In the Sagea area, Miocene limestones rest
directly on the peridotites and the contact is exposed in the Air Picah. There is no
conglomerate at the contact and the contact between limestone and peridotite is
extremely sharp with no sign of peridotite debris in the basal limestone. There is no
sign of tectonism at the contact and the dip of the contact is parallel to the dip of the
limestones higher in the sequence. This contact is interpreted to be a primary
depositional contact. In general, the limestones are massive to well bedded. There is a
noticeable lack of large colonial or solitary corals but in places there are beds containing
much coral debris, mainly elongate tabular solitary corals, closely packed and not in life
position. At the top of the sequence (HR320-322) they become thinner bedded (10-

15 cm) and pass gradually into thin limestones interbedded with greenish calcareous
rocks (HR324-326) of the Saolat Formation.

Spo River, south side of SE arm: A conical hill (Bukit Foni) of Subaim
Limestone rises about 200 m above the surrounding hills which have an average height
of 400 m. The hill was sampled at intervals (HR351-353). Solitary and colonial corals
were found in a loose boulder, otherwise no fossils were seen. The limestones appear
to be a pure white micrite, with no sign of bedding, and are deeply corroded by
solution giving them an aspect of clinker in hand specimen. They are extremely hard
and sharp, and the lower slopes of the hill are deeply incised by solution.

Paniti and Gowonli Areas, east end of SE arm: The Subaim Limestone occurs
as steeply dipping strata at the southern margin of the basement window. They are
alternating limestones and marls in ten to hundred metre units. The harder limestones
are pink and orange, massive bioclastic wackestones and packstones (HG238-240);
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these units form the ridges visible on aerial photographs. The interbedded marls are
rather poorly exposed (HG241). On the east side of the basement window, Saolat
Formation sandstones pass down section into well-bedded rubbly limestones (HR372)
and calcarenites interbedded with softer marly limestones (HR371) and then below into
thickly bedded limestones (HR372,373,374,378), better indurated, which contain large
forams (Lepidocyclinae and Cycloclypeus sp.). These are the beginning of a sequence
of generally well-bedded limestones (HR376-379) with little obvious fossil debris. The
base of the limestones is not seen and the contact of the Subaim Limestone Formation
and the basement rocks is probably a fault.

Jibo Area, east of Logging Camp: New logging roads in this area cross the
Saolat Formation, the Subaim Formation and the basal contact with the ophiolite.
Relationships are disturbed by faulting but the limestones appear to dip broadly
northwest. The upper contact with the Saolat Formation is a fault; the lower contact
with the ophiolites is a transition through dark ophiolitic sandstones which rest upon
sheared serpentinite. The limestones (HR966-968) are compact, typically massive and
full of fossil debris.

Petrology: Surface alteration has destroyed the original texture of the material
sampled in many cases. The fresher material has been found to be predominantly
bioclastic wackestone and packstone. The bioclastic debris consists of foraminifera,
bryozoa, echinoderms, mollusc shells, corals, coralline algae and laminar algae.
Foraminiferal grainstones occur (HG229, HG242). True coral boundstones were not
found, but boundstones of algal material (HR322, 351) occur. There are lithic
fragments of reworked bioclastic packstone (HR349). The rare clastic horizons
(HG165, 166) are lithic arenites in a calcareous mudstone matrix. Apart from these
units in the central area, the Subaim Limestone Formation is calcareous throughout.

Interpretation: Microfacies analysis (Chapter 6) has identified seven lithofacies and
eight sublithofacies. The abundance of bioclastic debris suggests that, in general, the
deposition of these limestones was off reef, the faunas in these samples, namely
Lepidocyclinae, also indicate a fore-reef position. Open marine facies were also found.
There is an impression, based on traverses made in 1984, 1987 and 1990 and
microfacies analysis that topographic highs were located in southwest and central
Halmahera with smaller isolated highs in the northeast arm.

It seems probable that the conical hills in the Spo River section represent pinnacle reefs.

The limestones are of a consistent and unusual micritic character, apparently
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unfossiliferous in hand specimen and this is interpreted as the result of complete
alteration due to 'calichification'. Most limestones at the surface in the tropical
rainforest are affected by solution but it is extremely unusual on Halmahera to find
rocks which are apparently so extensively affected that all original features have been
obliterated. In comparison the surrounding redeposited limestones and lime mudstones
have retained many primary depositional features despite the formation of a karst
scenery. The most likely explanation for this extensive alteration appears to be that the
limestones forming these hills had an unusually high primary porosity and after burial
provided an important passage for water. A pinnacle reef origin would be an obvious
explanation for the high primary porosity. The reef origin is consistent with the
occurrence of corals and would also account for the variation in limestone facies in the
region close to the hill.

Age: This formation spans the whole of the Miocene. An Early Miocene age is
indicated for limestones in the Sagea area (HR316, 319); Mid Miocene ages were
obtained from the eastern end of the Gowonli River (HR372, 373, 374, 378) and in
parts of the Central Zone (HA133, HR949), and Late Miocene to Early Pliocene ages
from the Spo River (HR348, 349, 350), Air Mdolf (HG223,HG224) and from the
Paniti area (HG229, 234, 236, 237, 238). The microfauna present in the Subaim
Limestone in other areas does not clearly indicate any particular part of the Miocene. In
the Central Zone two possible periods of limestone deposition can be distinguished
from biostratigraphic data.

The pinnacle reefs in the Spo River area illustrate the persistence of the Subaim
Formation in the SE arm. Foraminiferal evidence suggests continued deposition of
Subaim Formation limestones in areas of the SE arm whereas in the rest of the
Halmahera region deposition ceased at about the end of the Middle Miocene. No
evidence has been found in the SE arm of an unconformity within the Subaim
Formation, and therefore a diachronous transition to the Saolat Formation is proposed.
Lateral equivalents to the Early Pliocene limestones of the Subaim Formation in the SE
arm are limestones of the Saolat Formation.

Characteristic Fauna: The Subaim Formation has been successfully dated utilising
both 'larger' and planktic foraminifera, depending on the type present within a sample.
Larger foraminifera identification was conducted by Dr. D. J. Carter, whilst planktic
foraminferal dates have been provided by both Prof. F. T. Banner, and the present
study.
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Sagea area: Planorbulina sp., Cycloclypeus sp., Marginopora sp., and Amphistegina
sp-

Gowonli River: Cycloclypeus sp., Operculinella sp., Lepidocyclinae, Amphistegina
Sp., Orbulina universa, and Sphaeroidinellopsis seminulina seminulina.

Spo River: Orbulina universa, Sphaeroidinellopsis seminulina seminulina,
Globigerinoides quadrilobatus Group, Gs. obliquus, Globorotalia (Gr.) tumida
Group, and Globorotalia (M.) cultrata.

Air Mdolf area: Globigerinoides quadrilobatus Group, Gs. obliquus-Gs. extremus
transition, Globigerinae, Sphaeroidinella dehiscens, Globorotalia (Gr.) tumida Group,
Globorotalia (M.) cuItrata, Globorotalia (M.) menardii, Globorotalia (H.) margaritae,
Globorotalia (Gr.) tumida, Dentoglobigerina altispira, and Neogloboquadrina
acostaensis .

Paniti area: Globigerinoides quadrilobatus Group, Gs. obliquus-Gs. extremus
transition, Globigerinae, Sphaeroidinella dehiscens, and the Globorotalia (Gr.) tumida
Group.

3.3.2 SW AND NW HALMAHERA: WEST SIDE
Loku Formation

Summary: Turbidites and debris flows of material derived from a terrain of volcanic
arc rocks and reef limestones situated to the east.

Age: Late Miocene-Early Pliocene.
Lithologies: Sandstones, mudstones and conglomerates.

Thickness: At least 500 m and possibly more than 1000 m. The thickness is very
uncertain due to repetition by folding.

Type Section: Dehepodo River east of the village of Loku, SW arm.

Distribution: Throughout the SW arm, and locations in the NW arm (see Figure
3.5).

Upper and Lower Contacts: The base of this formation has not been seen. It is
overthrust by the Superak Formation in the SW arm and overlain unconformably by
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Kayasa Formation volcanic rocks in the NW arm.
Depositional Environment: Marine slope.

Type Section: In the type area there is a sequence of normally graded sandstones,
concretionary mudstones and clast- and matrix-supported conglomerates. The
sandstones have sharp, sometimes pebbly, bases with intraformational mud clasts.
They grade up into finer sandstones and siltstones, usually in decimetre beds. Parallel
and convolute laminations occur in the fine sandstones. Carbonaceous debris, mostly
plant material, is a common component of the finer sands and siltstones (HG39). The
interbedded conglomeratic units are poorly organised units, clast- and matrix-
supported, and up to 4 m thick. The clast composition is exclusively volcanic rock
fragments and intraformational mud clasts (HG41); there is a marked absence of
limestone clasts.

The mudstones and siltstones are grey and carbonaceous. They are either laminated or
are extensively bioturbated, mostly by irregular vertical burrows 5 to 20 mm in
diameter and up to 10 cm long (probably created by small crustaceans). The
carbonaceous material is frequently concentrated into lenses of plant debris.
Concretions in the mudstones are up to about 0.2 m across and ferruginous, probably
limonite (HG37). These mudstones become more common towards the east (up
sequence).

Nusa Manu Waterfall section, SW arm: 4 km northeast of the village of Loku
is the confluence between the Loku river, which runs westward from this point, and a
tributary which flows from the northeast. From this point onwards exposure is almost
continuous. The sequence is dominated by conglomeratic units up to 20 m thick. These
are poorly sorted, clast- and matrix-supported, with the matrix composed of coarse
sand. Clast size varies from 5 to 50 cm, clasts are well rounded and are similar in all
the conglomerate units. The clast suite consists of intraformational mudstones with
wood fragments, hornblende andesites and limestones. Organic material is present in

some units.

Interbedded with these conglomerates is a series of sandstones and mudstones. The
sandstones are medium-coarse grained, with fining upwards sequences. Most have a
high feldspar content and contain some mafic minerals. Where carbonaceous material is
present, it highlights laminations. These beds are 10-50 cm thick. Some horizons are
rich in shell fragments (HS22). Pebble beds are common features of the sandstones.
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The pebble composition is the same as the conglomerate units. It is noticeable in some
pebble beds that they are characterised by a high percentage of mudstone clasts. The
best example of this sequence is exposed 6 km northeast of Loku at the Nusa Manu
waterfall. This is 30 m high and provides an excellent vertical section through the
sequence. There are grey laminated mudstones approximately 20-30 cm thick with the
laminations picked out by organic fragments. At the contact of these beds and
conglomerates there are rip-up clasts. Massive dewatering and slump structures are
present in certain areas. One example of dewatering produced a 5 m deformation
structure. Further east, the conglomerate units thin and the mud component in the rest
of the sediments increases.

Loku Section, centre of SW arm: This section was originally described by Hall
et al. (1988c) as part of the Superak Formation, further work on the section has
reclassified it as Loku Formation. This section consists of rhythmically bedded, sharp-
based and sharp-topped sandstones and siltstones. The sandstones are medium to very
coarse in grain size and contain abundant bioclastic material (HG44-46). Mud clasts are
common and some beds are intraformational conglomerates of mud clasts in a sandy
matrix. Plant debris occurs in the sandstones and finer siltstones, bioturbation is
common throughout. The facies of the beds here is exactly the same through several
hundred metres of section.

Maidi section, east side of SW arm: About 8 km from Maidi the Superak River
cuts obliquely across the strike of a sequence of highly indurated turbidites (HR74-86).
Features of the sequence include slumps and debris flow units containing large rip-up
clasts of bedded sandstone and volcanic rocks, but dominated by angular limestone
clasts. Rare limestone clasts occur in sandstones which show grading, syn-sedimentary
stretching, cross lamination and parallel lamination. Load structures are rare and no
directional structures were seen. Plant debris is present in some sandy layers. Several
channelled pebbly sandstone units occur in the sequence and the section appears to
consist largely of Bouma turbidite 'b' and 'c' units with occasional Bouma 'a' units.

Saketa Section, west side of SW arm: The sequence east from Saketa consists
of interbedded mudstones, siltstones and sandstones and rhythmically bedded shales
and limestones. The coarser clastic rocks and mudstones are similar in lithology to
those of this formation seen at Loku (sandstones and carbonaceous mudstones: HG89,
92) but are not arranged in normally graded turbiditic units. Some mudstone units show
a high degree of disturbance, with pockets of finer platy sands. Bioturbation is present

in a few of the mudstones, possibly Zoophycos. Limestone and shale alternations are a
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distinctive feature. The limestones are up to 15 cm thick beds of packstone (HG93);
thinner limestone beds are rather impure. The shales (HG94, 95) are very rich in
organic material and bioturbation is very common in the darker units, never the paler
shales. Cross-lamination is well developed, as is sorting and graded bedding. Shelly
material is present in some units. A single, 20 m thick, dark, fine-grained, crystalline
rock (HG96) occurs conformably within the sedimentary sequence S km SE of
Saketa. It was not possible to determine whether this is a lava or a sill.

Oha Section, south central SW arm: The valley of the Lipope River exposes
weathered andesites (HR129) and the slopes above the river expose volcanics,
calcirudites and sandstones. Further east there are exposures of calcareous sandstones,
and conglomerates (HR133-136) with shallow water carbonate clasts and subordinate
volcanic clasts. In the Oha River a narrow gorge cuts into a sequence of water-laid
tuffs, volcanic breccias, slumps and debris flows (HR168-181) containing angular
carbonate clasts and large rip-up clasts of calcareous mudstones which were partly
lithified at the time of deposition. At certain levels the sequence is dominated by
redeposited impure carbonates, including calcirudites, calcarenites and calcisiltites
(HR182-184), all containing subordinate volcanic clasts. A variety of sedimentary
structures are evident, including channelling, loads, cross lamination, grading (normal
and reversed) and dewatering structures.

Paspalele Section, south end of SW arm: The Loku Formation in this area
consists of volcanic and volcaniclastic rocks, sandy turbidites and conglomeratic debris
flows. Near the presumed base of the sequence, there are porphyritic andesites with
large (5 mm) phenocrysts of plagioclase and hornblende (HP21) plus non-porphyritic
andesites (HP22). An intrusive body of diorite occurs within the volcanics. These are
succeeded by well-bedded fine to coarse grained tuffs and tuffaceous sandstones. Beds
are around 10 cm thick and exhibit both normal and reverse grading, parallel- or cross-
lamination (HP27-HP34) or they may be massive and structureless. Up stratigraphic
section the sequence is coarser with matrix-supported conglomerates of rounded clasts
of volcanics and sandstones (HP35,36). Polymict conglomerates of volcanic and
limestone clasts (HP37) occur as clast- or matrix-supported beds interbedded with
graded tuffaceous sandstones (HL14, HP39). Further west, tuffaceous sandstones
(HP45-HP49) are interbedded with conglomerates. The conglomerates are mainly
composed of volcanic clasts but also include blocks of reefal limestones. Limestones
also occur as beds of redeposited calcarenites.

Tanjung Kapakapa, north end of NW arm: At this locality there is a series of
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calcarenites, mudstones, and clast-supported conglomerates exposed in 25-30 m sea
cliffs. The conglomerates are poorly to moderately sorted, and up to 7 m thick. The
clasts are well rounded and include calcarenites, hornblende andesites, fine grained
basalts, and other volcanic rocks. Different conglomerates vary in the proportions of
certain clasts, particularly the andesites. Extremely large intraformational mudstone rip-
up clasts are present (1 m+ in length) aligned with their long axes sub-parallel to
bedding. Planar cross bedding is also present.

The mudstones (HR814, HR816) are weathered and typically 0.5 m thick. Most show
parallel lamination near to their bases, and locally have internal pebble horizons. These
pebbles are of the same type as those in the conglomerates. The calcarenites (HR817,
HR821) and limestones (HR815) are generally buff coloured and range from 0.3-

1.5 m in thickness. They are indurated, porous and some appear thinner bedded
towards their tops. Channel structures are found in some calcarenites, which scour into
the underlying mudstones. Large (1.5 m) mudstone rip-up clasts occur parallel to
bedding in several beds of fossiliferous calcarenites. Foraminiferal wackestones
(HR820) are present throughout. Pebbly limestones are dominated by intraformational
mudstone clasts, and occasional limestone clasts are also present.

Faulting in the sequence reduces dip to sub-horizontal. The sediments are cyclic, with
conglomerates at the tops and bases. In the lower part of the sequence, cycles are about
10 m thick. The upper part of the sequence is dominated by mudstones and
calcarenites. A noticeable characteristic of these sediments is the lack of organic
material.

Petrology: Feldspars and lithic fragments of volcanics are the principal clasts in the
arenites of the Loku Formation. Some samples of sandstone contain calc-lithic material
(HR3), but generally the limestone clasts are larger and may be a significant component
of the conglomeratic beds. Bioclastic debris occurs only in certain units, mainly those
of shallower water origin (HG130): the graded sandstone beds are normally devoid of
bioclasts. Organic material is moderately common.

Interpretation: The nature of the sequences seen in the Loku and Maidi areas
indicates that these are a series of turbidites and subaqueous debris flows. These were
derived from a volcanic source terrain with a vegetation cover providing the
carbonaceous material common in these deposits. Limited palaecocurrent evidence from
the turbidite sequences suggests west-directed transport of sediment. At Tanjung
Kapakapa the lack of organic material suggests a more distal position. The size of the
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rip-up clasts in this sequence suggests a significant slope, a considerable depth of water
and a significant erosive force in order to move such large clasts. Between debris
flows, quieter periods are represented by limestones and mudstones. The Loku
Formation near Oha consists of volcanic breccias, water-laid tuffs, slumps and debris
flows including levels of redeposited impure carbonates. Most of the volcaniclastic
rocks in the Paspalele section are redeposited, the coarser material occurring as debris
flows and the finer sand grade material in turbiditic sequences. The common occurrence
of limestone clasts of reef-type lithologies in the turbidites and debris flows indicates
that some reefs were associated with the dominantly volcanic source terrain. The
outcrops in the Saketa section suggest shallower water and a different depositional
mechanism. The clastic rocks in this sequence are not the products of mass flow
events, but appear to be deposited in a marine environment of varying energy
conditions; limestone beds were produced when the clastic sedimentation was slight.

Age: In the SW arm clasts from conglomerates and breccias within the sequence
yielded Lower Miocene (HR131, 135) or Middle Miocene (HR73, 78) ages indicating
that Lower to Middle Miocene limestones (probably the Subaim Limestone) were being
eroded to provide some of the detritus for the coarser members of the sequence. For
mudstones, both nannofossils and microfossils consistently indicate a date within the
Late Miocene to Early Pliocene range for this formation. Samples dated were from Oha
(HR143, 144, 183), Loku (HG36, 43, HM10, HS18, 20), Saketa (HG91, 94, HS]1,
2,3, 4,12, 13, 14, 15) and coastal exposures near the southern tip of the SW arm
(HG125, 130, 135). In the NW arm at Tanjung Kapa-Kapa (HR814, 815, 816, 817,
818, 819, 820, 821) dates are similar to those from the SW arm.

Characteristic Fauna: Globorotalia (Gr.) plesiotumida, Gr. (H.) margaritae
primitiva, Gr. (Gr.) lenguaensis., Gr. (Gr.) paralenguaensis, Gr. (H.) cibaoensis, Gr.
(Gr.) tumida tumida, Gr. (H.) margaritae margaritae, Gr. (T.) crassaformis
crassaformis, Neogloboquadrina humerosa, Nq. acostaensis., Globigerinoides

conglobatus, Gs . kennetti, and Sphaeroidinella dehiscens.

3.3.3 SW HALMAHERA: THE WEDA GROUP

The Weda Group is defined as the collective term for shallow marine Late Miocene to
Early Pliocene sedimentary rocks of Halmahera and the type localities of the formations
in this group are in the Weda Bay area of south Halmahera. These formations were

. previously mapped as the 'Weda Formation' on GRDC maps (Apandi & Sudana 1980,
Supriatna 1980, Yasin 1980). Each of the formations in the Weda Group is mappable
across most of southern and eastern Halmahera. In the tectonically complex area of the
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Central Fold and Thrust Belt it is not possible to separate the individual formations and
so the Late Miocene-Early Pliocene rocks there are mapped as undifferentiated Weda
Group. In Morotai sedimentary rocks of Late Miocene-Early Pliocene age assigned to
the Weda Group are not subdivided into formations.

The stratigraphy and petrology of the Neogene sedimentary rocks of south Halmahera
is described by Kusnama (1990) and Nichols & Hall (1991) . In the SW arm the basal
member of the Weda Group, the Superak Formation, lies unconformably on the Oha
Formation. The younger formations are in a conformable sequence above the Superak
Formation. The general dip is towards the east so the overall outcrop pattern is that of a
series of north-south striking units younging towards the east coast of the SW arm. The
calcareous mudstone-dominated Akelamo Member occurs discontinuously above the
Superak Formation and passes laterally into the sandier Dufuk Formation.

In the eastern arms the principal unit of the Weda Group, the Saolat Formation, passes
vertically and laterally into limestones of the Subaim Limestone Formation. The Wasile
Sandstone Formation (Hall ez al. 1988b) is not widely exposed and cannot be mapped
separately from the Saolat Formation and the formation has now been incorporated
within the Saolat Formation.

Throughout Halmahera volcanic rocks of Late Miocene-Early Pliocene age occur as
clasts from boulder to fine grain size in the sedimentary rocks of the Weda Group.
They also occur as volcanic sequences and where identifiable as the appropriate age are
assigned to a Weda Group Volcanic Member. In the Central Zone limestones in the

Weda Group are assigned to the Tapaya Member.

Superak Formation

Summary: Conglomerates and laterally equivalent shallow water sandstones at the
base of the Weda Group, unconformable on the older units.

Age: Late Miocene.
Lithologies: Conglomerates and sandstones.
Thickness: 1000m - ?1500m+.

Type Section: Superak River, central SW arm.
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Distribution: Central zone and SW arm (see Figure 3.5).

Upper and Lower Contacts: Although not seen, the conglomerates and sandstones
contact is interpreted as either an unconformity or a fault. The upper part of the
formation is considered to pass conformably into the Dufuk Formation above.

Depositional Environment: Shallow clastic shelf, fan-deltas.

This is the oldest of the Weda Group formations. It lies unconformably on the Oha
Volcanic Formation in the SW arm and Central Zone. Two members are recognised: a
conglomeratic member which predominates in the north of the outcrop area, and a
sandy member, which is more common in the south.

Type Section: The Superak River cuts through a sequence of conglomerates and
sandstones (HR89, 90) with abundant coral limestone clasts. The conglomerates are
well rounded to angular, clast supported and units are generally about 50 cm thick with
sandy tops often containing thin coal/lignite seams. Most units are well graded. In other
exposures (HR91-95) the conglomerates have very well rounded clasts, are typically
clast supported (often very closely packed), and clasts are andesites (HR96, 98-100),
reworked sandstones and to a lesser extent coral limestones (HR97). They are often
channelled and locally display reverse grading. Plant fragments are common but fish
otoliths and discoid forams indicate a shallow marine environment of deposition. This
sequence of conglomerates, sandstones (HR106) and marly siltstones (HR107)
continues into the Kuluting River. The coarser units are locally very coarse (boulders
up to 4 m) clast-supported breccio-conglomerates, typically with fresh volcanic clasts
(HR101-105), with clasts always showing a degree of rounding. They are clearly
impersistent, both laterally and vertically, suggesting channelling and are interbedded
with flaser bedded sandstones containing organic material, calcareous siltstones
(HR108) and marls with abundant gastropods, small bivalves and plant material.

Lola Section, Central Zone: The conglomerates in the sequence are virtually
monomict, with clasts of greenish volcanics and only rare limestones. They have
occasional interlayers of medium-grained, poorly-sorted tuffaceous sandstones (HR6).
There are excellent exposures of reworked volcaniclastics becoming coarser up the
sequence. Limestone clasts, occasionally coralline, are abundant (HR9-11), along with
grey andesites and intraformational conglomerate, in lenticular and uneven beds (HG2)
indicative of high-energy deposition in channels. The clasts are rounded to well-
rounded and up to 25 cm across and the bedding shows a distinct normal grading.
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Clasts include veined and reworked, well-bedded, sandstone.

Tajawi River Section, Central Zone: In the Tajawi River there is a well-bedded
conglomerate with well-rounded boulders of hornblende-andesite (HR19) up to 1 m in
diameter. This conglomerate is interbedded with channelled sandstones (HR20). In the
Gomutu River valley there is a sequence of sandstones and boulder conglomerates,
with rounded clasts of low sphericity up to 80 cm (HR48, HR50-66), mainly of
volcanics, but with some sandstone and rare limestone. The conglomerate matrix is
non-calcareous coarse-grained sandstone (HR49). The conglomerate passes up into
well-bedded and occasionally pebbly medium-grained sandstones. These pass up into
poorly cross-laminated fine- to medium-grained sandstones (HR67) with occasional
pebble beds. The conglomeratic horizons show a coarse grading and are channelled.

Payahe-Weda Section, north end of SW arm: At the highest point on the
Payahe-Weda road (7.7 km from Payahe) there is an exposure of deeply weathered
conglomerate assigned to the Superak Formation. The pebbles are up to 10 cm in
diameter, well rounded and apparently all of volcanic origin; they are moderately sorted
and the conglomerate is clast supported. The unit has a sharp erosive base. Grey
sandstones nearby (HG2S5) are in centimetre to decimetre beds of very fine to very
coarse sandstone, bioturbated by 1-2 cm wide horizontal burrows.

Saketa section, south centre of SW arm: Exposure of beds considered to be
part of the sandstone member of the formation are isolated from exposures of older and
younger formations in this section. Superak Formation sandstones occur here in thick
amalgamated units of structureless very coarse sandstone and finer, decimetre-bedded
laminated fine sandstones (HG99, 100). Some shales occur within the sequence; they

are dark, rich in organic material and iron.

Petrology: The sandy lithologies in this formation are made up of grains of bioclastic
material, volcanic lithics and feldspars in variable proportions. The bioclastic
component is exclusively planktic foraminifera. Other carbonate clasts are lithic
fragments of coral limestone (HR89). One of the main characteristics of the sands of
this formation is that the volcanic lithics are very variable in their petrology. They
include lavas with trachytic textures, porphyritic volcanics with a very fine groundmass
and weathered volcaniclastics (HR89, 90, 93). Plagioclase feldspars are common. The

matrix is generally a carbonate mud.

Interpretation: The principal characteristics of the Conglomerate Member are a
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channelled nature, some grading and poorly developed cross-stratification. The
conglomerates are moderately rounded, clast-supported and sorted into bedded units.
This indicates deposition by channelised traction currents. A subaerial environment can
be ruled out because they are frequently interbedded with sandstones containing a fully
marine fauna. A fan-delta setting is therefore indicated for the coarse member of the
Superak Formation. In the southern half of the SW arm, there is no significant
development of conglomerates at the base of the Weda Group. The Sandstone Member
lies stratigraphically above the Oha Volcanic Formation. These sandstones are
considered to be the lateral equivalents of the conglomerates found further to the north.
These coarse sandstones and intraformational conglomerates contain thin beds of
organic-rich shales. They contain a marine fauna and are probably relatively shallow
shelf deposits.

Age: A limestone clast from the Conglomerate Member yielded a Middle Miocene age
(HR66). Dates from samples of fine material within the Sandstone Member obtained
both by foraminiferal and nannofossil (HG2S5, 26, 98, 100) determinations all fall
within the Late Miocene to Early Pliocene range. As this is the lowest part of the Weda
Group, a Late Miocene age is considered most likely.

Characteristic Fauna: Sphaeroidinellopsis seminulina seminulina, Globigerinoides
conglobatus , Gs. quadrilobatus Group, Globorotalia. (Gr.) tumida Group,
Pulleniatina primalis, Dentoglobigerina altispira, Neogloboquadrina acostaensis, and

Ngq. humerosa.

Dufuk Formation

Summary: Sandstones, mudstones and conglomerates made of material derived from
a volcanic arc and bioclastic debris. Shallow marine, fossiliferous and rich in organic
material.

Age: Late Miocene - Early Pliocene.

Lithologies: Calcareous sandstones, siltstones, mudstones, conglomerates.
Thickness: 1000m minimum, probably approximately 1500m.

Type Section: Air Dufuk, SW arm.

Distribution: Central zone and SW arm (see Figure 3.5).
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Upper and Lower Contacts: Neither upper nor lower contacts are exposed in any
of the sections examined but they are considered to be conformable in both cases. In the
case of the Akelamo Member the lower contact with the Superak Formation is seen in
the Loku section where it is conformable and transitional.

Depositional Environment: Shallow marine.

Type Section: This sequence in the Dufuk River is apparently in stratigraphic
continuity with the underlying Superak Formation. Conglomerates (HR118) continue
to occur in the lower part of the Dufuk Formation but they are finer grained, form
thinner beds and are less frequent. The sequence is dominated by greenish sandstones
and siltstones (HR115-117, 119) with gastropods, small bivalves and abundant plant
material, some of which contain plant-rich lignite seams up to 1 mm thick. The
conglomerates are generally well sorted, clast-supported with well rounded and high
sphericity clasts, mainly fresh volcanic rocks (HR124) with subordinate reworked
sandstones. The sequences are typically well bedded with beds of conglomerate usually
less than 1 m thick and often slightly channelled; conglomerate beds are often
amalgamated. Sandstones and siltstones often contain abundant gastropods and small
bivalves, low angle large-scale cross lamination with pebbly horizons. Further east the
sequence is mainly greenish sandstones with pebbly horizons and thin fine
conglomerate horizons, and some well bedded calcarenite (HR125) horizons and fine
grained green calcareous sandstones (HR127).

Tajawi River Section, Central Zone: Exposures of Dufuk Formation in the
Tajawi River include grey-green, organic-rich, marl with plentiful mollusc debris
(HR21, 22). Upstream of these beds is a massive sandstone unit (HR24-26). This
passes up into well-bedded immature coarse-grained calcareous sandstone with
abundant bivalve and gastropod fragments (HP6), rare serpulid worm casts (HP7) and
probable crustacean burrows. This unit is common in stream boulders, often displaying
large-scale cross-bedding (HR27) with prominent bioturbation and bedding disruption
through dewatering.

Further upstream the river cuts across a series of steeply-dipping calcareous sandstones
and shelly marls. There are exposures of dark-grey, soft, organic-rich clay (HR43)
with well-bedded, variably calcareous, coarse-grained shelly sandstone (HR44) with a
gently west-dipping cross-lamination. Locally, fine conglomerate horizons occur within
the sandstone. These units appear as thin to medium beds forming alternately soft and
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hard layers with sporadic well-rounded cobbles of hornblende-andesite.

Payahe-Weda Section, north end of SW arm: In this area there is a dominantly
sandstone sequence with variable amounts of mudstone and intraformational
conglomerates. The sandstones are grey when fresh, weathering to a rusty brown
colour. They occur in centimetre to decimetre beds which occasionally show a normal
grading up from a sharp base (HG4). Sedimentary structures are moderately common
with frequent parallel lamination and several instances of decimetre-scale cross
stratification (HG14). The cross stratified units have trough cross bed internal geometry
or are made up of low angle cross strata. In three localities where a flow direction could
be ascertained, either northerly or easterly palacoflows were recorded. Flaser bedding
produced by current ripples in mudstone-sandstone sequences occur (HG13).
Mudstones are restricted to the more westerly exposures (HG4-7) and are grey, rich in
bioclastic debris.

Bioturbation is very common. Vertical Skolithos-type traces may be up to 20 cm long
and mix lithologies between layers. Chondrites and other horizontal forms can be seen
on some bedding surfaces (HG8). In places (HG7, 15) trace fossils can be seen to be
the controlling factor in the location of ferruginous concretions which occur throughout
the formation. Plant debris is extremely common with a well preserved leaf litter
abundant in some beds (HG9, 12, 14). Exposures along the Weda-Payahe road are
mostly of the same character as those described above for the more southerly part of the
traverse. An exception is a single unit, at least 23 m thick, made up of a lower,
massive bed of matrix supported conglomerate overlain by massive conglomerates and
a thick sandstone bed. The base of this is sharply erosive into the underlying grey
mudstones (HG21) and there are abundant mud clasts in the conglomerate (up to 1 m
across); other clasts are volcanic rocks and limestones.

Oha Section, south central SW arm: In the Tagia River there are interbedded
green sandstones, siltstones and marls (HR146-148) with abundant plant material.
Sandstones are thin to medium bedded with low angle, ripple cross lamination, locally
variable bed thickness and thin sandstones may have a lenticular aspect, but typically
sandstone beds have flat tops and bottoms. Elsewhere a slight grading is present and
locally some bottom structures such as load and flame structures.

Rangaranga section, south end of SW arm: Weda Group deposits here are

rather poorly exposed. It is not clear whether they should be considered part of this
formation or the overlying Gola Formation. Where seen the sediments are grey
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fossiliferous marls (containing gastropods of the genera Murex and Ficus) and thin
(around 15 cm) beds of redeposited limestone (HP53, 54).

Petrology: The sandstones of the Dufuk Formation are characteristically rich in
plagioclase feldspars, bioclastic debris, carbonaceous material and volcanic lithic clasts.
The feldspars are fresh and angular to sub-rounded and somewhat corroded; they are
generally strongly zoned and contain inclusions. The lithic fragments are of a variety of
volcanic rocks, mostly fine grained porphyrys with plagioclase feldspar and hornblende
phenocrysts and very fine, glassy rocks. Calc-lithics are present, mainly packstones
and wackestones of coral debris. The commonest bioclasts are foraminifera plus broken
bryozoa and mollusc shell debris. Brown carbonaceous material is abundant,
sometimes as grains but more usually as finely disseminated material in the matrix of
arenites and wackes. No quartz grains have been found in the Dufuk Formation
sandstones examined.

Akelamo Member

Summary: Calcareous grey mudstones rich in organic debris with an impersistent
distribution in the Central Zone and SW arm.

Lithologies: Calcareous mudstones.

Thickness: 7500 m+. The sparse exposures and lack of any clear bedding surfaces
make it difficult to obtain any reliable estimates of bedding. The surface outcrop width
is up to 5 km perpendicular to bedding east of Loku, and the dips of other units in the
area are up to several tens of degrees. This suggests that a thickness of the order of
several hundred metres is likely.

Type Section: Akelamo River, centre of SW arm.

Distribution: Central Zone and SW arm (see Figure 3.5).

Depositional Environment: Shallow marine.

Type Section: The Akelamo Member is poorly and patchily exposed throughout its
outcrop area. The valley of the Akelamo River to the east of Loku has been taken as the
type locality. Here pale grey calcareous mudstones occur in massive beds with little
internal structure. Thin silty beds occur but form only a very small proportion of the

sequence. Wood, leaf and other plant debris occurs in all the mudstone beds and may

53



Neogene sedimentary rocks of the Halmahera Region

be particularly abundant in some. Concretionary iron oxides form nodules in places.

Payahe-Weda Section, north end of the SW arm: Between kilometre posts 8
and 9 along the Payahe-Weda road decimetre bedded and massive structureless pale
grey mudstones occur sporadically. Once again some horizons are silty and
ferruginous, with weathered surfaces rusty over the pale grey fresh rock.
Interpretation: A shallow marine clastic shelf environment is indicated by the
sedimentary sequences of the Dufuk Formation. Depositional sedimentary structures
are rarely seen, but those exposed in the Payahe-Weda section are decimetre-scale
trough-cross beds, produced by the migration of megaripples. Well defined parallel
lamination indicates upper flow regime deposition, so relatively high energy conditions
were evidently present. Abundant bioturbation in carbonaceous muds suggests well
oxygenated, probably shallow water conditions.

A single example of a debris flow unit (HG21) shows that not all the deposition was by
traction currents and settling out of suspension: a mass flow deposition event of this
type must have been a result of sedimentary instabilities, possibly triggered by seismic
activity. The source of the material which makes up the sandstone component was
clearly a volcanic arc terrain with abundant vegetation cover.

The Akelamo Member was clearly close to this terrain as suggested by its high
terrigenous plant material content. The lithic clasts and feldspars eroded from an
exposed area of arc were fed, along with plant debris, into a marine environment where
foraminifera, bryozoa and other fully marine fauna lived. Hall er al. (1988c) suggested
that the exclusively fine nature and discontinuous character of the Akelamo Member
indicated a sheltered marine environment between areas of terrigenous clastic input.
Palaeobathymetric and benthic foraminiferal studies (Chapter 5) now indicate a middle
bathyal fauna representing an oxygen minimum zone. This type of assemblage is
common on shelf slope breaks but the position of the former arc, and the Dufuk and
Akelamo sediments is wrong for a shelf slope environment (Chapter 5). The proposed
alternative to both of these models is a shelf environment influenced by the freshwater
outflow of one or more rivers. This satisfies the sedimentological criteria, the
distribution pattern of the rocks and also the fauna which have elevated upper depth
limits in this type of environment (Chapter 5). A few calc-lithics indicate that some reef
limestone was also being eroded and the material reworked as clastic detritus on the
shallow shelf.

Age: Material from exposures in the Payahe-Weda area, the Tajawi River and the
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Dufuk River was examined for microfossils and nannofossils. All the dates obtained
indicate a Late Miocene-Early Pliocene age for this formation. Some samples (HG11,
13, 14, 21, 27, HR37, 40, 115, 117) indicated a Pliocene or younger age. A late Late
Miocene to Early Pliocene age was indicated for two of the samples (HG46, 47) from
the Akelamo Member examined for nannofossils. HG48 yielded a Late Miocene age
(NN11-NN12) on the basis of the presence of a small number of Discoaster

cf. neorectus. Foraminifera indicate an Early Pliocene age for HG46 and HG47 and a
Late Miocene age for HG438.

Characteristic Fauna: Globigerinae, Sphaeroidinellopsis seminulina seminulina,
Globigerinoides conglobatus, Gs. quadrilobatus Group, Gs. obliquus-extremus
transition, Globorotalia. (Gr.) tumida Group, Gr. (M.) menardii, Gr. (H.) margaritae
margaritae, Pulleniatina primalis, Pu. obliquiloculata, Neogloboquadrina acostaensis,
and Nq. humerosa, Nq. aff. pseudopima, Orbulina universa, O. suturalis,
Dentoglobigerina altispira, Globoquadrina venezuelana, Gq. dehiscens, and
Globigerinella aequilateralis.

Kulefu Formation

Summary: Shallow marine/littoral tuffaceous sands which are restricted to the
northern end of the SW arm.

Age: Late Miocene-Late Pliocene.

Lithologies: Tuffaceous sandstones.

Thickness: 7200 m.

Type section: Kulefu Island, close to Weda, north end of the SW arm.
Distribution: Northern part of SW arm, Central Zone (see Figure 3.5).

Upper and Lower Contacts: None seen.

Depositional Environment: Shallow marine/littoral.

Type Section: At the type locality on Kulefu neither the top nor bottom of the
formation is seen. A minimum thickness of 21 m is exposed in a continuous sequence.

The lower half of the sequence is made up of laminated white, very fine to very coarse,
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sandstones which are intensely bioturbated. Biotite is conspicuous by its presence in
the lowest unit. The upper part of the sequence consists of decimetre bedded to
millimetre laminated pebbly to fine sandstones. The coarser material consists of
rounded clasts of white pumice; sand grains are feldspars and ferromagnesian minerals.
Irregular laminations occur but the dominant internal structure is produced by the
effects of bioturbation. On some bedding surfaces ichnofauna is very well displayed,
notably Rhizocorallium and Chondrites, picked out by iron oxides. Plant fragments are
common in some layers, including well preserved leaf and stem material.

Payahe section, e;ast of Payahe, north end of SW arm: The thickness of the
Kulefu Formation exposed in a road section 5 to 8 km east of Payahe is at least 100m
and may be over 200m. The material is generally coarser than at Pulau Kulefu. Pebbly
sandstones of well rounded pumice grade up into coarse pumice-rich sandstones in
decimetre units. Well rounded boulders of pumice up to a metre across occur, but are
not common. Fine to medium sandstones containing some shelly debris occur bedded
with the coarser units, but no identifiable fauna have been found.

Petrology: The main constituents of the Kulefu Formation sandstones are plagioclase
feldspar, ferromagnesian minerals, plus volcanic lithic clasts, including glass shards.
Plant debris is common and there is a sparse bioclastic content (broken foraminifera).
Small but significant amounts of quartz and biotite occur in most of the samples
examined. The occurrence of these minerals is important because quartz is a very rare
constituent of sandstones in other formations in Halmahera and biotite has not been
recognised anywhere else on the island. This distinctive petrology confirms the field
observations which indicate that the limited outcrops of this material are a distinct
formation in the Weda Group.

Interpretation: The abundant pumice and fresh crystal material present indicates a
volcanic source for the detritus. Abundant trace fossils and the occurrence of some
shelly material indicate deposition in a marine environment. The pyroclastic component
has clearly been reworked in a marine environment. a relaiively short transport history
is indicated by the fresh appearance of the feldspars and ferromagnesian minerals and
the well preserved plant debris: the soft pumice clasts have been rounded by aqueous
transport. A trend in clast size from coarser material in the west to generally finer sands
in the east suggests that the provenance of the pyroclastic material lay to the west.

Age: No identifiable fauna had been found in the beds ascribed to this formation until

recently when Simon-Robertson Research dated two samples as Late Miocene-Late
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Pliocene (HG137,138). Samples accredited to this formation have also been dated by
this study, however these sediments have since been reallocated to the Dufuk
Formation, both on petrological and biostratigraphical evidence. The outcrop pattern
indicates a stratigraphic position above the other members of the Weda Group. Kulefu
Formation beds are tilted up to 36° north near Payahe and around 5° east on Pulau
Kulefu. This is a greater dip than is seen in the Recent volcanics and uplifted
Quaternary reef limestones, suggesting that these are not Holocene or Late Pleistocene
deposits. A Late Pliocene age is considered most likely.

Characteristic Fauna: Small-keeled Globorotalids Globigerinids,
Sphaeroidinellopsis sp., Neogloboquadrina sp. and Globigerinae.

Volcanic Member

In many areas there are sequences which consist entirely or predominantly of volcanic
rocks which are equivalent in age to the Weda Group sedimentary rocks. Where such
sequences can be identified they are assigned to a Volcanic Member of the Weda
Group.

Typically the volcanic rocks are andesites and subordinate basalts which contain
abundant phenocrysts; plagioclase feldspars, orthopyroxene, clinopyroxene,
hornblende and titanomagnetite are common. Locally, they may dip at moderate angles.
The petrology and chemistry of Weda Group volcanic rocks is described by Hakim
(1989) and Hakim & Hall (1991). Like the products of Quaternary volcanism andesitic
bulk rock compositions reflect high proportions of acid glass. The Neogene volcanic
rocks have evolved by plagioclase, pyroxene, hornblende and magnetite fractionation.
They are medium-K to high-K rocks of the calcalkaline series, REE patterns are
sloping, typical of arc volcanic rocks, and MORB-normalised element plots show
strong depletion of Nb, similar to other West Pacific arc volcanic rocks. Most samples
are very fresh. A single zeolite (mordenite) is rarely present, and chlorites, smectites
and chalcedony occur in a few samples. Local, very low-grade, alteration is typical of

geothermal environments.

3.3.4 CENTRAL HALMAHERA: THE WEDA GROUP

A belt of tightly folded Mio-Pliocene sediments lies north-south across the central
region of Halmahera. On the ground the lithologies include bedded limestones,
sandstones and mudstones. Many of these rock types closely resemble those seen in the
Weda Group of the SW arm. On aerial photographs, the folded and well-bedded nature
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of the sediments is evident, but it is not possible to map the area as separate formations;

they have therefore been grouped into a single unit (Weda Group).

Kobe River Section: A variety of lithologies were encountered in this region of
strongly folded strata. Decimetre bedded sandstones and carbonaceous, fossiliferous
mudstones (HG181-188) form an association of facies in the most southerly part of the
belt examined. The more northerly, and westerly of the exposures within the fold belt
examined were found to be thin-bedded limestones. These limestones are bioclastic
packstones and wackestones (HG173-176) frequently arranged in normally graded
units. The field characteristics of these limestones -were different to any of the other
limestone units encountered. Also occurring in this area are poorly exposed
foraminiferal packstones (HG178-180) which form higher ground between the
predominantly clastic and the thin bedded carbonate sequences. The beds throughout
the fold belt have a strike of between 110° and 175°, but the direction and amount of dip
are very variable. Minor thrust faults with offsets towards the SW occur. The
possibility of repetitions within this sequence or stratigraphic anomalies due to thrust
faulting cannot be ruled out from the field data, although no evidence for such
structures was found. The folded sequence consists mainly of typical Weda Group
lithologies plus some thin-bedded redeposited limestones of uncertain affinities
(?Subaim Limestone).

Ages: All the dateable samples which have been examined contain fossils which
indicate a Neogene age for the rocks in this part of the Central Zone. The oldest
(HG174, 176) are Early to Mid-Miocene which are foraminiferal packstones of a
different character to any other limestone beds in the Weda Group as they are thinly
bedded (?Subaim Limestone). The youngest date is from a bioclastic volcanic-lithic
arenite (HG186) which is of Pliocene age.

Tapaya River Section: The headwaters and northern parts of the Central Zone were
crossed by the 1984 expedition and description of that work is given in Hall et al.
(1986, 1988b). In 1990 new logging roads enabled a traverse to be made from the
southernmost end of the Tapaya River to the coast following the logging road inland
and returning by the Tapaya River. The river valley broadly cuts down section in one
limb of one of the major folds of the Central Zone. At the south end of the river valley
the folded Weda Group is overthrust by limestones of the Subaim Formation.

Hall et al. (1988b) suggested formation names for subdivisions of the Weda Group in
the Tapaya River region but as these have subsequently proved to be unmappable they
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have been abandoned. In general the sequence from base to top resembles that of the
SW arm, fining upwards from the lowest units seen which are interbedded breccio-
conglomerates and sandstones (HR932-942). The conglomerates are well lithified,
typically poorly sorted with well rounded clasts up to 2 m across, and closely resemble
those assigned to the Superak Formation in the SW arm. Clasts are basalts, pyroxene
andesites and hornblende andesites. They vary from clast to matrix supported, locally
show channelling and some beds are composed of rather angular clasts. The
conglomerates pass up section into monotonous green calcareous sandstones (HR928-
931) with pebbly horizons, passing up into green sandstones with abundant plant
debris and horizons rich in white bioclastic debris, typically small shell fragments. The
thickness of this part of the sequence is difficult to estimate as the river is subparallel to
the strike of the beds but there is at least S00 m of section.

Tapaya Member

About 20 km north of the coast is a passage up section from the green sandstones
(HR927) into well bedded limestones (HR924-926), then massive limestones (HR922-
3), overlain by rubbly limestones (HR887) with coral, algal and other bioclastic debris.
The limestones form steep waterfalls and are at least 100 m thick. They are overlain by
further green sandstones and interbedded rubbly limestones, and dark calcareous
mudstones (HR888-904) and pebbly volcanic sandstones. With the exception of the
limestones which have not been observed in the sequence in the SW arm the upper part
of the Tapaya River section resembles the Dufuk Formation of the SW arm. Hall et al.
(1988b) suggested the name Tapaya Volcanic Formation for sedimentary rocks in the
Tapaya River area but subsequent work has shown that at the present scale of mapping,
and despite using the aerial photographs, it is impossible to separate the Central Zone
Weda Group sedimentary rocks into separate formations. The terms Tapaya Formation
has therefore been abandoned and the term Tapaya Member is preferred for the thick
limestone unit found within the Weda Group sequence which can locally be mapped.

Ages: All of the Weda Group samples collected in the Tapaya River in 1990 yielded
ages in the Late Miocene-Early Pliocene range. Other samples from the Central Zone
indicated Miocene or Pliocene ages. The youngest material dated from material collected
by the 1984 expedition was Mid to Late Pliocene (HA140: N20/N21) which provides a
maximum age for the deformation event affecting the Central Zone.
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3.3.5 NE AND SE HALMAHERA: WEDA GROUP
Saolat Formation

Summary: A thick sequence of fossiliferous calcareous mudstones and micritic
limestones exposed over large areas of the eastern arms. Beds of sandstones and
conglomerates of ophiolitic debris occur interbedded with the carbonates.

Age: Late Miocene - Early Pliocene.
Lithologies: Calcareous mudstones, limestones and ultrabasic clastics.

Thickness: 1000m+. The lack of well-defined structure in the principal area of Saolat
Formation outcrop in the SE arm makes it very difficult to ascertain dip and hence
thickness of this formation. Where examined in the field, the beds were always found
to be dipping, but not in any consistent direction. The large area of folded outcrop
without any inliers of the Subaim Limestone Formation suggests a considerable
thickness for the Saolat Formation - probably in excess of 1000m.

Type Section: Saolat River, north side of NE arm.
Distribution: SE and NE arms (see Figure 3.6).

Upper and Lower Contacts: A transitional stratigraphic contact with the underlying
Subaim Limestone Formation is seen north of Paniti. The top of the Formation has not
been observed.

Depositional Environment: Carbonate shelf (receiving ophiolitic detritus).

Type Section: The type section of the Saolat Marl Formation was described by Hall
et al. (1988b) and the formation included Late Miocene to Pliocene calcareous
sediments of the NE arm. This formation now includes a similar suite of deposits of the
same age in the SE arm. The Wasile Sandstone Formation (Hall et al. 1988b) cannot be
mapped over a substantial area and as other sandy and pebbly beds have also been
included in this unit the name Saolat Formation is now preferred to include marls,
sandstones and conglomerates.

Waleh area, south side of SE arm: This locality, midway along the south coast
of the SE arm, is close to the centre of the principal area of Saolat Formation outcrop.
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Aerial photographic interpretation of this area of outcrop is difficult because there are
very few distinctive features. The reason for the monotonous appearance of this area is
evident on the ground: there is very little variation in the nature of the rock type.
Calcareous mudstones dominate the sequences exposed. In general the Saolat
Formation in this area is well bedded in centimetre to decimetre massive units. The
bedding is picked out by variations in the concentrations of bioclastic debris, silt
(mainly fine bioclastic material) and carbonaceous detritus (leafy plant material).
Bioturbation is common, with both vertical and horizontal traces seen, the former

causing extensive mixing between layers (picked out by carbonaceous material).

Two lithofacies were found which broke up the monotony of grey calcareous
mudstone. Although of limited extent they provide useful insights into the environment
of deposition of the Saolat Formation (see interpretation below). The first was a 4m
thick fining-up series of beds of calc-lithic rudites and arenites (HG 206-211). The
sequence has a sharp erosive base above which a breccio-conglomerate of bioclastic
limestone clasts passes up into gravels and sands of the same material. The
conglomerate has a chaotic internal structure. Similar units (HG212) found in other
parts of the area suggest that this association was not unique. At the coast (HG216-
222) dark sands and gravels occur interbedded with the pale grey mudstones.
(Petrographic examination has shown these to be ultrabasic-lithic arenites). The gravels
are normally graded in beds up to 25cm thick and are sharp based. The sands are sharp-
based also, in thinner beds which show parallel lamination in their lower part and wave
ripples at the top. The symmetrical wave ripple forms are draped by carbonate muds.

Spo River, south side of SE arm: The lower part of the Spo River cuts through
massive, soft creamy white marls containing tiny bivalve shells and some oxidised
plant material (HR337). Further upstream the marls include horizons of calcarenites
(HR338-340). Locally these are seen to be channelled into the marls. In one channel an
intraformational conglomerate contains rounded clasts of marly limestone in a softer
limestone matrix, and passes laterally into cross laminated calcarenite. Both are overlain
by a few centimetres of laminated calcarenite. A few km from the coast well sorted dark
conglomerates and sandstones (HR341-343) are exposed in the river banks. They are
composed of well rounded clasts of serpentinite with rare gabbro and red cherts. The
stratigraphic variation observed further north suggests that lime mudstones (HR344-
346) pass up into redeposited limestones, principally calcarenites (HR347-350), with
local shelly microconglomerates.

Paniti Section, east end of SE arm, north of Paniti: There is a narrow strip
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of Saolat Formation outcrop along the east coast north of Paniti. These are a series of
soft greenish siltstones, calcareous sandstones and conglomerates (HR367-370). They
contain abundant shelly debris, coral fragments which in one channel conglomerate are
occasionally up to 1m across, and bryozoan debris.

Air Mdolf, east end of SE arm, south of Paniti: Grey soft calcareous
mudstones again dominate the sequence along this river SW of Paniti. Although not
well indurated it forms substantial cliffs several tens of metres high along the sides of
this river. Coarser beds of bioclastic material (foraminiferal grainstones) occur
sporadically and help to define the bedding. Towards the western end of the river
section examined (HG251-267) sandstones, gravels and conglomerates, which are
clearly made up of ophiolitic debris, are found bedded with the calcareous mudstones.
The conglomerates are in beds up to 50cm thick and are well sorted; most of the
pebbles, which are up to 10cm across, are well rounded. Dark serpentinite is the main
clast type, but there are also clasts of gabbro, red chert and grey intraformational
limestones. Horizons of intraformational clasts also occur within gravelly beds. In the
sandier parts of the sequence there are alternations of dark sandy beds and pale
foraminiferal packstones with mixing of the two in places. Bioturbation is locally
intense.

Gemia Road Section, east tip of SE arm: A mixed sequence of pale marls,
medium grained calcareous sandstones and coarse breccia of ultramafic material occurs
on the northern side of the peninsula. Further south, sandstones with plant debris and
bioclastic, foraminiferal sandstones and mudstones (HL34,35) crop out. On the
southern side of the peninsula the sequence is calcareous, foraminiferal sandstones and
soft, marly biomicrites (HL39-HL41). The coarser sandstones contain mud clasts.

Petrology: Around 50 samples from the Saolat Formation have been examined in thin
section. Two principal lithologies occur: bioclastic packstones/wackestones and
ultrabasic lithic arenites/wackes. The limestones are almost all foraminiferal, with large
numbers of planktic forams forming the framework of the rock in some cases -
foraminiferal grainstones (HG250, 253) and packstones (HG213, 214, 245, 268,
HR339, 344, 345). Wackestones make up the bulk of the limestone material examined
and most of the formation is almost certainly foraminiferal mudstone; the absence of the
latter in the material examined is a result of a bias towards collecting coarser and more
indurated material in the field. The arenites of the Saolat Formation are most distinctive.
In all the clastic rocks examined from this formation, the bulk of the clasts were found
to be derived from an ultrabasic source area. Many of the grains are lithic fragments of
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serpentinite rock and these may be the sole clast type in some cases (HG216, 259, 267,
HL23). Opaques are common and in some sandstones chrome spinel is an important
constituent. Forams and other bioclastic debris is present in variable proportions in
these arenites: there are examples which are transitional between a lithic arenite and a
foraminiferal packstone (e.g. HL25). Other clast types occur in very small quantities:
plagioclase feldspars, ferromagnesian minerals and miscellaneous lithics. Of the lithics,
calc-lithics (HR369) are coralline limestone debris, presumably introduced by similar
mechanisms to the conglomerates of reefal material (HG206). Cherts have also been
recognised (HL40) and are considered to be derived from siliceous sediments
associated with an oi)hiolite. The arenites either have a matrix of carbonate mud or may
be very clean, cemented by sparry calcite. Some of the wackes are rather fine and
strongly coloured brown; the nature of the matrix is not clear in these cases but the
rocks are calcareous.

Interpretation: The abundant fauna of foraminifera throughout the Saolat Formation
clearly indicates that the sequence is wholly marine: even the coarsest clastic units are
closely interbedded with marine limestones. The massive, structureless carbonate muds
may have formed on any part of the shelf. However, other facies within the Saolat
Formation provide more specific information. The high degree of roundness of the
conglomerate clasts and good sorting of all the clastic material, coupled with the
evidence of wave ripples in places, is conclusive evidence for a shallow marine to
littoral environment of deposition for these clastic units. Relatively shallow conditions
are also suggested by organic-rich mudstones which are intensely bioturbated: high
organic content would be expected to lead to anoxic conditions unsuitable for feeding
organisms unless there was adequate water circulation, provided in this case by wave
and current action. The disorganised conglomerate fining up into gravels and sands in
the Waleh section has the characteristics of a mass flow - probably debris flow-deposit.
The nature of the clastic material which makes up this unit indicates that the source of
debris was probably a reef limestone. Such a deposit does not indicate any particular
depth, but a slope would have been necessary for the material to flow and become
segregated into a fining-up unit. Such a situation would require water depths of a few
tens of metres at least. The predominance of lithic clasts of one type indicates that the
only source of siliciclastic detritus was an ultrabasic terrain. About 99% of the
arenaceous material can be attributed to this source, the small remainder being volcanic
and calc-lithic material. This distinct provenance and the virtual absence of the volcanic
material which is so common in the deposits of the same age in the SW arm indicate
that the Saolat Formation was deposited in an environment which was not closely

connected to the other Weda Group formations.
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A generally open marine environment with high organic productivity is envisaged for
this formation, bordering on a terrain of ultrabasic rocks which had a substantial
vegetation cover. Reefal limestones, either contemporary or older, provided some
material to the area. An analogous situation exists around east Halmahera and across to
the west where shallow marine conditions dotted with islands of ophiolite and coral
reefs are to be found.

Age: Fifty-five samples from the Saolat Formation of the SE and NE arms have been
analysed for their microfossil and nannofossil content. Most indicate a Late Miocene to
Early Pliocene age. The oldest date came from a sample in the NE arm (HR961) as N16
which is the boundary of the Middle and Late Miocene. Of the most precise dates, the
most common are top Miocene to basal Pliocene. The youngest ages obtained are Early
Pliocene dates from samples collected in the NE arm (HR957,970,1047). These dates
indicate that deposition of this formation was most enduring in the NE Arm.

Characteristic Fauna: Orbulina universa, O. suturalis, Sphaeroidinellopsis
seminulina seminulina, Globigerinoides conglobatus, Gs. quadrilobatus Group,
Globigerinae, Globorotalia (M.) menardii, Globorotalia (H.) margaritae, Globorotalia
(Gr.) tumida, Globorotalia (Gr.) pleisotumida, Globorotalia (G.) conoidea (Rare,
HR961) Globoquadrina lamelli obesa, Gq. dehiscens, Gq. venezuelana,
Dentoglobigerina altispira, Pulleniatina sp., Neogloboquadrina acostaensis, and Nq.
humerosa (the latter two species were present in their primitive forms in HR961).

3.3.6 NW ARM AND MOROTAI
Dama Formation

Summary: Open marine calcareous sandstones and marls with water lain pyroclastics
of Early-lower Middle Miocene age outcropping on the island of Doi, NW arm.

Age: Early to lower Middle Miocene.
Lithologies: Calcareous sandstones and tuffs.
Thickness: At least SOm.

Type Section: Dama village, Pulau Doi.
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Distribution: Pulau Doi, NW arm (see Figure 3.7).

Upper and Lower Contacts: The base unconformably overlies the pillow lava
member of the Tawali Formation. The top of this unit is not seen.

Depositional Environment: Open/outer marine shelf.

Type Section: At the type section a sequence of silty sandstones interbedded with
coarser sandstone horizons in a 10m cliff exposure south of the village. The sandstones
show normal grading and contain volcanic debris. Beds are typically 20 cm thick and
occur at 1.5-2m intervals. The silty sandstone exhibits both parallel and wavy
laminations. Pinch-out structures are also present and produce a cross-stratification
nature to some beds. These beds range in thickness from 5-20 cm and are extremely
friable. Red mudstone horizons 10 cm thick occur at irregular intervals. No internal
structure is clearly visible in these layers. Syn-sedimentary faulting is common
throughout this section.

P. Doi: At the northern coast of Doi, close to the jetty for the Manganese mine, there
is a well-bedded sequence of creamy marls interbedded with graded sandstones is
exposed over a 10m section. These beds are 10-20 cm thick and exhibit no obvious
sedimentary structures. The sandstones and marls are overlain by white tuffs with
conglomerate and rip-up units. Basalt and andesite clasts are found within the
conglomerate. These pyroclastic sediments are at least 40m thick.

Interpretation: The fine grain size and structureless nature of the pyroclastic units
would suggest that they are water lain. The coarser sands and marls were deposited at
times of low pyroclastic input. Conglomeratic and rip-up beds are associated with
erosive periods. Nannofossil oozes (HR803) are indicative of open marine, outer shelf
conditions. This suggests that the conglomerates are submarine debris flows depositing
terrigenous and volcanic debris from a nearby source. This environment would also
explain the structureless nature of the marls and fine volcanogenic sandstones in the
Dama village section.

Age: Both foraminiferal and nannofossil ages indicate the age of this formation is Early
to Lower Middle Miocene (HS36, 37, 38, 39, HR802). However, a Late Oligocene
age is recorded by nannofossils in two samples (HR803, 804) and reworked Late
Oligocene foraminifera are present in samples HS36, 37 and 38. A younger Middle
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Miocene age is suggested by foraminifera in sample HS44. These results indicate that
the age of the Dama Formation is likely to be Early to Lower Middle Miocene, with
probable reworking of older material.

Characteristic Fauna: Globorotalia (P.) mayeri, Gr. (P.) siakensis, Gr. (Te.)
munda, Globoquadrina venezuelana, Gq. baroemoenensis, Dentoglobigerina altispira,
Globigerinoides altiapertura, Globigerina foliata, Gg. bulloides, Orbulina universa, and

Sphaeroidinellopsis seminulina seminulina.

Morotai Formation

Summary: The Morotai Formation includes polymict and monomict volcaniclastic
breccias, conglomerates and sandstones probably deposited on land or in a very
shallow marine environment close to the source. The source area included older
sedimentary rocks, including shallow marine Eocene limestones and Eocene volcanic
rocks, but appears to have been dominantly composed of late Oligocene and Early
Miocene volcanic arc rocks.

Age: (?0ligocene-) Early Miocene.

Lithologies: Basaltic and andesitic breccio-conglomerates and sandstones.
Thickness: Unknown, at least several hundred metres.

Type Section: West Morotai coast near Cui village.

Distribution: West Morotai, Rau (see Figure 3.7).

Upper and Lower Contacts: Lower contact not seen. Upper contact is
unconformity wherever seen, separating the Morotai Formation from younger Neogene
rocks.

Depositional Environment: Subaerial-shallow marine?

Type Section: Along most of the coast of West Morotai and inland are coarse, poorly
sorted, breccio-conglomerates and locally finer grained sedimentary rocks of similar
character. At Cui village, the type area for the formation, the foreshore exposes a
section of about 20 m which is a well bedded interbedded sequence of breccio-

conglomerates, sandstones and siltstones. The rudites are poorly sorted but form beds
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up to 2 m thick, typically ~1 m. Locally they are channelled into the interbedded
sandstones and siltstones. The sandstones show normal grading in thinly bedded
sequences up to ~1 m thick. A few of the sandstones pass up into fine sandstones or
siltstones. There is small scale ripple cross-bedding in some sandstones and possible
trace fossil burrows on some surfaces. Clasts are dominantly volcanic rocks including
basalts and andesites but there are also a few clasts of limestones, most 10-15 cm
across, but some up to 50 cm. A few tens of metres from the coastal sequence, behind
the village, is a 20 m waterfall in coarse breccio-conglomerates identical to those on the
foreshore.

North of the village continuing up the coast of west Morotai are similar andesitic
breccio-conglomerates with subordinate sandstones. Most clasts are hornblende
andesites; there are also some clasts of reworked sandstones and conglomerates and
some coralline limestones. Clasts are typically subrounded but at some horizons are
very angular with very low sphericity. In other places on the coast there are monomict
basaltic breccias intruded by porphyritic dolerites with large feldspar phenocrysts.

Interpretation: There are few indications of the environment of deposition of these
rocks. No marine fossils have been found in the finer grained sedimentary rocks
although corals and other marine fossils are present in limestone clasts. Coarse,
angular, poorly sorted monomict breccias without sandy interbeds suggest
contemporaneous volcanism and this is consistent with K-Ar dating of clasts and
intrusive rocks. Bedded sequences of polymict conglomerates with limestone clasts as
well as a variety of volcanic rock clasts are clearly epiclastic deposits, in places
evidently water-laid.

Age: Limestone clasts from the Morotai Formation include shallow water limestones
of Late Eocene (HR841, 842) and Early Miocene (HR836) age.

Weda Group

In Morotai rocks assigned to the Weda Group rest unconformably upon Early Miocene
volcanic and volcaniclastic rocks of the Morotai Formation. The sequence is gently
folded and dips are rarely greater than 20°. The rocks are well bedded and fine upwards
through about 1 km of section which is exposed discontinuously along logging roads
west of Berebere. The lower parts of the sequence in the central part of Morotai are
thick bedded volcanogenic sandstones with subordinate mudstones. The sandstones
have ripple cross-bedding, coarse sandy bases, and mudstone rip-up clasts. They
contain abundant plant debris and small shells. There are locally small sandstone dykes
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intruding bedded red mudstones and dewatering structures indicating intermittently
rapid sedimentation. Further up section the sandstones are medium bedded with 10-
15 cm sequences of laminated mudstones with about equal proportions of sandstones
and mudstones. In the upper part of the sequence mudstones dominate over fine-
medium sandstones which occur as beds up to 1 m thick. The sandstones have seams
and surfaces covered in plant debris. Overall the sequence fines upward with a gradual
and continuous decrease in the sandstone to mudstone ratio suggesting a change in
depositional conditions from marginal marine to deeper and calmer water. Only three
samples (HR860, 861, 862) from this sequence yielded fossils, all nannofossils,
indicating a Late Mibcene-Early Pliocene age range.

Berebere Formation

Summary: Poorly exposed shallow marine limestones resting on the Weda Group on
the east side of Morotai and dipping eastwards.

Age: Pliocene.

Lithologies: Shallow marine limestones.

Thickness: At least 100 m.

Type Section: Logging road cuts west of Berebere village, east Morotai.
Distribution: East Morotai (see Figure 3.7).

Upper and Lower Contacts: Lower contact is probably an unconformity with
underlying Weda Group. It is not clear if the upper contact is a conformable transition,
or an unconformity, with locally overlying Quaternary limestones.

Depositional Environment: Shallow marine shelf.

Type Section: Limestones of the Berebere Formation are evident on aerial
photographs as a seaward (east) dipping sequence along a strip up to 5 km wide of NE
Morotai. Although they form an obvious karst topography they are not well exposed on
the ground. Logging roads around Berebere cut through the limestones in many places
and the limestones exposed on the roadsides are typically crumbly white chalky
limestones without fossils. In places the limestones are vuggy and their overall

character suggests calichification. In a few places fresher samples were obtained which
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contain foraminifera and these have lower porosity and a less chalky character. Bedding
is rarely visible in the field.

The limestones rise in places to elevations of up to ~400 m and are shown on the
GRDC map (Supriatna 1980) as Quaternary. Along the coast it seems reasonable that
the limestones are Quaternary in age; they share the sandy, carious character of
Quaternary limestones elsewhere in the region and form small cliff features along the
coast. The character of the limestones explains why a Quaternary age was previously
assigned to them. In most places they have a soft chalky aspect suggesting a young
age, most are not fossiliferous, and they appear to be continuous with Quaternary
limestones on the coast. However, a Quaternary age appears unlikely for limestones at
elevations of a few hundred metres since this implies extremely high rates of uplift and
tilting. Of the many samples collected only 4 yielded foraminifera. One coralline
calcirudite (HR872) taken at an elevation of 150 m yielded a probable Pleistocene age.
Two packstones (HR873, 874) taken at the same height but further inland and further
north (implying a stratigraphically lower level) contained fossils which indicate an Early
Pliocene age. A sample (HR875) collected at 310 m still further north indicated a
Middle Miocene age.

3.3.7 BACAN NEOGENE FORMATIONS
Ruta Formation

Summary: Shallow marine limestones with local volcaniclastic input.
Age: Early-Middle Miocene. -

Lithologies: Bioclastic limestones with minor volcaniclastic debris.
Thickness: ~250 m.

Type Section: Ruta Village, NE Kasiruta.

Distribution: Eastern Kasiruta, areas of northern, western and southern Bacan (see
Figure 3.8).

Upper and Lower Contacts: In the Amasing River the lower contact is an angular
unconformity and the Ruta Formation overlies the Bacan Formation. An unconformable

basal contact with the Tawali Formation in Kasiruta is inferred from dips and
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