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Abstract. Biak Island is thought to have originated from the Australian
Continental passive margin in the Mesozoic. This passive margin underwent
tectonic collision to form the bedrock of Biak Island during the Paleogene. East
Biak is covered by limestone, which is an obstacle to knowing the deeper
stratigraphy. This study’s aim was to identify the subsurface geology of the East
Biak area based on rock resistivity values. Magnetotelluric (MT) surveying is a
passive geophysical method that is able to interpret subsurface geology based on
rock resistivity values at depths of up to 5 to 10 km. The MT measurements in
East Biak used 25 measurement points. Cross-sectional variations in rock
resistivity values generated from the MT measurements were used to identify
rock types in the East Biak subsurface. Five rock units were identified. The East
Biak stratigraphy model is dominated by carbonates, comprising two sequences,
i.e. an Early Neogene sequence with a thickness of 1,000 to 3,000 m and a Late
Neogene to Quaternary sequence with a thickness of 180 to 2,450 m. The
unconformity between these two sequences is due to tectonic activity, which
separated Supiori and Biak Island.
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1 Introduction

Biak Basin is a Tertiary basin between the Australian Continental and the
Pacific Oceanic Plate. During the Paleogene, the northern part of the Australian
Plate collided with the island arc when approaching the subduction zone to the
north under the Pacific plate (Dewey and Bird [1], Milsom, et al. [2], Hall [3],
and Cloos, et al. [4]), which formed the bedrock of Biak Island and its basin.
The Biak Basin is located south and east of Biak Island, which is covered by
coral limestone.
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The research area is located in East Biak, which is the boundary of the Biak
Basin according to the Geological Agency of Indonesia. East Biak’s
geomorphology has the characteristic of karst with the existence of an
underground river that flows to the sea. The presence of coral limestone and
chalky limestone that covers almost the entire surface of East Biak is an
obstacle to knowing the deeper stratigraphy and structure.

Magnetotelluric (MT) surveying is a passive geophysical method capable of
interpreting subsurface geology based on variations in rock resistivity at depths
of up to 5 to 10 km. This method has advantages in its use in the field: it is
environmentally friendly, it can be used in areas with a steep relief, and it is
mobile. The subsurface geology can be seen from the cross-section
interpretation of 1D and 2D MT models correlated with the regional geology.

2 Geological Setting

New Guinea is part of the northern boundary of Australia that has collided with
an island arc (Hall [3], Hill and Hall [5], and Gold, et al [6]). The boundary
between this collision includes major structures such as the Sorong Fault,
Ransiki Fault, which continues to Cendrawasih Bay, and Tanjung Wandeman in
the east, which is connected with the Weyland overthrust [6], as shown in
Figure 1.
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Figure 1 Simplified regional maps (terrestrial Shuttle Radar Topography
Mission — SRTM — and bathymetry prediction), with the main plate boundaries
and faults indicated by black lines, active structures by red lines, and GPS data
by yellow lines, relative movements to the Australian Plate according to Bailly,
etal [7].
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In the Late Cretaceous, rifting activity occurred to the north of New Guinea,
forming a new oceanic crust before the Eocene [3,5]. In the Eocene to Late
Oligocene, volcanic activity formed the Philippine island arc from subduction
zones to the north. In the Early Miocene, along with the plate movement of the
Pacific and Caroline plates, subduction events caused the volcanic activity to
stop due to collisions between the island arc and the continent. Evidence in the
field of this collision is the outcrop of serpentinized ultramafic rocks at the
surface. In the Late Miocene to Late Pleistocene, the entire Biak Island again
subsided slowly and continuously. This stopped when there was a reversal.
Later, uplift occurred relatively slowly, which continues to this day, as
evidenced by the presence of several carbonate highs.

There are two main regimes that affect Biak Island based on the geological
conditions on the surface and Bouguer Anomaly maps based on Saragih, et al.
[8]. The regimes are transtensive and pure strike-slip. Both of these regimes
influenced the formation of Biak Island and sediment deposition. The rifting
and uplifting phenomena of the two regimes are based on the minimum
horizontal stress 63 from the relative magnitude of the horizontal stress, which
forms an extensive-transtensive stress regime, and the maximum horizontal
stress o1 from the relative magnitude of the horizontal stress, which forms a
compressive-transpressive regime.

Based on the geological map of the Biak quadrangle, Irian Jaya (1:250,000) by
Masria, et al. [9] it is known that the research area consists of several
formations from old to young, as follows (Figure 2):

1. Korido formation(s), consisting of phyllite, quartzite, flint, tufa, greywacke,
and sandstone. This unit is intruded by a small basalt dyke.

2. Auwewa formation (Teoa), consisting of volcanic rocks; they are lava and
tuff, locally at the bottom of the insertion breccia and conglomerate. On
Biak Island, serpentinized peridotite and gabbro are found, along with
basalt. The formations were deposited in the Eocene until the Early
Oligocene.

3. Wainukendi formation (Tomw), consisting of crystalline limestone, medium
to coarse-grained, local conglomerate lenses and marl intercalations and
limestone. This formation was deposited in the Late Oligocene to the Early
Miocene, a neritic environment and has conformably overlies or has an
interfingering relationship with a Wafordori formation.

4. Wafordori formation (Tmw), consisting of marl and some tuffs; thinly
inserted with sandstone and crystal limestone. This formation is deposited
in a littoral to neritic environment and is conformably overlain by a
Napisendi formation.
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Napisendi formation (Tmn), consisting of layered limestone, fine-grained
tuffaceous clastic limestone to rough and slightly solid limestone;
intercalated with conglomerates, breccias, sandy limestone, and marl. This
formation is unconformably overlain by younger formations.

Korem formation (Tmk), consisting of marl and chalky marl; intercalated
with local sandy marl and marly limestone. This formation has an
interfingering conformity with rocks above it.

Wardo formation (Tmpw), consisting of marly limestone and sandy
limestone with the presence of small foraminifera; at the top it consists
mainly of limestone. This formation is conformably overlain by younger
rock.

Mokmer formation (Qm), consisting of coral limestone at the top and
chalky limestone at the bottom. The limestone contains fossils of planktonic
foraminifera, coral fragments, algae, and molluscs.
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Figure 2 Geological map of Biak Island and its surroundings (with MT
measurement points), and comparison of Biak stratigraphic columns according to
Masria, et al. [9], Gold, et al. [6] and field observation.

Method

The data used in this study were based on observations of outcrops in the field
and magnetotelluric surveying. The observations of outcrops performed
included descriptions of rock by conducting petrographic and
micropaleontologic analysis so that they could be grouped based on rock
depositional facies. The stratigraphic model of the research area was obtained
from the correlation between rock depositional facies and the regional geology.
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The MT survey was conducted using Phoenix MTU-5A equipment to determine
the subsurface geology of the research area. MT measurements were performed
in East Biak, using two lines with a total of 25 measurement points with west-
east and south-north directions based on Junursyah [10] and Junursyah, et al.
[11]. One-dimensional inversion modeling was performed using Occam’s
inversion by dividing the total layer into 8 layers based on vertical variations in
resistivity up to a depth of 10 km (Figure 3). Two-dimensional inversion
modeling was done in Smooth Model Inversion along both lines.
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Figure 3 Example of data processing result at the measurement point of BK-25
(a & b) apparent resistivity and phase curve limited to 10 km of depth: (c)
inversion modelling with up to eight layers resistivity variation.

The stratigraphic correlation of the general variation of rock resistivity (Table 1)
according to Alviyanda, et al. [12] produced a stratigraphic model based on the
rock resistivity values in the study area (Table 2). The pattern of resistivity
variation in each rock formation shows the comparability layers based on MT
soundings at each measurement point.
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The comparability results show the distribution of layers based on vertical
variations in resistivity. The 2D model analysis was carried out by correlating
the 1D model and rock distribution on the surface and their continuity to
identify the lateral rock distribution. Discontinuities can be identified as
geological anomalies in the form of geological structures. The correlation
between the 2D model and the geological surface data produced subsurface
geological models and geological structures (Figure 4).

Table 1 General resistivity values of rock according to Alviyanda, et al. [12].
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Table 2 Stratigraphic model based on rock resistivity values in Biak and
surrounding areas correlated with the regional stratigraphy according to Masria, et
al. [9] and field observation of sedimentary sequences.
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Figure 4 Flowchart of research methods used, from fieldwork, data processing,
modeling, and stratigraphic models to subsurface geological interpretation.

4 Result and Analysis

4.1 Stratigraphic Research Areas

Based on observations of the surface geology conducted on Biak and Supiori
Island, the study area was divided into five main units, i.e. Metamorphic
Basement Supiori Island, Igneous Basement Biak Island, Early Neogene
sequence, Late Neogene sequence and Quaternary sequence. Correlation of rock
units was performed using the composite log of the track traversed in Biak and
Supiori Island, which was correlated with the regional geology (Figure 5). The
Metamorphic Basement Supiori Island consists of phyllite, schist, and gneiss,
and has a foliation with a strong joint density and is filled with quartz veins.
This unit is bedrock found on Supiori Island, comparable with the Korido
Formation; it is Pre-Tertiary according to Masria, et al. [9]. The Igneous
Basement Biak Island consists of peridotite, serpentinite, diabase and some
volcanic rocks like breccia and tuff. These two latter rock units are Eocene
bedrock on Biak Island, comparable with the Auwewa Formation according to
Masria, et al. [9].
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Figure 5 Composite log observations on Biak and Supiori Islands.

The existence of two lithologies that are genetically different on the surface is
thought to have been influenced by tectonic activity. According to Gold, et al.
[6], the convergent boundary between the oceanic crust north of the Australian
continent and the Caroline island arc produced volcanic activity. At the end of
the subduction, the collision of the Australian continent and the Caroline island
arc resulted in the shifting of oceanic crustal rock on the surface of Biak Island
in the Late Oligocene.

The sedimentary rock is divided into three sequences: Early Neogene, Late
Neogene and Quaternary. The lower Early Neogene sedimentary sequences
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consist of calcareous claystone, greyish calcareous siltstone, boundstone-
grainstone-limestone based on Dunham [13], while at the bottom there are
calcareous claystone, chalky limestone and massive conglomerates. These rock
units are comparable with the Wainukendi and Wafordori formations. The
upper Early Neogene sedimentary sequences consist of limestone grainstone
and boundstone based on Dunham [13]. Limestone bioclasts are dominated by
coral, both tabular and domal, and there are fossils of shells with a size of >1
cm. This unit is comparable with the Napisendi Formation according to Masria,
et al. [9]. Both of these rock units have a conformable and interfingering
stratigraphic relationship.

The Late Neogene sedimentary sequence consists of brownish calcareous
siltstone and claystone, intercalated with packstone limestone based on Dunham
[14], which is chalky and rich in planktonic foraminifera. This unit is
comparable with Korem and Wardo formations according to Masria, et al. [9].
There is unconformity between the Late Neogene and the Early Neogene
sedimentary sequence. Lithological changes from limestone to fine clastic
carbonate rock that is rich in planktonic foraminifera are interpreted as
subsidence due to sea level rise based on Permana [14]. The Quaternary
sedimentary sequence consists of chalky coral limestone and some karstified
sites. The limestone has a relatively coarse texture, granules >1 mm in size,
consisting of coral and algal fragments, open fabric, and it has intergranular
porosity. This unit is comparable with a Mokmer formation according to
Masria, et al. [9]. It is thought to rest conformably on Korem and Wardo
formations below.

4.2 Stratigraphic Model of Rock Resistivity

The stratigraphic model of rock resistivity was obtained from the correlation of
the general rock resistivity (Table 1) against the stratigraphy of Biak and the
surrounding area based on the field observations in Table 2. Stratigraphic
unconformity is characterized by wavy lines in the contact with rock
formations. There are four patterns of variation in rock resistivity in the
sectional resistivity of Biak Island and the surrounding area, sorted from young
to old rock based on the field observations compared to the regional geology of
Biak based on Masria, et al. [9].

The Late Neogene to Quaternary sedimentary sequences show variations in
resistivity, which decrease with depth, from 70,588 Qm to 1,284 Qm.
Furthermore, patterns of variation in resistivity are indicated by the rock groups
below. The Early Neogene sedimentary sequences show variations in resistivity,
which increase with depth, from 28,506 Qm to 42,538 Qm. The changes in
variation of resistivity imply that there are differences in physical rock
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properties that cause the rock in this group to be more resistive. The Eocene
basement found on Biak Island has a resistivity value that increases
significantly when compared with the rock above it.

Table 3 Comparative results of the 1D inversion model of the stratigraphic
model of rock resistivity.
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The oldest rock is the Pre-tertiary basement found on Supiori Island. This rock
has a more conductive character because the resistivity value decreases
significantly. The changes in rock resistivity found in the stratigraphic model of
Biak Island indicate unconformities marked by differences in the physical
properties of rock that is conductive or resistive.

A 1D inversion model was generated using Occam’s inversion method. This
method predicts the layers from the resistivity apparent curve to eight layers
with varying resistivity values and thicknesses. Modeling into eight layers aims
to obtain the maximum depth during the inversion process in order to increase
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the data resolution. The comparative results of the 1D inversion model on the
stratigraphic model of rock resistivity can be obtained qualitatively by
observing the pattern of variation in rock resistivity controlled by formation
thickness and rock distribution at the surface based on outcrop observations and
regional stratigraphy according to Masria, et al. [9] (Table 3). The analysis was
performed on data from each measurement point by Occam’s inversion, with
overall RMS errors ranging below 5%. The results of the inversion analysis
show the pattern of significant changes in rock resistivity for five rock units.

The result of the 1D inversion model based on measurement data point BK-25
(Figure 6) shows a pattern of variation in resistivity that is divided into eight
layers. Based on the order of the layers from top to bottom, correlated to Table
2, the first, second and third layers show a pattern of variation in resistivity with
decreasing resistivity, interpreted as Late Neogene to Quaternary depositional
sequences. Based on thickness, layers 1, 2 and 3 have a thickness of 30.21 m,
56.78 m, and 231.18 m respectively. Layers 4 and 5 show a pattern of variation
in resistivity that increases compared to the layer above, interpreted as Early
Neogene depositional sequences. These layers have a thickness of 978.52 m and
1,679.09 m respectively.
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Figure 6 The results of the analysis of the stratigraphy model of rock resistivity
in the 1D inversion model at measurement point BK-25.

Layer 6 shows a pattern of variation in resistivity that decreases towards the
layer above, interpreted as Metamorphic Basement Supiori Island, which
consists of metamorphic rock with a thickness of 1,689.49 m. Layer 7 shows a
pattern of variation in resistivity that is significantly higher compared to the
layer above and is interpreted as Igneous Basement Biak Island, which consists
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of mafic-ultramafic igneous rock and volcanic rock with unknown thickness.
Layer 8 cannot be interpreted because the thickness is unknown so it is
considered a layer that continues downward.

4.3 Cross-section Analysis of 1D and 2D Resistivity

A cross-section analysis of 1D and 2D resistivity was conducted to determine
the rock layers based on the different variations of resistivity and depth. The
cross-sectional correlation of 1D resistivity of Biak Island against the
stratigraphic model of rock resistivity (Table 2) produced several layers, which
are differentiated based on the depth of each layer measured at each
measurement point. The boundaries between the layers were qualitatively
obtained based on differences in variation of resistivity, indicated by the wiggle
and scale of the resistivity values. The lateral continuity of the layer was
obtained by correlating the rock layers interpreted against 2D cross-sections
along two lines: west-east and south-north, with RMS error for each line at
3.8% and 3.5%. Lateral discontinuities of the layers were interpreted as
geological changes possibly caused by the geological structure.

The geophysical model of the 1D and 2D cross-sections resistivity on two MT
lines in East Biak shows five layers, which can be interpreted based on the
pattern of variation in resistivity as well as layer depth and thickness correlated
with the Biak Island stratigraphy, as follows (Figure 7):

1. The first layer (above the yellow line) on the west-east and south-north line,
characterized by a variation in resistivity from high to low, with a range of
values from 1 to 604 Qm and 1 to 6,530 Qm. This layer is interpreted as a
Quaternary sedimentary sequence, which consists of chalky coral limestone
and some Kkarstified sites. The layer is at a depth of £350 m with an
unknown continuity of layers from BK-17 to BK-22.

2. The second layer (above the green line) on the west-east and south-north
line is characterized by a variation in resistivity from high to low and from
low to high, with values ranging from 1 to 3,194 Qm and 1 to 19,222 Om.
This layer can be interpreted as Late Neogene sedimentary sequences. The
layer is at a depth of £2,500 meters with unknown continuity of layers on
BK-19 to BK-22.

3. The third layer (above the purple or red line) on the west-east and south-
north line is characterized by a variation in resistivity from low to high and
from high to low, with values ranging from 2 to 6,021 Qm and 1 to 250
Qm. This layer is interpreted as an Early Neogene deposition sequence. The
layer is at a depth of +4,500 meters with continuity of layers from west to
east and south to north.

4. The fourth layer (below the purple line or above the red line) on the west-
east and south-north line is characterized by a variation in resistivity from
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low to high and from high to low, with values ranging from 1 to 30 Qm and
>4,9 Qm. This layer is interpreted as Metamorphic Basement Supiori Island
at a depth of £6,000 meters on the west and south side.

5. The fifth layer (below the red line) on the west-east and south-north line is
characterized by a variation in resistivity from high to low and from low to
high, with values ranging from 8 to 3,713 Qm. This layer is interpreted as
Igneous Basement Biak Island at a depth of £7,000 m with continuity from
west to east.

5 Discussion

Interpretation of the subsurface geology of East Biak was conducted based on
the correlation of geophysical models against the rock distribution at the
surface. The subsurface stratigraphy of East Biak was obtained from the results
of a lateral distribution analysis of rock layers from 1D and 2D inversion
modeling, the results of the stratigraphic modeling of rock resistivity values and
geological maps. The geological structure was interpreted based on inconsistent
variation and form of resistivity compared to regional geology and tectonic
interpretations. The geological model of East Biak shows the presence of five
layers of rock based on differences in resistivity in west-east and south-north
cross sections (Figure 8).

The first layer, which is the oldest rock in eastern Biak, consists of Igneous
Basement Biak Island, interpreted as Auwewa formation based on Masria et al.
[9]. The layer is characterized by a pattern of variation in resistivity with more
elevated values than in the layer above it. This formation is thought to be a
Paleogene volcanic product originating from the island arc colliding with the
northern part of the Australian continent, according to Gold et al. [6]. On the
mainland of New Guinea, an Auwewa formation is the basement found in the
Iroran and Apauwar wells in the Mamberamo area mentioned by Wachsmuth
and Kunst in [15]. The second layer is interpreted as Metamorphic Basement
Supiori Island, interpreted as a Korido formation. This rock is exposed in the
southern part of Biak Island. In the cross-sectional resistivity, this layer has a
very low variation of resistivity with unknown layer thickness. The rock
outcrops show highly fractured and weathered rock so that they tend to be
conductive. The relationship between the two formations is thought to be
tectonic with the existence of thrust faults that led to the East Biak uplift.

The third layer is the Early Neogene sedimentary sequence in East Biak, which
consists of the Wainukendi, Wafordori, and Napisendi formations. This layer is
characterized by a pattern of variation in resistivity that tends to increase
downward. The carbonate platform grew in the Early to Middle Miocene and is
found not only on Biak Island but also in the Bintuni and Salawati basins. This
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carbonate platform is part of the Limestone Guinea Group that was deposited at
the same time in the western part of New Guinea according to Gold [16]. The
collapsed structure is thought to be an impact of collision activity that occurred
in the Paleogene. The tectonic regimes recorded on Biak Island are currently
classified as extensive to transitive tectonics based on Saragih, et al. [8].
Tectonic activity as well as differences in the depositional environment imply
an unconformable stratigraphic relationship with the rock layers below.

cesneBESEERE

Figure 7 The west-east and south- north subsurface line of geophysical model
in the Biak area and its surroundings shows the anticline form.
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Figure 8 The subsurface geological model on the cross section of the west-east
and south-north MT line in the East Biak area and its surroundings.

The fourth layer is a Late Neogene sedimentary sequence (Korem and Wardo
formations). This layer is characterized by a pattern of variation with increasing
resistivity going upwards. The rock deposition was caused by a relative sea
level rise, resulting in the sinking of the carbonate platform in the Middle to
Late Miocene based on Alviyanda, et al. [17]. Later uplift occurred with the
deposition of Wardo formation in the Pleistocene. The variation of resistivity
shows a relatively harmonious pattern, which increases up to the fifth layer,
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which is a Quaternary sedimentary sequence (Mokmer formation). At present,
there is a compressive uplift in eastern Biak Island as evidenced by Late
Miocene to Holocene Korem, Wardo, and Mokmer formations, which became
the mainland on Biak Island according to Saragih, et al. [8].

6 Conclusions

The East Biak stratigraphic model based on cross-sectional resistivity MT
consists of five rocks units. The basement consists of Metamorphic Basement
and Igneous Basement rock. The relationship between these two rock groups is
a tectonic relationship that caused old rock to be between young rock. There are
three overlying sedimentary sequences: Early Neogene, Late Neogene and
Quaternary. There is an unconformable stratigraphic relationship between the
Early Neogene sequence and the basement rock underneath it. Based on the MT
resistivity cross-section, the Early Neogene deposition sequence has a thickness
of 1,000 to 3,000 m, while the Late Neogene to Quaternary depositional
sequence has a thickness of 180 to 2,450 m. These two sedimentary sequences
have unconformable stratigraphic relationships that are characterized by
changes in the rock depositional environment and differences in patterns of
variation in rock resistivity.
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