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Featured Application: Utilization of Air-FTG and aeromagnetic data in delineating subsurface
structures with the aim to correlate with the tectonic evolution in offshore Sarawak, Malaysia.

Abstract: Across the Luconia continental shelf, the nature and structures of the crust are lacking
geological understanding and precise characterization. Newly acquired, aeromagnetic, and airborne
gravity data were used to assess deep and shallow sub-surface signals within the Central Luconia
Province, off the coast of Sarawak, offshore Malaysia. Regional aeromagnetic anomalies appear to
primarily reflect deep crustal features while depth (Z) tensors of airborne gravity anomalies evidence
shallow subsurface structures. Strike directions of the interpreted structural trend on aeromagnetic
and airborne gravity anomalies maps are measured and plotted into rose diagrams to distinguish
the structural orientations for all datasets. Signature patterns extracted from the depth profiles were
correlated with parallel seismic lines and nearest exploration wells and coincide well with the top of
carbonate for Cycle IV/V and structures seen within the Cycle I and II sediments. The orientation of
faults/lineaments at shallower depth is dominated by a NW-SE orientation, similar with the faults
extracted from two recently published structural maps. Deeper subsurface sections yielded E-W to
NWW-SEE dominant directions which were never presented in the published literature. The E-W
oriented anomalies are postulated to represent the remnants of the accretion between the Luconia
crustal block and southern boundary of the Palawan block. The NW-SE trend follows the same
direction as prominent faults in the region. The insight into shallow and deep subsurface structures
in Central Luconia Province imaged through airborne gravity and aeromagnetic data should provide
guidelines and complementary information for regional structural studies for this area, particularly
in combination with detailed seismic interpretation. Further evaluation on the response of Air-FTG®
gravity and aeromagnetic could lead to the zonation of potential basement highs and hydrocarbon
prospects in this area.

Keywords: aeromagnetic; airborne gravity; subsurface structures; Central Luconia Province; struc-
tural interpretation

1. Introduction

The Central Luconia Province encompasses a geological province famous for its
prolific hydrocarbon exploration, located in the offshore of North Sarawak, Malaysia
(Figure 1) within vicinity of the South China Sea. Central Luconia is dominated by Middle
to Upper Miocene limestone reservoirs with varying thickness from several hundreds
of meters to over one kilometer in places at depths ranging from 750 to 2500 m from
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present day sea level [1]. The orientation of the build-ups is not consistent throughout the
province [2] (Figure 1C). This region is subdivided into numbers of regional lows and highs
that are partitioned into localized extensional horsts and grabens trending systematically in
SSW- NNE and WSW-ENE compressional structures [3]. In the southern part, the majority
of the carbonate build-ups are oriented in NNE-SSW and turning to NE-SW at the transition
from the southern region to the central region. The orientation of platforms in the central
part is mostly in E-W direction, while the platforms in the northern part are oriented in
NW-SE, with a few in NE-SW directions. The inconsistency in the limestone build-ups
orientation is pre-evaluated to reflect the basement topography and structure underneath
the sedimentary deposition.
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Figure 1. (A) Locality map showing the offshore Sarawak and coverage of the Air-FTG® survey. (B) Airborne-gravity survey
under MyGeoid Project by the government of Malaysia (H. Jamil et al., 2017). (C) Survey area for Air-FTG® conducted by
Bell Geospace and utilized in this study. Top carbonate map for Cycle IV-V limestone is overlaid with the survey area, the
seismic profiles and exploration wells. Only three regional seismic lines are presented in this paper (labelled as Line 1014,
1004 and 1008). All datasets presented in (C) are courtesy of Malaysian Petroleum Management (MPM), PETRONAS.

The Luconia Block (crystalline basement of Central Luconia and its surrounding
provinces) that host this sedimentary basin had underwent a prolong tectonic history, but
the precise chronology of events or location of the main structural features remains uncer-
tain. [4,5] suggested the suturing of Luconia-Dangerous Grounds Block/Microcontinent
with South East Asia had resulted in the cessation of palaeo-Pacific subduction in Late
Cretaceous. Meanwhile, [6] proposed the deformation to be resulted by the Late Cretaceous
or Paleocene collision of Luconia and Sundaland, which brings palaeo-Pacific subduction
east to the Mesozoic granite (basement) to a rest. However, the role of Luconia -Dangerous
Grounds block in the palaeo-Pacific subduction was brought to less attention when [7-9]
suggested that the palaeo-Pacific subduction zone retreated from South East Asia during
Cretaceous as response to slab rollback, back-arc rifting and eventual Proto-South China
Sea seafloor spreading. Luconia continental shelf has been envisaged as a large Cathaysia-
derived continental fragment that presently occupies much of the southern margin of the



Appl. Sci. 2021, 11, 5095

30f25

South China Sea [10]. It could be drifted from the southern China Mainland, rifted, and
finally collided with Sarawak mainland [10-12].

As such, the subsurface structure for Luconia and the surrounding provinces remain
conjectural. Several geophysical studies have been conducted to interpret the shallow and
deep subsurface structure and geometry of the sediments’ deposition in this area, focusing
on the interpretation of seismic data [1,3,13-21], gravity, and magnetic data [2,22,23]. A
study by [1] exposed the potential depth for the basement in Central Luconia (offshore
Sarawak) to be shallower than initially perceived. The depth to the top of basement along
a E-W seismic transect (location has not been revealed) was interpreted at 10,000 km
to 12,000 km but free air-gravity-magnetic modelling reveal potential depth of the top
basement at 5500 km to 10,500 km.

Wide wavelength ranges of gravity and magnetic data provide critical clues to both
deep and shallow structural framework. This paper aims to evaluate the framework and
orientations of major structural trends in Central Luconia Province. The focus of this paper
is to differentiate the trends in the shallow vs. the deep subsurface and relate them to the
tectonic evolution of the Luconia continental shelf.

2. Geological Setting of Central Luconia

The Central Luconia Province is bounded by two main tectonic features in this region,
which are the West Baram Line in the east and West Balingian line in the west. These
ancient faults are oriented in the NW-SE direction (Figure 1) and the West Baram Line is
believed to represent the southern limit of the subduction of the oceanic crust of the Proto-
South China Sea [24,25]. The continental shelf of Luconia-Dangerous Grounds was under
thrusted beneath West Borneo [11,21,26,27] and this event induced the uplifting of the
older sediments (the deep-water sediments of Rajang Group) during Eocene-Cretaceous.
Shortly after that, topography denudation took place during the post-orogenic relaxation
phase [2]. This was followed by crustal stretching due to the second rifting phase of the
South China Sea in the Oligocene mainly within the northern Luconia [28], while the
southern of Luconia underwent crustal shortening. This region was later compressed
attributed to the regional subsidence during Upper Miocene and series of uplift during
Pliocene [29].

The offshore Sarawak is dominated by thick sedimentary sequence comprises of clastic
and carbonate rocks. The rocks are calibrated with seismic signals to correlate with seismic
facies (Figure 2). Cycle I is the oldest, dating back to ~34 Ma until approximately 23.5 Ma
followed by Cycle Il sedimentation during Lower Miocene (23.5 Ma to 18.0 Ma). CycleI and
II sediments are comprised of deep marine sediments especially at the base of the cycles,
followed by non-marine to coastal plain sediments with shallowing upwards sequence.

In the southern section of Central Luconia, patches of limestone growth within Cycle
I and II are also common [2]. More marine influence in the sediments is recognized at the
beginning of Upper Lower Miocene within Cycle III rocks. At this time, many limestone
build-ups begin to grow in the central section of Luconia Province, however, the growth
of limestone become more abundant during deposition of Cycle IV and V continues until
approximately 8 Ma, before a major event overseeing the demise of Luconia limestone
took place. After that, the sedimentations in offshore Sarawak including Central Luconia
Province are predominated by siliciclastics sediments due to rapid uplift on the onshore
Borneo [30]. The sedimentation of siliciclastic sediments from 8 Ma until the present day is
grouped as Cycle VI to VIIL
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Figure 2. (A) Simplified stratigraphy chart of offshore Sarawak, particularly in Central Luconia
Province adapted from [2] showing major seismic facies correlated with the Cycles nomenclature.
BOU is Base Oligocene Unconformity; BMU is Base Miocene Unconformity; MMU is Middle Miocene
Unconformity; LU is Lapan Unconformity; (B) Seismic stratigraphy from seismic line 1008 (refer
Figure 1 for line location); (C) Seismic stratigraphy from seismic line 1009 (not shown in Figure 1 as
the seismic is outside the Air-FTG coverage area).

Several prominent unconformities (Figure 2) are recognized in offshore Sarawak
including the Central Luconia Province. The base of Cycle I and the underlying sediments
(classified as Pre-Cycle I sediments in this paper) is known as Base Oligocene Unconformity
(BOU) which marks the transition from isolated blocks of elevated grabens in the Eocene
to a more widespread sedimentation in the Oligocene [29] resulted from the collision of
Luconia continental block with Borneo mainland. Base Miocene Unconformity (BMU)
differentiate the sediments deposited in Cycle I and Cycle II. BMU marks the changing
in direction of the South China Sea spreading and the effect of change in the direction
is reflected in the facies changes as observed within the offshore Sarawak [2]. Another
profound unconformity in Central Luconia and all other basins in the southern South
China Sea is Middle Miocene Unconformity (MMU). In Central Luconia context, MMU
splits Cycle IIT and Cycle IV sediments, marking the beginning of widespread limestone
deposition in Luconia. Finally, the youngest recognized regional unconformity in Central
Luconia is Shallow Regional Unconformity (SRU) or has been recently renamed as Lapan
Unconformity in [31] representing a rapid uplift all over Borneo.
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3. Advancement of Gravity and Aeromagnetic Exploration in Offshore Sarawak, Malaysia

Gravity and magnetic surveys have been used in the exploration of natural resources
in Malaysia since the 1930s [32] as tools to map sedimentary basins and develop a structural
framework around them. The gravity methods have evolved with a variety of acquisitions
and processing approaches to produce good quality and high-resolution subsurface images
based on anomalies originating from rock density contrasts. The advent of public-domain
global marine gravity database (free-air satellite gravity) with uniform coverage and mea-
surement quality [33-35] allowed for the consistent mapping of regional-scale structural
features over a large spatial extent [36]. Circumspection is required when interpreting
gravity data from both free-air satellite and airborne gravity because both data are less
reliable in water depths shallower than 20 m, mainly due to a higher variability of the
sea surface, poor near-shore tidal models, and a loss of altimeter tracking caused by the
interference with the onshore reflectors [37].

The government of Malaysia, under partnership between the Department of Survey
and Mapping Malaysia (DSMM) and Kort & Matrikelstyrensen (KMS) from Denmark
under the MyGeoid Project has carried out airborne gravity surveys over land areas of
Peninsular and East Malaysia in 2002-2003 [38]. The survey was repeated in 2014-2017
for the offshore Sabah and Sarawak [39] (Figure 1B). The aim of the 2014-2017 survey
was to develop a new-geoid-based vertical datum from airborne gravity data for area
of out-coast of East Malaysia region. This survey marks a remarkable first attempt for
the Malaysian government in attaining a systematic high-accuracy wide geoid model at
nationwide scale. Through this program, the accuracy of the gravimeter geoid is estimated
to be better than 5 cm across most of East Malaysia land and marine areas [40]. Although
the airborne gravity database from the MyGeoid Project remains confidential, Free-air
and Bouguer anomalies maps were extracted from the airborne data as final plots. The
downward continuation data was part of the geoid determination output, processed from
filtered airborne gravity data (Figure 1B). Collaboration project between DSMM and KMS
produced an airborne gravity field that revealed many interesting regional geological
features on land as well as in the marine area of Malaysia-Borneo [40].

In 2014, the Airborne Full Tensor Gradiometry (FTG) Gravity or Air-FTG® approach
was successfully acquired in the vicinity of Central Luconia-Tatau Province (Figure 1C) in
Sarawak by Bell Geospace Limited (BGL) with a terrain elevation covering 174 m below sea
level to 24 m above sea level [41]. The penetration of airborne gravity and aeromagnetic
in the subsurface is limited within shallow water depth (<2000 m), thus, the coverage of
Air-FTG® in offshore Sarawak is restricted to the Central Luconia Province. The survey area
(Figure 1C) covers a total of 14,330 line-kilometers with 2000 m and 1000 m inline-spacing
and 10,000 m and 5000 m tie-lines spacing. The usage of airborne Air- FTG® within this
limestone province is highly suitable because of the density contrasts between carbonates,
siliciclastic (shale, claystone, and sandstone) and the crystalline basement underlying the
basin. Therefore, the utilization of free-air satellite gravity and magnetic data along with
advanced Air-FTG® gravity and aeromagnetic data is crucial in analyzing the basement
structures’ geometries and relate them to the regional framework.

4. Materials and Method
4.1. Dataset

This study integrates various datasets from the Central Luconia Province such as
airborne gravity, aeromagnetic, two dimensional seismic profiles, and wireline logs. The
focus of interpretation and validation is restricted to the vintage airborne gravity data
coverage in Central-West Luconia (Figure 1C). The airborne gravity and aeromagnetic data
over Central Luconia Province were previously processed by Bell Geospace Limited with a
series of techniques to obtain the final measured gravity gradient used for interpretation
in this study. The raw data were acquired through survey equipment that is permanently
mounted on Basler turbo BT-67 aircraft (C-FTGI) owned by Bell Geospace. The survey was
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recorded with geographical coordinates in the WGS84 datum and Universal Transverse
Mercator (UTM) projection zone 49N.

4.1.1. Airborne Gravity Data

Air-FTG® is a multiple accelerometer moving platform technology that measures the
accelerations in the inline and cross signals from the three Gravity Gradient Instruments
(GGI) which are converted to directional gradients and provides tensor elements of Tyx,
Tyy, Tyz, Txz, and Tzz tensor components [42], along with another four combination tensors
(Figure 3A). The different tensor components in Air-FTG® are commonly used to recognize
and classify different lineaments associated with structural and/or stratigraphic changes,
based on contrasting frequency slicing, that represent different scale and target depth of the
geological structures. the combinations of the individual tensor components into a single
interpretation and representation had been proven to extract the most accurate signature
pattern of the underlying geology [43].

A B
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Figure 3. (A) Five independent directions which are Tyx, Tyy, Tyz, Txz, and Tzz tensor components from Air-FTG® data

(edited from [42]. (B) Profiles showing magnetic responses for a source of the same size at different latitudes in the northern

hemisphere. The effect is reversed in the southern hemisphere due to a negative inclination. (A) A symmetric response is

observed at the pole. (Bi-Bv) The anomalous magnetic response becoming more asymmetric away from the poles. (B) The

response is to finally flatten or reverse at equatorial regions.

Central Luconia Air-FTG® data went through High-Rate Post Mission compensation,
line correction and levelling, noise reduction and contact lineament processed. Depth
(Z) domain tensors including Tz, Tzz, Txz and Tyz dataset (Table 1) were selected for
geological analyses and interpretation because they represent the depth in vertical and
horizontal components. The vertical depth components (Tz and Tzz) closely resemble the
conventional gravity in that the anomaly is shown in the correct spatial position over center
of geologic mass. Both Tz and Tzz vertical component is useful in estimating depth, predict
compositional information of the target geobody [43] and detection of useful contrast within
structures [44]. The horizontal depth components (Txz and Tyz) are selected because both
data are relevant to identify, and map trends associated with structural and determination
of center of mass bodies [45]. Apart from these two data, Contact Lineament Processing
(CLP) at three different wavelengths was also utilized for the gravity interpretation. CLP is
a method that applies a directional filter in processing the full-tensor gradiometer data. It is
a new processing tool for potential field data developed in-house by Bell Geospace [41] that
helps assessing the relationship between different representations of an invariant tensor
field evaluated from the measured gravity tensor.



Appl. Sci. 2021, 11, 5095

7 of 25

Table 1. Data components derived from the Air-FTG® acquisition and their purposes in geological interpretation.

No Data Type Unit Purpose Short Form
Total Magnetic
1 Intensity (Reduced to nT Highlight magnetic zonation TMI_RTE
Equator)
1st vertical derivative Better resolution of
2 of TMI-RTE nT/m magnetic zonation TMLRTE _1vd
RTE_AS_20res
, ambrsgetorne o Crmberspoedtll e g
first derivatives rg rselv maenetised or nyt RTE_AS_50res
eversely magnetised or not. RTE_AS_50reg
Computed Free Air Structural trends at depth (Txz &
Gravity (levelled and . .
4 . mGal Tyz) and changes in density of the Tz, Tzz, Txz, Tyz
noise reduce) for depth
rocks at subsurface (Tzz)
(Z) tensor
Contact Lineament Frequency slicing targetin
5 Processed (variable Eotvos/m q Y STUCING fargeting CLP_short/CLP_long/CLP_int
structures at different depths.
wavelengths)

4.1.2. Aeromagnetic Data

Aeromagnetic data over the survey area was also captured alongside Air-FTG® and
the data is utilized to screen FTG anomaly patterns and quickly detect igneous, volcanic or
metamorphic source from the responses in the subsurface. Magnetic data usually helps
to image the main aspects of the geology across much of the Earth’s crust (including the
surface) and provide a cornerstone for geological model’s construction [46]. An important
caution over application of magnetic data is the strength of the Earth’s magnetic field
varies across the globe, with strongest at the poles and weakest in the equatorial regions
(Figure 3B).

A DAARC500 magnetometer system comprises the airborne magnetometer and a base
station were mounted in a boom (stinger) of the Basler turbo BT-67 aircraft and collects
compensation parameters while flying a figure of merit (FOM). Aeromagnetic data were
recorded at the same time of the airborne gravity data at 10 Hz. Since the study area is
close to the equator, the magnetic field lines are roughly parallel to the Earth’s surface,
thus the Geometrics 882 caesium vapor sensor is only sensitive in some headings [41].
The aeromagnetic data then underwent (i) Removal of Earth’s regional magnetic field, (ii)
Removal of magnetic diurnal drift, (iii) Final line levelling, and finally (iv) De-meaning [41].

The magnetic response from the Air-FTG® was analyzed based on the Total Magnetic
Intensity (TMI) that had been Reduced to Equator (RTE) (Table 1) to eliminate the magnetic
effect of the latitude. The TMI_RTE data must be interpreted with caution because the
magnetic body will be stretched in east-west direction relative to the horizontal dimension
of the body [47]. Ideally, both Reduction to Pole (RTP) and Reduction to Equator (RTE)
should be interpreted together in area of low latitude. However, RTP data is not available
for this survey and thus, the interpretation is supported by TMI_RTE that has been filtered
with the first vertical derivative (1vd) high-pass filter (TMI_RTE_1vd) to provide a more
reliable outcome that is readily interpretable in the context of magnetic rock bodies [46].
The first derivative filtering is effective in enhancing the anomaly due to shallow sources by
improving the spatial and structural resolution. On the first vertical derivative, the width
of magnetic bodies appears narrower, thus it is very effective to locate the source bodies
accurately. Any structures’ appearance on the first vertical derivative of the aeromagnetic
data was interpreted and compared with the structures seen on the TMI_RTE data to
delineate high frequency features where they are shadowed by large amplitude, low
frequency anomalies.
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The local amplitude of the TMI_RTE data was further analyzed for residual and
regional field Analytical Signal (AS). Analytical signal of TMI_RTE (Table 1) data helps
in reducing the sensitivity for the inclination of the geomagnetic field than the original
TMI data and thus, provides means to analyze low latitude magnetic fields [47] such that
in Central Luconia Province. Analytical signal maps capture the response of all magnetic
bodies whether they are reversely magnetized or not. All the shape preserved on analytical
signal maps is centered to one positive body and are not subject to the instability that
occurs in transformations of magnetic fields from low magnetic latitude, thus able to define
source positions regardless of any remnant magnetizations in sources [48]. In this paper,
we analyzed and interpret residual and regional field AS at wavelength more and less than
20 km and 50 km. Regional AS data represents deep seated magnetic bodies, with high
contrast in amplitude and frequency while residual AS data shows the sudden changes in
magnetic relief that accompanies shallow seated geological bodies [49].

4.1.3. 2D Seismic Profiles & Exploration Wells

Two-dimensional seismic profiles and exploration wells intercepting the survey area
for the Air-FTG® were used to support and validate the interpretation. In this paper, line
1008, 1004, and 1014 and wells Lada Hitam-1, F6-6 and F19-1 (Figure 1C) are presented
along with the depth profiles extracted from the Air-FTG®. The seismic profiles were
acquired by several companies including Schlumberger and Shell in the late 1980s to
1990s and have been reprocessed between 2010 and 2012 with standard routine processing
that involved noise removal, multiples removal, and Kirchoff Pre-stack Depth Migration
(PSTM). The seismic data are interpreted in two-way-time (twt) domain with calibration of
F6-6 and Lada Hitam-1 wells to control the time-depth relation. Line 1008, 1004 and 1014
acquired subsurface data up to 8000 to 10,000 ms while total depth of F6-6 and Lada Hitam
-1 wells are 3353 m and 3661 m, respectively, reaching Cycle II sediments.

4.2. Interpretation of the Aeromagnetic and Airborne Gravity

The airborne gravity and aeromagnetic data are interpreted in this study with the aim
to delineate the structural trends (fault/lineaments) at different depths range (Figure 4).
The interpretation for both airborne gravity and aeromagnetic data are calibrated with the
seismic profiles and wells that intercept the area (Figure 1C). All selected datasets (Table 1)
were filtered with continuity and apparent susceptibility filters. Anomalies maps are then
smoothed through kriging technique to reduce the irregularities and craggy look on the
maps. These were performed in Geosoft Oasis Montaj Software.

The interpretation begins with detecting the magnetic anomalies and marking the
structural trends on magnetic anomalies maps, which include the TMI_RTE, TMI_RTE_1vd,
and RTE_AS_20res/50res/20reg/50reg. The geometry of the magnetic bodies was observed
and recorded. Potential changes in the magnetic anomalies in the maps were marked with
straight to curvy lines, following the shapes of the magnetic bodies. Similar procedures
were performed on the gravity data which include the Tz, Tzz, Txz, Tyz and CLP data
(CLP_short/intermediate/long wavelengths). The interpreted structural lines (lineaments)
on all magnetic and gravity maps were then compared through overlay and side-to-side
comparison to get the general trends from the data.
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Figure 4. Summary of interpretation workflow for airborne gravity and aeromagnetic data utilized in this study.

All measured strikes directions were recorded and plotted in separate rose diagrams
(GeoRose by [50] to illustrate the structural trends from each anomaly map. Strikers
measured on aeromagnetic data and Z-tensors were compared with the existing structural
maps available for Central Luconia by [51,52].

4.3. Depth Profiles Estimation & Calibration with Seismic-Well

The next step involves the extraction of depth profiles through Adaptive Tilt Deriva-
tive (ATD) method that allows simple means to identify the locations and strike of the
location of structural contact [53]. Each depth map represents an estimate of the depth to
the anomalous signature pattern present in the corresponding wavelength slices. Through
depth estimation technique, depth profiles of X-X" and Y-Y are used to assess the varia-
tion in density across the area which may represent a large geometry in the subsurface.
The signature patterns derived from the depth estimation are correlated with parallel
seismic lines.

This part involves validating the interpretation of airborne gravity-aeromagnetic data
with seismic-gravity-well constraint. The interpreted gravity data are tied with seismic
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cross-sections and available wells to analyze the geological structures, morphology, and the
porosity-density response corresponding to the gravity anomalies. The vintage Air-FTG®
data over Central Luconia Province intercept with wells Lada Hitam-1, F6-6 and F19-1
and few seismic lines (Figure 1C). This is done first by extracting the density and porosity
values from the sonic logs followed by a comparison with the density response from the
Air-FTG® data. Carbonate reservoir are usually porous rocks; hence, their density is slightly
lower than the other lithologies and the density contrast and depth is favorable for direct
detection with airborne gravity.

Finally, we compared an overlying of airborne gravity and aeromagnetic data, where
similarity and contrast of the gravity and magnetic responses were analyzed. The in-
terpreted structural trends on Tz, Tzz, Txz, and Tyz gravity were further compared
with interpreted structural trends on aeromagnetic data of TMI_RTE, TMI_RTE_1vd, and
TMI_RTE_AS data. The purpose of the comparisons between interpreted structural trends
on gravity and magnetic data is to examine the structural patterns preserved in both
datasets at different depths ranges; either there is an over print of patterns or obvious
changes in the structural trends seen on both datasets. From the comparison, potential
uplifted basement structures and outstanding basement morphology in Central Luconia
are illustrated. Areas for potential new hydrocarbon prospects are proposed through
superimposing with the Middle-Upper Miocene (Cycle IV-V) top carbonate map by [1] and
the gravity-magnetic responses.

5. Results
5.1. Aeromagnetic & Airborne Gravity Interpretation
5.1.1. Aeromagnetic Interpretation

The interpretation of aeromagnetic data primarily reflects long wavelength (deep)
geophysical features in the subsurface. High magnetic anomalies (>20 nT) from TMI_RTE
fall in the northern-central section of the survey area while moderate magnetic anomalies
(0 to 20 nT) (Figure 5A) are observed at the central section of the survey. The lowest
magnetic anomaly (0 to —68 nT) is seen in the south and southeast parts of the survey area
which include the West Luconia—Balingian Provinces (see location map in Figure 1). The
southern part of the survey area exhibits an obvious low magnetic response (0 to —68 nT)
on both TMI_RTE and TMI_RTE_1vd anomalies maps which appears elongated in the E-W
direction. The first vertical derivative characterizes shallow anomalies (short wavelength)
compared to its original TMI_RTE data. Thus, the low magnetic zone in the south of the
survey area is occupied by small-scale, elongated high magnetic zones in the shallower
section, as imaged on TMI_RTE_1vd data (Figure 5D,E).

Comparable trends of dominant NE-SW and NW-SE with auxiliary E-W are seen
on both TMI_RTE and TMI_RTE_1vd datasets indicating magnetic basement structures
(interpreted on TMI_RTE) imprinted on the shallower magnetic structures interpreted
on the TMI_RTE_1vd map. WNW-ESE to E-W trends are interpreted on TMI_RTE_1vd.
An evaluation of both TMI_RTE and its derivatives maps reveal some structural features
become more outstanding either on the TMI_RTE data or TMI_RTE_1vd data (pointed out
by the red arrows). This illustrates contrasting structures between the magnetic basement
(seen on TMI_RTE map) and the shallower depths (TMI_RTE_1vd map). For instance, re-
markable E-W trends are visible between two major elongated structures in the south of the
survey area on TMI_RTE_1vd map but are not seen on the TMI_RTE map (rectangle zone
in Figure 5E). Another example is highlighted in Figure 5B,E, where very curved features
are seen on TMI_RTE (magnetic basement) but no longer appear on the TMI_RTE_1vd.
Some other lineaments that are only seen on either the magnetic basement or shallower
section are pointed by the red arrows on Figure 5B,E.
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A) TMI_RTE - B) Interpretation on TMI_RTE C) Rose Plot for TMI_RTE
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Figure 5. (A) Total Magnetic Intensity Reduce to Equator (TMI_RTE) represents magnetic basement. (B) Linea-
ments/Structural trend interpretation on TMI_RTE. (C) Rose plot diagram for interpreted structural trend in (B). The
eclipse on (B) is representing possible folding structures on the basement (obvious anticline closure on TMI_RTE. (D) First
derivative of TMI_RTE known as TMI_RTE_1vd represents section shallower than the basement. (E) Lineaments/ Structural
trend interpretation on TMI_RTE_1vd. (F) Rose plot diagram for interpreted structural trend in (E). Red arrows are pointing
to the structural trends that are more prominent in either TMI_RTE data and rectangle in (E) is highlighting the complex
faults within the low magnetic zone in the south of the area.

Further analyses on the analytical signal data of the aeromagnetic data are conducted
to reduce the uncertainty in interpreting magnetic data at low latitude such as in Central
Luconia Province. A careful examination of the regional aeromagnetic map indicates that
some of the magnetic anomalies detected on original TMI_RTE map are appearing on the
regional analytical signal maps (Figure 6A,D) with lower amplitude and frequencies. A
similar NW-SE structural trend is preserved both in TMI_RTE and regional aeromagnetic
map from the analytical signal. However, the magnetic anomalies on regional analytical
signal appear in lower amplitude compared to the TMI_RTE anomalies. The regional
analytical signal is characterized by a main trend striking NNW-SSE to E-W with a mi-
nor NW-SE for both less than 20 and 50 km wavelength. The residual analytical signal
anomalies for these two wavelengths show clusters of elongated bodies of high magnetic
response within low magnetic values in the southern part of the survey area, striking E-W.
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Figure 6. This figure highlights the interpretation on regional analytical signal of original aeromagnetic data from TMI_RTE.
(A) Analytical signal (Regional) for >20 km wavelength. (B) The interpretation of structural trend based on (A). (C) Rose
plot diagram for interpreted structural trend in (B), showing NW-SE, E-W and NE-SW orientations. (D) Analytical signal
(Regional) for >50 km wavelength. (E) The interpretation of structural trend based on (D). (F) Rose plot diagram for
interpreted structural trend in (E), showing NW-SE to E-W orientations.

An evaluation of the Analytical Signal (AS) (Figure 7) maps confirms the presence
of E-W oriented magnetic bodies in the southern section of the survey area, with local
variations of elongated geological bodies with high magnetic anomalies. The residual
AS magnetic map at a wavelength less than 20 km shows a distinct E-W structural trend
while WNW-ESE to E-W trends are seen on the residual map for wavelength less than
50 km. Overall, the magnetic data preserve a dominant E-W trend (Figure 7) and minor
features oriented in NW-SE and NE-SW (Table 2). It can be assumed that a large E-W
oriented magnetic bodies may be controlling the crystalline basement of Central Luconia
with the major magnetic signal caused by the differences in the composition or changes of
the sources of the geological bodies.
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oot10 B) Interpretation on RTE_AS_20RES C) Rose Plot for RTE_AS_20RES
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Figure 7. This figure highlights the interpretation on residual analytical signal of original aeromagnetic data from TMI_RTE.
(A) Analytical signal (Residual) for >20 km wavelength. (B) The interpretation of structural trend based on (A). (C) Rose
plot diagram for interpreted structural trend in B, showing distinct E-W direction. (D) Analytical signal (Residual) for
>50 km wavelength. (E) The interpretation of structural trend based on (D). (F) Rose plot diagram for interpreted structural
trend in (E), showing NE-SW, E-W and NW-SE directions.

Table 2. Major and minor structural trends recorded from aeromagnetic and airborne gravity data in Central Luco-
nia Province.

No Tensor Data Depth Ranges Major Trend Minor Trend
Aeromagnetic
1 TMI_RTE Magnetic basement NW-SE and NE-SW E-W
2 TMI_RTE_1vd Shallower than magnetic basement ~ E-W and NWW-SEE E-W
3 RTE_AS_20regional Magnetic basement E-W and NNW-SSE NW-SE
4 RTE_AS_50regional Magnetic basement E-W and NWW-SEE NW-SE
5 RTE_AS_20residual Magnetic basement E-W
6 RTE_AS_50residual Magnetic basement E-W and NWW-SEE
Airborne Gravity
Tz Deep (low frequency) NW-SE and NE-SW All directions
Tzz Shallow (high frequency) NW-SE and ENE-WSW NNE-SSW
9 Txz Intermediate- Shallow NW-SE to N-S NE-SW
10 Tyz Intermediate- Shallow NW-SE to E-W NE-SW
11 CLP_short 2.5to 10 km NE-SW to E-W NE-SW
12 CLP_intermediate 10 to 25 km Broad NW-SE All directions
13 CLP_long 25 to 55 km NW-SE to NNW-SSE NE-SW
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5.1.2. Airborne Gravity Interpretation

The interpretation of airborne gravity data is centered on the depth domain (Z) tensor.
This include Tz (low frequency), Tzz (high frequency), Txz and Tyz tensors for the analysis
of horizontal vectors of the depth domain and Contact Lineament Processed (CLP). Tz
gravity anomaly map detects larger subsurface (long wavelength) structure that usually lies
deeper and is comparable with the first derivatives of TMI_RTE data that detects shallower
magnetic bodies. Tzz responses are prone to the shallower section of the subsurface (short
wavelength) while Txz and Tyz focuses on short to intermediate wavelengths. Positive
gravity anomalies are captured at the southwest of the coverage area on both Tz and Tzz
components that are interpreted as elevated structure which also appear in the shallower
section (arrow in Figure 8A,D). Negative (low) gravity anomalies on low and high frequency
data are seen in the northeast, central, and southeast regions of the survey area, with a
higher concentration in the vicinity of Lada Hitam-1, F6-6 and F19-1 wells. An obvious
circular structure within low gravity anomaly (arrow in Figure 8A,D) is recognized on Tz
and Tzz data.

A) FTG_Tzz B) Interpretation on FTG_Tzz C) Rose Plot for FTG_Tzz

D) FTG_Tz E) Interpretation on FTG_Tz F) Rose Plot for FTG_Tz

Circular
Structure % Lada

Figure 8. Anomaly map for FTG Tzz (high frequency) data; (A) Anomaly map for FTG_Tz. (B) Interpretation of structural
trends on FTG_Tzz. (C) Rose plot diagram for FTG_Tzz showing dominant orientation in NW-SE direction. (D) Anomaly
map for FTG_Tz (low frequency) data; (E) Interpretation of structural trends on FTF_Tz; (F) Rose plot diagram for FTG_Tz
showing orientations in WNW-ESE and NE-SW with minor NW-SE.

Anomalies maps of low (Tz) and high ((Tzz) frequency gravity anomalies represent
the gravity anomalies for shallow and deep subsurface. Structural trends in the shallower
section are dominated by NW-SE orientation (Figure 8C). The Tz gravity map shows
a dominant NE-SW structural trend data (Figure 8F), while still preserving the NW-SE
trend that seen also on the Tzz data. A minor E-W trend is also observed on the Tz data
(Figure 8F). Generally, the structural trends interpreted on Tz and Tzz gravity data give a
similar dominant trend NW-SE, suggesting a form of consistency in the basement fabrics at
depth <5 km, whereas NE-SW and E-W structural trends appear in the deeper section (Tz).

Anomaly maps generated for the horizontal components of gravity data (Txz & Tyz)
are dominated by positive anomalies ranging from 0 MGal to 10 MGal. The negative
gravity anomalies are scattered in between the positive gravity anomalies from 0 Mgal to
—8 MGal. The Txz signal is dominated by a NW-SE orientation with a prominent NNW-SSE
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A) FTG_Txz

direction. This can be seen from the distribution of the positive and low gravity anomalies
distribution on Figure 9A where the positive gravity anomalies (usually representing
high relief structures) are aligned in NW-SE to NNW-SSE directions. Structural trend
interpreted on Tyz map also preserved NW-SE to E-W directions (Figure 9F). From the
gravity anomaly map of Tyz, the northeast side of the survey area (highlighted in dash
rectangle on Figure 9D) shows majority of E-W trend while the southern part of the survey
area is occupied by NW-SE trend. Both NW-SE to NNW-SSE orientations follow similar
trend as interpreted on the Tzz (Figure 8C). The presence of a N-S trend on Txz and E-W
trend on Tyz anomalies maps appear to represent the horizontal X and Y components.

B) Interpretation on FTG_Txz C) Rose Plot for FTG_Txz

Y

AN
AN CCA
[

Figure 9. (A) Anomaly map of FTG_Txz domain; (B) Interpretation of structural trend on FTG_Txz data; (C) Rose plot

diagram of interpreted structural trends for FTG_Txz showing NNW-SSE orientation. (D) Anomaly map of FTG_Tyz

domain; (E) Interpretation of structural trend on FTG_Txz data; (F) Rose plot diagram of interpreted structural trends for
FTG_Tyz showing NW-SE to E-W orientations.

The analysis of Contact Lineament Processing (CLP) is effective to visualize geological
trends at variable depths by application of frequency slicing on the Tz (low frequency,
long wavelength) data. Contact lineament filter was applied on several slices based on
the 3 wavelengths’ ranges, which are (i) 5 to 20 km (short), (ii) 20 to 50 km (medium) and
(iii) 50-110 km (long) (Figure 10). Each wavelengths’ range is estimated to represent depth
half of the wavelengths, based on the assumption of velocity of the rock’s composition at
2000 m/s, slightly higher than the water velocity at 1500 m/s. However, the estimated
depth might be shallower from the predicted depth considering interbedded sediments in
Central Luconia that include thick limestone layers with higher velocity reaching 3500 m/s
to 4000 m/s.
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Figure 10. Air-FTG data processed through Contact Lineament Processing (CLP) filter that allows a slicing at different
frequencies and wavelengths to capture data at variable depth ranges. (A) CLP Map for wavelength 5-20 km; (B)
Interpretation of structural trend on CLP map of (A); (C) Rose plot diagram representing NE-SW to N-S orientations
from the interpreted structural trends in (B). (D) CLP Map for wavelengths 20-50 km; (E) Interpretation of structural trend
on CLP map of (D); (F) Rose plot diagram representing many directions for the structural trends interpreted in (E), with
dominant broad NW-SE trend. (H) CLP Map for wavelength 50-100 km; (I) Interpretation of structural trend on CLP map
of (H). (G) Rose plot diagram representing NW-SE to NNW-SSE orientation from interpretation in (I). The rectangle is
representing the circular structure discuss in text and the red arrows are highlighting the NE-SW trend that consistently
appearing at all depth ranges and should be treated with cautious.

The contact lineament map of 5 to 20 km wavelength (Figure 10A) is categorized
as short wavelength, presenting structures at depth approximately from 2.5 to <10 km.
Strikes that appears on short wavelength data give dominant NE-SW to N-S orientation
(Figure 10B,C). The intermediate wavelengths CLP map (Figure 10D) captures data at
depths approximately 10 to <25 km, exhibits the prominent broad NW-SE trend with
auxiliary trends oriented at NE-SW to E-W (Figure 10E,F). Interpretation of lineaments
on the long wavelength of CLP map (Figure 10H) exhibit NW-SE to NNW-SSE trends.
The estimated depth of data captured on long wavelength is approximately between 25
to 55 km. A consistent magnitude of NE-SW trend has been interpreted on all CLP data
(pointed with red arrows on all rose plot on Figure 10), regardless the wavelengths focus.
This must be treated with cautious since it might represent the artefact from the edge of
survey area. Contrarily to the other datasets, the Contact Lineament Processed analysis
appears to record diverse structural trends that highly depend on the wavelength ranges.

5.2. Depth Estimation for Signature Patterns

Two depths profiles oriented in NW-SE and NE-SW (Section X-X" and Y-Y’ on
Figures 11 and 12) are used to estimate the depths to the source of gravity anomalies.
Each depth profile plotted for 10 to 40 km wavelength focused on shallower features
and 30 to 80 km wavelength, where 10 to 40 km wavelength characterizes shallower
features while the 30 to 80 km wavelength targets the deeper features. Postulated structural
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discontinuities were interpreted from the depth estimates and plotted in depth profiles
(Figures 11B and 12B). The depth maps for the airborne gravity data are represented in
horizontal and vertical sheets. Horizontal sheet has the potential to highlight fault blocks or
any tabular shaped features, while vertical sheet map may reveal fault zones, narrow ridges
and intrusive dykes. Depth profiling helps to reveal broad geometry features including the
basement surface and elements of material above the basement.

Line 1014, ¥ B)

A Line 1004, Xt - - i
A 600 = —M\ —_— . |
_ 0 -
AN Y I
§ 2700 .\’ \/ ; \ V4
~
{g o 12500 m
L=_=
-6000
D) x4 Seismic Line 1014 I
0

2000
-4000)

-6000fi 2

Depth in TWT (ms)

-8000] . *

Depth in TWT (ms)

Depth in TWT (ms)

’

’
’

Depthin TWT (ms)

Upper Continental Crust (?) L= Upper Continental Crust (?) P

Figure 11. (A) Location of the depth profile X-X" and seismic lines 1004 & 1014. (B) Depth profile X-X" oriented in NW-SE.
(C,D) Uninterpreted seismic sections for line 1004 and 1014 respectively. (E,F) Interpreted seismic for line 1004 and 1014,
respectively. The blue and orange arrows are highlighting similar features pointed on the depth profiles and on seismic

data. The seismic lines are marginally longer than the depth profile X-X". The interception point for the depth profiles and

seismic lines are pointed by black arrow at the top of images in (B-F).

Short and long wavelength responses from the FTG depth profile appear relatively
consistent with similar patterns at different depth. Profile X-X" (Figure 11B) with a broadly
continuous suite of shallow anomalies with a few variations at depth that may represent a
series of folded or faulted strata. The short wavelength solution for profile X-X" matches
the interpreted horizon(s) for top carbonate of Cycle IV/V (pointed with red arrows in
Figure 11C-F). The longer wavelength solution appears to reflect deeper stratigraphic
horizons that are deformed with abrupt changes of depth that could suggest horst and
graben structures (pointed with blue arrows in Figure 11C-F).

Although depth profiling reveals what may be a broad geometry representing the top
of the basement and elements of material above the basement, the anomalies detected are
unconstrained and should not be taken as an accurate representation of the subsurface.
Cross examination with nearest seismic lines allows for a validation of the possible geologi-
cal structures represented in the depth profiles. Depth profile X-X’ in NW-SE direction is
examined together with parallel seismic lines 1004 and 1014 (Figure 11C,D). Depth profile
X-X" is perpendicular to the NE-SW structural trends interpreted as minor structural trends
on most aeromagnetic and airborne gravity maps (Table 2). Faults striking in NE-SW
directions are marked in seismic lines 1004 and 1014 (Figure 11E,F) and are seen to offset
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stratigraphic layers at depth —4000 ms to —8000 ms which include sediments in Cycle I
and older. Thus, the NE-SW trend is suggested to represent deep normal faults that were
active during Eocene-Cretaceous and offsetting Cycle I-II and Pre-Cycle sediments.
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Figure 12. (A) Location of depth profile Y-Y’ and seismic line 1008. (B) Depth profile Y-Y’. (C) Uninterpreted section of
seismic line 1008. (D) Interpreted section of seismic line 1008. The blue and orange arrows are pointed to similar geological

features interpreted on the depth profile and the seismic data. The seismic lines are marginally longer that profile Y-Y” and

change its orientation to NE-SW direction. The intersection points where both data are comparable is marked by the black

arrows. The dash-line rectangles in (C,D) is to point out the section of circular structure/depressional area in Figure 11B.

Profile Y-Y’ (Figure 12B) exhibits undulating, yet consistent shallow anomalies and is
compared with parallel seismic line 1008 (Figure 12C). The computed shallow anomalies
on Y-Y’ profile are satisfactory with the morphology of the top carbonate of Cycle IV or
V, but the longer wavelength solution seem to be more uncertain. The depth profiling
from short and long wavelengths were indeed unconstrained at the time that the data
were extracted. Thus, the depth profiles are representative of succession of horizon and
not limited to one single horizon, as what usually interpreted on seismic data. Depth
profile Y-Y’ is perpendicular with majority of the NW-SE structural trends interpreted on
aeromagnetic and airborne gravity maps (Table 2). Majority of the faults associated with
Cycle III and younger sediments on seismic line 1008 are striking in NW-SE directions
(Figure 12D). Thus, the NW-SE faults interpreted by the aeromagnetic and gravity data
might represent faults that affecting the Miocene sediments of Cycle III-VIII. The NW-SE
trend is also parallel to the orientation of two main structural features that bounded Central
Luconia Province, which are the West Baram Line and West Balingian Line (Figure 1C).

Similar features seen on both profiles with their neighboring seismic lines are pointed
with arrows on Figure 11B-F and Figure 12B-D. Shallower structures captured by short
wavelength (orange arrows) match very well with either the Top of Cycle IV/V limestone,
including the flat-top or pinnacle shape build-ups as delineated on the seismic. Deeper
structures captured by long wavelength represent structures at the Top of Cycle I or Cycle
IT which are interpreted as uplifted topography that are faulted, and some are compressed
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due to extensive faulting. These structures are observed at depth between —4000 and
—6000 ms (equivalent to —2000 to —3000 m).

With good correlation between geometry of structures interpreted on depth profiles
X-X" and Y-Y’” with nearby seismic lines, the amplitude strength on the Tzz, Txz and Tyz
gravity response (Figures 8 and 9) are adjudged to represent the top of Cycle IV and or
Cycle V limestone since amplitude strength points to the density of the carbonate fill (i.e.,
porosity of the carbonate rocks) as suggested by [54]. Cross examination with the sonic and
density logs for Lada Hitam-1 and F6-6 well reveals average porosity of 20-22% in Cycle IV
and V limestone and bulk density of 2.36 g/cm? in the formation. The clastic sediments of
Cycle VI- VII overlying the limestone have average porosity of 31.54 to 33.7% and average
bulk density of 2.09 g/cm3. Variations in the density of the formations provide accurate
position to map the top of limestone interpreted in the depth profiles extracted from the
airborne gravity data.

6. Discussion

The results from the structural trends analysis based on different aeromagnetic and
airborne gravity maps (Table 2) are evaluated and each of them reveal changes in the orien-
tation of the structural features at different depth ranges. Short wavelength data gravity
and magnetic data are reflecting a shallow subsurface structure while long wavelength
gravity and magnetic data are reflecting deep subsurface structure. These structural trends
are compared with two recent structural maps published by [51,52] as partly re-drawn for
the study area in Figure 13B).
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Figure 13. (A) Regional tectonic map, highlighting major faults in Borneo and Indochina that oriented in NW-SE direction,

similarly striking in the same direction with West Baram Line and West Balingian Line that bounded Luconia Province. Faults

in red color are mentioned in the text. (B) Faults of Central Luconia as published in [51,52]. (C) Areas (A,B) representing

zones for basement high and hydrocarbon prospect respectively. The areas are classified based on the airborne gravity-

aeromagnetic response. Faults interpreted from Tz and TMI_RTE are overlay with the map to show the NW-SE faults that

oriented in the same direction as other regional faults presented in Map (A) and E-W fault that has possibility to represent

the southern boundary of the Palawan Through.
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6.1. Shallow Subsurface Structures from Short Wavelength Data

Shallow subsurface structures for Central Luconia Province are validated from air-
borne gravity including Tzz, Txz, Tyz and CLP short & intermediate wavelengths data,
as well as the first derivatives of aeromagnetic data (TMI_RTE_1vd). Txz, Tyz, and Tzz
data represent major NW-SE structural trend, whilst the CLP_short and intermediate
wavelength capture NE-SW and broad NW-SE trend. All short wavelength gravity anoma-
lies map also preserved NE-SW structural trend. The NW-SE trend are parallel with the
direction of West Baram Line and West Balingian Line, indicating imprint of these two
major faults within the sediments of Central Luconia. Some limestone build-ups in Central
Luconia, particularly in the central to northern section are also oriented in NW-SE direc-
tions (Figure 1C), demonstrating the growth of the build-ups on top of NW-SE oriented
structural blocks. The analysis of TMI_RTE_1vd that represents magnetic bodies shallower
than the magnetic basement reveals E-W to NWW-SEE orientations, and this is assumed
not to be associated with any structural trends interpreted on the short wavelength airborne
gravity. Instead, it might represent subsurface structure located at intermediate depth, not
too shallow, and not to deep.

In the northeast section (longitudes 112° to 113°), NE-SW to NNE-SSW structural
trends follow similar NE-SW trend that has been mapped in both [51,52]. The NE-SW to
NNE-SSW faults that were exposed from the airborne gravity are comparable with the
faults’ orientation interpreted at the base of carbonate platforms at the southern part of
Central Luconia as modelled in [15]. These NE-SW faults are expected to be originated
within the brittle upper crust, continues offsetting the sediments in Pre-Cycle and possibly
remain active or being re-activated in the same orientation during deposition of sediments
in Cycle I as interpreted in seismic line 1004 and 1014 (Figure 11E,F) as well as line 1008
(Figure 12D).

In the SW section of the airborne gravity coverage area (longitude 111° to 112°), N-S
to NNE-SSW faults interpreted on Txz and Tzz gravity anomaly map appear to be similar
to those mapped by [51]. These faults are marked as NE-SW orientation by [52]. Based
on this study, a more precise and detailed faults orientations for the shallow subsurface
structure are illustrated especially in the eastern side of the airborne gravity coverage
(south of F19 well) and at the section to the west of West Balingian Line. Improvement in
mapping of the faults particularly the Cenozoic faults (post-collision faults) are enhanced
through interpretation of the airborne gravity maps especially in the central to SW section
of the survey area. Apart from that, younger faults, most likely to be smaller scale faults
induced by gravitational tectonic from the constant loading of the sediments from onshore
to the offshore have been mapped in detail through CLP data for short to intermediate
wavelengths (Figure 10).

6.2. Deep Subsurface Structures from Long Wavelength Data

The geology of crystalline basement underneath Luconia Province is poorly known
due to limited high-resolution data that can be imaged to these depths. It is certain
that the basement of Luconia Province was originated and equivalent to the continental
fragments drifted off from the southern china during the creation of the South China Sea
marginal basin [21]. In this context, the basement material for Luconia Province is similar
to the basement of Dangerous Grounds and Reed Banks. Earlier interpretation by [21,23]
estimated the depths for the crystalline basement within Central Luconia (coverage area
for airborne gravity and magnetic) varies from 4 to 8 km [23]. However, the structural
behavior of the crystalline basement is still undiscovered.

Through this study, the magnetic (crystalline) basement structure is revealed by the
analysis of the long wavelength aeromagnetic maps. Majority of structural trends in E-W,
NNW-SSE and NWW-SEE directions are interpreted on aeromagnetic maps (Table 2). These
trends are not seen in structural map of [51,52] (Figure 13B). These E-W to NWW-SEE
trends interpreted on the aeromagnetic data are assumed to be reflecting the magnetic
basement of Central Luconia Province The faults interpreted on the aeromagnetic maps
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are expected to represent the tectonic events formed during Cretaceous- Paleocene, at the
time Luconia continental shelf began to drift away from the continent of the Southern
China. The NNW-SSE and NWW-SEE structural trends accommodate the variation of finite
extension of the normal faults and expected to symbolize the transfer faults during the
rifting stage.

Based on similarity of the orientation, the event has high possibility to be related
with the movement of older faults that oriented in NNW-SSE to NWW-SEE direction
and distributed within the South East Asia (Figure 13A), either in Borneo-Sulawesi or in
IndoChina Block. One of the examples is the Red River Fault (RRF) Zone which created
NW and NNW striking faults interpreted on acoustic basement along Da Nang Shelf and
western of Phu Khanh Basin in Vietnam [55-57]. The trend is also parallel to the Mae-Ping
Fault (Shear Zone) in South Vietnam-Cambodia [56,58] and similarly striking in the same
direction with the Adang Line-Paternoster Fault in South Kalimantan-North Makassar
Strait [59-61]. All these faults were formed by the Eocene.

The E-W direction fault, as revealed from the first derivatives and analytical signals
data (Figure 5D-F and Figure 6), is parallel to the southern variation of the Crocker and
Rajang fold-and-thrust belt. A potential high angle fold in E-W direction is observed on
the magnetic data (Figure 5) and it has never been imaged and mapped before. Both E-W
structural trend and the E-W folded structure imaged by the magnetic data follow the
postulated southern boundary of the Palawan and Luconia crustal block, which is other-
wise obscured to the amount of contracted sedimentary material. Although this requires
further investigation, the NNW-SSE, NWW-SEE and E-W striking faults interpreted on the
aeromagnetic maps have potential to associate with the early neotectonics phase in the SW
sub basin of the South China Sea. Areas with potential for uplifted magnetic basement or
intrusive structures are featured with high amplitude airborne gravity response and low
to intermediate amplitude in aeromagnetic response (marked as Area A in Figure 13C).
Similarly, it still preserves the domal and anticlinal characters as seen on FTG data and are
defined by good contact lineaments/ faults. Yet, the aeromagnetic response (on analytical
signal) gives low amplitude. Most intensely magnetic anomalies are detected in the east of
Central Luconia Province. Area A is possibly representing tip of up-thrust structure from
the magnetic basement or intrusive magnetic bodies in a shallower section (Figure 13C)
instead of representing the whole magnetic basement body.

7. Conclusions

The different tensors components from the airborne gravity and aeromagnetic anoma-
lies maps provide options in validating the subsurface of Central Luconia Province and
allow for the re-evaluation of the structural orientations at distinctive depth ranges. The
aeromagnetic anomalies maps capture magnetic response from the magnetic bodies, as-
sume as the basement of Central Luconia Province. The evaluation of the aeromagnetic
maps yields E-W to NNW-SSE and NWW-SEE structural trends. The NNW-5SE is striking
in the same direction of the rifting faults that stretched the continental crust and relatable
with regional trend preserved in Vietham and Kalimantan. The E-W direction imaged
through the magnetic anomalies is not clearly understood but could correspond to the trace
of subduction of Luconia continental shelf underneath Central Borneo and might represent
the southern boundary of the Palawan/Luconia crustal block. An imprinted NW-SE fault(s)
is observed in first derivative aeromagnetic data, indicating of prolong growth faults that
initiated at the top of magnetic basement and continues offsetting the younger sediments.
The airborne gravity anomalies maps capture density contrast within the subsurface. The
distribution of gravity anomalies on different depth (Z) domain reveals dominant NW-SE
structural trends with auxiliary NE-SW trends. Dominant faults/lineaments trends in
NW-SE orientation and are seen to offset sediments deposited during Miocene (Cycle III
and younger) as proven from the seismic lines. As such, airborne gravity yields information
for the shallower section whilst the aeromagnetic data facilitate information for the deeper
section, particularly the magnetic bodies including the basement.
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Specialized depth profiles extracted from the airborne gravity provide rigorous corre-
lation in between the airborne gravity and seismic interpretation. Gravity response on the
gravity anomalies maps is equated to morphology of top carbonate within Cycle IV and V,
represented by more than one seismic horizon. Long wavelength (Tz) gravity (deep mark-
ers) is associated with sediments deposited in Cycle I or Cycle II through resemblance of the
morphology identified on the seismic sections parallel to the depth profiles. Comparison of
the interpreted faults at various wavelengths (depths) with [51,52] structural maps reveal
similarity on the location of faults and its’ NW-SE dominant orientation, those interpreted
on gravity anomalies map. However, faults interpreted at deeper section as revealed by
the aeromagnetic maps are not represented in any published structural maps for this area.
This study concludes the airborne gravity typically effective in reflecting shallower litho-
logic layers and the structures which affect them within depth less than 10 km while, the
aeromagnetic data reveals geometry of the geological objects in the deeper section (more
than 10 km) such as basement structures and potential trace of deep subduction zone.

The interpretation of aeromagnetic data is undeniably helpful in improving the geo-
logical interpretation over Central Luconia Province, the identification and isolation of the
anomalies, the comparison of analyzed gravity, and aeromagnetic maps with established
interpretation and finally, the grouping of the anomalies into areas zonation. As suggested,
Area A (Figure 13C) is suggestive for elevated structures possibly originated from the mag-
netic basement of Luconia Shelf, a zone that should be consider for further investigation
to understand the tectonic evolution of this area. Whilst area B focus on the priority area
for any follow-up drilling program, considering Central Luconia as prolific hydrocarbon
resource particularly from the Miocene limestone. Overall, interpretation structural trends
on airborne gravity and aeromagnetic data had provided a new insight in re-assessing the
structural trends in Central Luconia Province. It should be taken into consideration in any
re-drilling program in search of new hydrocarbon prospects. Further evaluation can also
be performed to correlate the structural trends interpreted at numerous wavelengths with
the sediment’s cycles deposited in this area.
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