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Abstract: Based on the volume magnetic susceptibility and specific gravity measurements and mineral and lithologic
identification results for 540 samples, the rock type, density, and magnetic susceptibility of rocks from northern Borneo
were analyzed, and the applicability of gravity and magnetic data to the lithologic identification of the Mesozoic strata in
the southern South China Sea was assessed accordingly. The results show that there are 3 types and 25 subtypes of rocks in
northern Borneo, mainly intermediate-mafic igneous rocks and exogenous clastic sedimentary rocks, with small amounts of
endogenous sedimentary rocks, felsic igneous rocks, and metamorphic rocks. The rocks that are very strongly–strongly
magnetic and have high–medium densities are mostly igneous rocks, tuffaceous sandstones, and their metamorphic
equivalents. The rocks that are weakly magnetic-non-magnetic and have medium–very low densities are mostly
conglomerates, sandstones, siltstones, mudstones, and coal. The rocks that are weakly magnetic-diamagnetic and have highmedium densities are mostly limestones and siliceous rocks. The Cenozoic rocks are characterized by low densities and
medium susceptibilities; the Mesozoic rocks are characterized by medium densities and medium–high susceptibilities; and
the pre-Mesozoic rocks are characterized by high densities and low magnetism. Based on these results and the distribution
characteristics of the various rock types, it was found that the pre-Mesozoic rocks produce weak regional gravity anomalies;
the Mesozoic sedimentary rocks produce negative regional gravity anomalies; whereas the Mesozoic igneous rocks produce
positive regional gravity anomalies; and the Cenozoic igneous rocks produce positive regional gravity anomalies. The
regional high magnetic anomalies in the southern part of the South China Sea originate from the Mesozoic mafic igneous
rocks and their metamorphic equivalents; and the regional medium magnetic anomalies may be produced by the felsic
igneous rocks and their metamorphic equivalents. Accordingly, the identification of the Mesozoic lithology in the southern
South China Sea shows that the Mesozoic sedimentary rocks are distributed over a large area of the southern South China
Sea. Thus, it is concluded that the Mesozoic strata in this area have the potential for oil and gas exploration.
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1 Introduction
Gravity and magnetic data play an irreplaceable role in
regional research, especially in sea areas that lack seismic
and drilling data. Gravity and magnetic data are widely
used in lithologic identification. In order to ensure the
rationality of lithologic identification based on gravity and
magnetic data, we analyzed the relationships between the
lithology and the density and magnetic susceptibility.
Through this analysis, the sensitivities of these two
parameters to the lithology were determined, thereby
* Corresponding author. E-mail: wangpj@jlu.edu.cn

determining the identifiable rock types and the
identification possibilities (Yang, 1998; Frank and
Nowaczyk, 2008; Lang et al, 2011).
In recent years, the deep-water area of the southern
South China Sea has gradually become a hot spot for oil
and gas exploration. Drilling in adjacent areas has
revealed that there are abundant oil and gas resources in
the Mesozoic-Cenozoic strata (Yao and Liu, 2006; Lu et
al., 2014a; Zhao, 2018). Despite the scarcity of seismic
and drilling data for this area, the high resolution seismic
imaging of the Cenozoic strata can basically satisfy the
needs of lithologic analysis. In comparison, the seismic
imaging resolution of the Mesozoic strata is low, and it is
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not ideal for lithologic analysis, which hinders our
understanding of the strata’s potential as oil and gas
reservoirs. As a consequence, in the current stage, gravity
and magnetic data play an important role in identifying the
lithology in this area. Researchers have paid attention to
this situation and have used the potential field separation
technique to identify the Mesozoic sedimentary strata,
which has deepened our understanding of the exploration
potential of the Mesozoic strata (Mickus et al., 1991; Hu
et al., 2015; Ji et al., 2015; Lu et al., 2018; Ma et al., 2018;
Saleh et al., 2018; Sismanto et al., 2018). However, due to
the limitations of the current attention level and data, the
density and magnetic susceptibility of the rocks in this
area have not yet been analyzed in detail, which limits the
reliability of the lithologic identification.
In this study, the density and magnetic susceptibility of
the pre-Mesozoic, Mesozoic, and Cenozoic rocks in
northern Borneo were tested, and the relationships
between the lithology, age, density, and magnetic
susceptibility were analyzed in order to provide a basis for
lithologic identification in sea areas using gravity and
magnetic methods.
2 Geologic Background
The southern part of the South China Sea is located at
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the intersection of the Eurasian Plate, the Pacific Plate,
and the Indo-Australian Plate. Its evolution was influenced
by two tectonic domains, i.e., the Tethys Ocean and the
Pacific Ocean (Yao, 1996; Hall et al., 2008; Hall and
Spakman, 2015; Zhang, 2018; Zheng et al., 2019). Borneo
was formed after multiple stages of block assembly (Hall
and Sevastjanova, 2012; Lei et al., 2015; Breitfeld et al.,
2017). The northern area includes the Indosinian Block,
the residual Mesozoic South China Sea block, and the
subduction-accretion zone of the Cenozoic paleo-South
China Sea (Lu et al., 2014b; Mai et al., 2017) (Fig. 1). The
rock types in the northern Borneo area generally represent
the Mesozoic and Cenozoic rock assemblages in the
southern South China Sea, e.g., the lithologic assemblage
of Mesozoic continental margins (bimodal volcanic rocks,
exogenous clastic rocks-endogenous rocks, and
metamorphic rocks) (Wang et al., 2016; Hennig et al.,
2017; Tang et al., 2018), oceanic crustal areas (mafic
igneous rocks, siliceous rocks-turbidites, and metamorphic
rocks) (McDonough, 1991; Moss, 1998; Zhu et al., 2008;
Ao et al., 2017), and Cenozoic accretion zones (deepwater flysch-shallow-water molasse assemblages, volcanic
rocks, and dynamic-regional metamorphic rocks)
(Hutchison, 2005; Zhou et al., 2005; Hennig et al., 2017).
In addition, the northern part of Borneo can be compared
to the sedimentary construction of the basin area in the

Fig. 1. Location map of study area.
F1–Lupaer line, F2–Bukit Mersing line, F3–East Margin fault of Nansha Trough, F4–South Margin falut of South China Sea, F5–North Margin falut of South China Sea, F6–Yuedong–Wan'an Fault, F7–West Balarm fault/Tinja fault, F8–Manila Trench. Faults and sutures are modified from Hutchison (1989), Yumul et al. (2009), Hall and Spakman (2015), and Lu et al. (2015).
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southern part of the South China Sea (through literature
compilations and reviews, drilling data, and trawling
sample data) (Fig. 2). For example, the Kuching belt
includes Devonian metamorphic basement, two sets of
marine sediments, and one set of marine-terrestrial
transition-zone sediments; and Sabah includes preMesozoic crystalline basement and a set of marine
sediments. The Brunei-Sabah Basin received a set of
marine sediments similar to those in Sarawak and Sabah
during the Late Cretaceous; the Zengmu Basin received a
set of marine sediments during the Late Mesozoic; and the
Liyue and north Palawan basins received one set of marine
sediments and two sets of neritic sediments during the
Mesozoic. Comparisons can also be made between the
types of rock assemblages. For example, Sarawak, the
Brunei-Sabah Basin, and the Zengmu Basin all contain
Cretaceous low-grade metamorphic rocks (phyllite); and

Sabah, the Zengmu Basin, and the Liyue Basin all contain
igneous rocks. In addition, there is a Mesozoic
sedimentary/igneous rock assemblage in the LiyuePalawan Basin (Zhang L et al., 2007; Padrones et al.,
2017; Shao et al, 2017), a Mesozoic igneous/sedimentary
rock assemblage in the Wan'an Basin (Wu et al., 2012;
Yang et al., 2016; Yao et al., 2018), and a Mesozoic
metamorphic/sedimentary/igneous rock assemblage in the
Zengmu Basin (Xie et al., 2010, 2015; Zhou et al., 2011).
Therefore, the analysis of the density and magnetic
susceptibility of the rocks in northern Borneo provides an
important reference for the application of the gravity and
magnetic methods to lithologic identification in sea areas.
3 Analytical Methods
A total of 540 samples were obtained from the Sabah

Fig. 2. The Pre-Cenozoic strata histogram in the northern Borneo and basin of the southern South China Sea (after Kudrass et al.,
1986; Liu and Zhan, 1994; Wu and Yang, 1994; Gong et al., 2001; Liu, 2000; Yao et al., 2004; Zhou et al., 2005, 2011; Liu et al.,
2007; Zhang C et al., 2007; Yan et al., 2008).
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and Sarawak areas in north Borneo for field geological
surveys and laboratory research. There are 322 suites of
Cenozoic samples, 204 Mesozoic samples, and 14 preMesozoic samples. The density and magnetic
susceptibility measurements and rock identifications were
performed on all 540 samples. Among these samples, 70
were selected based on rock type for X-ray analysis to
determine their mineral compositions. The test results of
111 samples from the northern continental margin of the
South China Sea were also selected for the comparative
analysis (Lang et al., 2011).
The identifications of the rocks and minerals was
conducted using hand specimens, mainly by observing the
color and fabric of the rock. In addition, the rocks and
minerals were identified under a transmission polarized
light microscope. The sample is made into a thin section,
and then, the mineral composition, particle size, structure,
content, and secondary alteration of the rock were
analyzed using a single polarizer and crossed polarizers.
Finally, the comprehensive lithologic identification was
completed by taking into account the macroscopic field
information and the X-ray analysis results.
The X-ray analysis was conducted at the Key
Laboratory of Mineral Resource Evaluation in
Northeastern Asia, Ministry of Natural Resources of
China, Jilin University, China. According to the sample
preparation requirements, we selected 15 grams of fresh,
clean samples. The samples were washed with distilled
water and dried. Then, after the initial crushing, they were
pulverized to 200 mesh using a ball mill. The analysis was
performed after the sample pieces were completely mixed.
The instrument used was a DX-2700 X-ray diffractometer
(made in China). After the acquired peak intensities of the
mineral contents were plotted, the mineral compositions
were calculated according to the described process, and
the mineral compositions of 70 samples were obtained.
The density measurements were conducted using the
specific gravity method. The samples were cut into blocks
of about 3 × 3 × 3 cm3, washed with distilled water, dried
at 60°C for 24 h, and cooled down for later use. The
distilled water in the container was changed after every 10
samples. If the color of the water changed when a sample
was added, the water was replaced. Each sample was
measured four times, and the arithmetic average value was
taken as the specific gravity value. The ambient
temperature at which the measurements were performed
was 15°C. The instrument used was a DX-600Z rock
density meter, with a sample mass measurement range of
0.005–600 g and a measurement accuracy of 0.001 g/cm³.
Specific gravity measurements were conducted for 540
samples collected from 121 sampling points.
The magnetic susceptibility measurements can be
divided into field measurements and laboratory
measurements. An SM-30 portable magnetic susceptibility
meter (made by Czech ZH Company) was used in the
field, and its measurement sensitivity is up to 1 × 10 −7 SI.
Each measurement involved selecting 10 different points
on a flat, fresh rock surface, taking 6 measurements at
each point, picking the 4 (out of 6) measured values for
each point that had a less than 1% error, and taking the
arithmetic average of these 4 values as the magnetic
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susceptibility of that point. In this way a total of 540
groups of magnetic susceptibility data were obtained, and
540 samples were selected for laboratory measurement.
The laboratory magnetic susceptibility and density
measurements were completed in the Paleomagnetism
Laboratory of Jilin University. The method used is
described as follows. The samples were processed into
regular 2 × 2 × 2 cm3 cubes using a rock cutter. Then,
using a Kappabridge HKB-1 magnetic susceptibility meter
(made in China) with an instrumental sensitivity of 5 ×
10−8 SI, the volume magnetic susceptibility of each sample
was measured by averaging over the three orientations of
X, Y, and Z. The volume magnetic susceptibility, k, is
dimensionless; and it is the ratio of the induced
magnetization per unit volume of a material, J, to the
external magnetic field intensity, H, expressed as J = k·
H.
The measurement results are shown in Figure 3.
The free space gravity and seawater depth data used for
the lithologic identification were derived from the Global
Satellite Anomalies Database (gravity version: V24.1;
altimetry version: V18.1) (Smith and Sandwell, 1997;
Sandwell et al., 2014), which is jointly maintained by the
Scripps Institution of Oceanography of the University of
California, San Diego and the Laboratory for Satellite
Altimetry of the National Oceanic and Atmospheric
Administration. The grid size of the data from both
institutions is 1′ × 1′. The accuracy of the gravity data can
reach 1.8 × 10−5 m/s2. The thickness of the Cenozoic
sediments was calculated based on the drilling and seismic
data. The average seawater density used in the gravity
inversion was 1.030 g/cm3, and that of the sedimentary
rocks was 2.200 g/cm3. Using the gravity data and sea
depth data acquired from the database, we applied Parker's
method to correct for the Bouguer gravity anomaly. Next,
using the Cenozoic thickness data and the relationship
between density and burial depth, we divided the depths
into three layers, i.e., 0–3 km, 3–6 km, and 6–10 km, in
order to calculate the Cenozoic gravity anomaly. Then, we
obtained the pre-Cenozoic Bouguer gravity anomaly by
subtracting the Cenozoic Bouguer gravity anomaly from
the Bouguer gravity anomaly. Finally, multi-scale wavelet
analysis of the pre-Cenozoic Bouguer gravity anomaly
was performed to obtain the Mesozoic Bouguer gravity
anomaly. The magnetic anomaly data for the southern
South China Sea was obtained from the Global Satellite
Magnetic Anomaly Database, which contains the data for
the latest version (2.0) of the EMAG2 model, with a grid
size of 2′ × 2′. Using the acquired magnetic anomaly data,
we conducted reduction to the pole, and based on the
results, the vertical first-order derivative of the polereduced magnetic anomaly was calculated.
4 Results
4.1 Mineralogical characteristics of the rocks
According to the microscopic observations and X-ray
diffraction results, the rocks in the study area are
composed of 20 common minerals. Based on their
contents, these minerals can be divided into main rockforming minerals and accessory minerals. The main
minerals in the sandstone-conglomerate, exogenous clastic
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Fig. 3. Mesozoic–Cenozoic rock types of northern Borneo.

(a) N5°36′59.9″, E117°07′20.9″, KET, gabbro, average density 2.84 g/cm³, average magnetic susceptibility 25625 × 4π·10-6 SI; (b) N5°00′15.9″, E118°14′
07.8″, Cb, alteration diorite, average density 2.92 g/cm³, average magnetic susceptibility 2703 × 4π·10-6 SI; (c) N1°39′38.4″, E109°49′31.2″, granite, average
density 2.63 g/cm³,average magnetic susceptibility 3285 × 4π·10-6 SI; (d) N1°08′06.6″, E110°33′20.9″, Serian Formation, basalt, average density 2.76 g/cm³,
average magnetic susceptibility 5821 × 4π·10-6 SI; (e) N4°57′46.6″, E118°12′03.8″, Cs Formation, basaltic peperite, average density 2.85 g/cm³, average
magnetic susceptibility 192 × 4π·10-6 SI; (f) N3°59′32.3″, E113°56′41.0″, N1Si Fromation, mudstone, average density 2.21 g/cm³, average magnetic susceptibility 103 × 4π·10-6 SI; (g) N2°59′15.3″, E112°54′21.6″, P6B Formation, siltstone, average density 2.29 g/cm³, average magnetic susceptibility 102 × 4π·10-6
SI; (h) N1°26′54.3″, E110°15′41.2″, Pedawan Formation, quartz sandstone, average density 2.31 g/cm³, average magnetic susceptibility 59 × 4π·10-6 SI; (i)
N2°19′14.7″, E112°04′02.1″, P3pel Formation, siltstone with coal, average density 2.1 g/cm³, average magnetisability 22.3 × 4π·10-6 SI; (j) N5°31′39″, E117°
57′09.5″, Tj Formation, bioclastic limestone, average density 2.76 g/cm³, average magnetic susceptibility 300 × 4π·10-6 SI; (k) N2°33′50.3″, E112°32′06″,
P3mt Formation, phyllite, average density 2.19 g/cm³, average magnetic susceptibility 100 × 4π·10-6 SI; (l) N6°5′14.1″, E116°47′57.9″, KET Group, serpentinite, average density 2.46 g/cm³, average magnetic susceptibility 18428 × 4π·10-6 SI. Am–amphibole; Aug–augite; Bt–biotite; Chl–chlorite; Pl–plagioclase;
QZ–quartz; Srp–serpentine.

rocks were quartz, potassium feldspar, and plagioclase.
Those of the mudstone were chlorite, montmorillonite, and
mixed-layered illite/smectite. For the endogenic rocks, the
main mineral in the carbonate rocks was calcite, and that

in the siliceous rock was quartz. The main minerals in
igneous rocks are biotite, pyroxene, feldspar, and quartz.
In metamorphic rocks, serpentine was the main mineral.
Limonite, magnetite, dolomite, epidote, kaolinite, and
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gibbsite usually only occurred as accessory minerals.
In terms of density, these minerals can be divided into
three categories: high (>3.0 g/cm3), medium (3.0–2.5 g/
cm3), and low (<2.5 g/cm3) (Li et al., 2008). The high
density minerals include calcite, illite, muscovite/sericite,
dolomite, serpentine, limonite, and hematite. The medium
density minerals include quartz, potassium feldspar,
kaolinite, gibbsite, mixed-layered illite/smectite, biotite,
clinopyroxene, and hornblende. The low density minerals
include plagioclase, chlorite, montmorillonite, and
epidote.
In terms of their magnetic properties, these minerals can
be divided into four categories: diamagnetic, weakly
paramagnetic, strongly paramagnetic, and ferromagnetic
(Lang et al., 2011). The diamagnetic minerals include
quartz, potassium feldspar, kaolinite, gibbsite, and calcite;
the weakly paramagnetic minerals are plagioclase,
chlorite, montmorillonite, mixed-layered illite/smectite,
illite, epidote, muscovite/sericite, and dolomite; the
strongly paramagnetic minerals include biotite,
clinopyroxene, hornblende, limonite, and serpentine; and
the ferromagnetic minerals include hematite and
magnetite. There were also amorphous materials in the
samples, mostly weakly paramagnetic plagioclase.
4.2 Lithological characteristics
According to the identification results, there are three
types of rocks, i.e., sedimentary, igneous, and
metamorphic rocks in northern Borneo, which can be
subdivided into 25 subtypes. The sedimentary rocks
include exogenous clastic rocks (mudstone, siltstone,
quartz sandstone, feldspar sandstone, lithic sandstone,
polymictic conglomerate, coal, and tuffaceous sandstone)
and endogenous rocks (siliceous rocks, tight limestone,
and bioclastic limestone). The igneous rocks include
intrusive rocks (including diabase, gabbro, diorite, and
granite), extrusive rocks (e.g., serpentinized basalt,
andesite, dacite, tuff, breccia/agglomerate, and tuffite),
and peperite (stacking mixture of basalt and siliceous
rock). The metamorphic rocks are phyllite and
serpentinite.
4.2.1 Igneous rocks
The diabase/gabbro is generally grayish green or
grayish black (Fig. 3a), has a diabase/gabbro texture and a
blocky structure, and its minerals are mainly pyroxene and
plagioclase. These rocks are mainly found in the
Cretaceous KET and Kuamut (Km) formations. The
altered diorite is grayish green (Fig. 3b), has a porphyritic
texture and a blocky structure, its minerals are mainly
plagioclase, hornblende, chlorite, epidote, and some dark
minerals. It is found in the Triassic Crystalline Basement
(Cb) Formation. The granite is grayish black, has a
granitic texture and a massive structure (Fig. 3c), and its
minerals are mainly quartz, plagioclase, and biotite. The
granite was emplaced in the Cretaceous and Neogene and
is distributed in the MMiPi and Jagoi formations. The
basalt is grayish black, has a porphyritic texture and an
amygdaloidal structure (Fig. 3d), and its minerals are
mainly pyroxene and plagioclase, with a small amount of
olivine and volcanic glass. The basalt was mainly erupted
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in the Triassic and Cretaceous and is distributed in the
KET, Chert-Spilite (Cs), Km, and Serian Volcanics
formations. The andesite is grayish black, has a
porphyritic texture and a blocky structure, and its minerals
are mainly pyroxene and hornblende. It was erupted in the
Neogene and is distributed in the Kedadom Formation.
The dacite is grayish black, has a porphyritic texture and a
massive structure, and its minerals are mainly plagioclase,
hornblende, and quartz. The dacite was erupted in the
Neogene and is distributed in the Dacite Formation. The
tuff, breccia/agglomerate, and tuffite have pyroclastic
textures and massive structures. They were erupted in the
Triassic, Cretaceous, and Neogene and are distributed in
the Km, Tk, and Cs formations. The basaltic peperite is
yellowish green (Fig. 3e), has a clastic texture and a
massive structure, and its minerals are mainly pyroxene,
and plagioclase. The peperite was erupted in the Triassic
and is distributed in the Cs Formation.
4.2.2 Sedimentary rocks
The mudstone is yellowish brown and grayish black
(Fig. 3f). Its minerals are mainly clay minerals, but it also
contains some mineral detritus and epigenetic minerals. It
was deposited in the Paleogene and Neogene and is
distributed in the Silantek (P4SI), Lubok Antu Melange
(P2LA), and Pelagus (P3Pel) formations. The siltstone is
composed of argillaceous siltstone and quartz siltstone
(Fig. 3g), and its clastics are mainly quartz. The siltstone
was deposited in the Paleogene and is distributed in the
Buan (P6B) and Nyalau (P7Ny) formations. The clastics in
the quartz sandstone are mainly quartz (Fig. 3h), and the
cement is mostly siliceous, followed by calcic and ferrous
cement. The quartz sandstone was deposited in the
Triassic, Jurassic, Cretaceous, Paleogene, and Neogene
and is distributed in the Crocker (Cr), Wariu (Wr), Kudat
(Kd), Cs, and other formations. The clastics of the feldspar
sandstone are mainly quartz and feldspar, which are bound
by calcic and ferrous cement. The feldspar sandstone was
deposited in the Cretaceous and Paleogene and is
distributed in the Cs, Umas Umas (Um), Km, and Labang
(Lb) formations. The clastics of the lithic sandstone are
mainly detritus and quartz. The lithic sandstone was
deposited in the Cretaceous and Paleogene and is
distributed in the Cr, Sapulut (Sp), and Layar Member
(KLy) formations. The conglomerate includes polymictic
boulder conglomerate and volcanic conglomerate, and the
interstitial materials are sand, silt, and clay minerals. The
conglomerate was deposited in the Cretaceous and is
distributed in the Kedadom formation. The coal is
lenticular or layered and is often interbedded with grayish
black mudstone and white sandstone (Fig. 3i). It was
produced in the Triassic, Paleogene, and Neogene and is
distributed in the Sadong, P4SI, and Sibuti (N1Si)
formations. The clastics of the tuffaceous sandstone are
quartz, pyroxene, and feldspar, with a small amount of
opaque minerals, and the cement is argillaceous. The
tuffaceous sandstone was deposited in the Neogene and is
distributed in the Km and Ayer (Ay) formations. The
mineral composition of the siliceous rocks is mainly
quartz. It was deposited in the Cretaceous and Paleogene
and is distributed in the Cs formation. The limestones
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include bioclastic limestone and microcrystalline
limestone (Fig. 3j), both of which are mainly composed of
calcite and bioclastics. The limestones were deposited in
the Carboniferous and Cretaceous and are distributed in
the Bau, Pedwan, and Terbat Limestone formations.
4.2.3 Metamorphic rocks
The phyllite is grayish black, has a granular
lepidoblastic texture and a massive structure (Fig. 3k), and
its minerals are mainly quartz and sericite. It was formed
in the Neogene and is distributed in the Metah (P 3Mt)
formation. The serpentinite is grayish green (Fig. 3l), has a
lepidoblastic texture and a massive structure, and its
mineral composition is mainly serpentine, with a small
amount of olivine and pyroxene. The serpentinite was
formed in the Cretaceous and is distributed in the KET
formation.
4.3 Density and magnetic susceptibility
The magnetic susceptibilities ranged from −12.8 ×
4π·10−6 SI to 40,475 × 4π·10−6 SI. The rocks were divided
into 6 categories based on their magnetic susceptibilities:
diamagnetic, non-magnetic, weakly magnetic, medium
magnetic, strongly magnetic, and extremely strongly
magnetic. The density measurements ranged from 1.604 g/
cm3 to 2.960 g/cm3, based upon which the rocks were
divided into four categories: extremely low density, low
density, medium density, and high density (Fig. 4). The
density and magnetic susceptibility characteristics are
described in detail below in terms of the lithologies and
ages of the rocks.
4.3.1 Density and susceptibility characteristics of the
various lithologies
Density characteristics: Figure 4 shows that the
densities of the intrusive rocks are medium-high; those of
the intermediate-mafic intrusive rocks are slightly higher;
and those of the felsic intrusive rocks are slightly lower,
with a small range of variation. The densities of the
extrusive rocks range from medium to high; those of the
tuff in the pyroclastic rocks usually range from medium to
high, with a small range of variation; and those of the tuff/
breccia/agglomerate range from low to high, with a large
range of variation. For the sedimentary rocks, the
exogenous clastic rocks have a large range of densities,
varying from very low to high, but most of the densities
are medium to low. The densities of the limestone are
mostly high, and the range of variation is small. The
densities of the siliceous rocks usually range from medium
to low, with a wide range of variation. The densities of the
mudstones range from low to extremely low. The densities
of the quartz sandstone/lithic sandstone/siltstone range
from medium to low. The densities of the feldspar
sandstone is mainly medium. The densities of the
serpentinite are mostly medium, with a small range of
variation. The densities of the slate are low, with a small
range of variation.
Magnetic susceptibility: The rocks from the northern
part of the South China Sea are described in terms of their
magnetic susceptibility classifications (Lang et al., 2011).
According to the measurements, among the igneous rocks,

the intrusive rocks are usually strongly to weakly
magnetic, but a few are extremely strong magnetic, with a
wide range of variation. The volcanic rocks are similar to
the intrusive rocks. For the sedimentary rocks, the
polymictic conglomerate, feldspar sandstone, lithic
sandstone, siltstone, and mudstone are usually weakly
magnetic to nonmagnetic, with a small range of variation.
The tuffaceous sandstones are moderately to highly
magnetic, with a wide range of variation. The quartz
sandstones are usually non-magnetic to weakly magnetic,
with a wide range of variation. The coal and siliceous
rocks are usually non-magnetic to diamagnetic, with a
medium range of variation. The limestone is usually
diamagnetic to weakly magnetic, with a wide range of
variation. For the metamorphic rocks, the serpentinite is
usually strongly to very strongly magnetic, with a small
range of variation. The slate is usually magnetic to weakly
magnetic, with a small range of variation.
Therefore, in the study area, the rocks that are strongly,
very strongly, and weakly magnetic and have high to
medium densities are mostly igneous rocks, tuffaceous
sandstones, and their metamorphic equivalents. The rocks
that are weakly magnetic to non-magnetic and have
medium to very low densities are mostly conglomerate,
sandstone, siltstone, mudstone, coal, and siliceous rocks.
The rocks that are weakly magnetic to diamagnetic and
have high to medium densities are mostly limestone (Fig.
4).
4.3.2 Density and magnetic susceptibility of rocks of
different ages
According to the measurement results, the densities of
the Cenozoic rocks vary widely, ranging from 1.6 to 2.9 g/
cm3, but they are mostly within 2.1–2.7 g/cm3 (Fig. 5a),
with an arithmetic average of 2.4 g/cm3. The densities of
the Mesozoic rocks are 1.9–3.0 g/cm3, with a wide range
of variation, but they are mostly within 2.4–2.8 g/cm3
(Fig. 5b), with an arithmetic average of 2.5 g/cm3. The
densities of the pre-Mesozoic rocks are 2.2–3.0 g/cm3, but
they are mostly within 2.5–2.8 g/cm3 (Fig. 5c), with a
small range of variation and an arithmetic average of 2.62
g/cm3. The Mesozoic rocks have the highest densities and
the Cenozoic rocks have the lowest densities. Therefore,
there are noticeable differences in the densities of the
Cenozoic, Mesozoic, and pre-Mesozoic rocks.
The measurement results show that the magnetic
susceptibilities of the Cenozoic, Mesozoic, and preMesozoic rocks vary widely. The Cenozoic rocks are
mainly non-magnetic to weakly magnetic, but a small
amount are moderately to strongly magnetic or
diamagnetic (Fig. 5d). Most of the Mesozoic rocks are
weakly magnetic; however, a significant proportion of the
Mesozoic rocks are strongly to very strongly magnetic,
and a certain proportion are non-magnetic or moderately
magnetic (Fig. 5e). The pre-Mesozoic rocks are mainly
non-magnetic, but a small amount of these rocks are
weakly, moderately, or strongly magnetic, and
diamagnetic rocks are developed (Fig. 5f).
In summary, the Cenozoic rocks are characterized by
low densities and medium magnetic susceptibilities; the
Mesozoic rocks are characterized by medium densities and
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Fig. 4. Cross plot of density and magnetic susceptibility of lithology in northern Borneo.

Rocks magnetic classification: diamagnetic, <0 × 4π·10–6 SI; nonmagnetic, 0–100 × 4π·10–6 SI; weakly magnetic, 100–700 × 4π·10–6 SI; medium magnetic,
700–5000 × 4π·10–6 SI; strong magnetic, 5000–20000 × 4π·10–6 SI; extremely strong-magnetic, >20000 × 4π·10–6 SI (after Lang et al., 2011). Rocks density
classification: very low-density, <2.0; low-density, 2.0–2.35; medium-density, 2.35–2.67; high-density, >2.67 (after Li et al., 2008).

high magnetic susceptibilities; and the pre-Mesozoic rocks
are characterized by high densities and low magnetic
susceptibilities.
5 Discussion
5.1 Analysis of the causes of the differences in rock
density and magnetic susceptibility
Rock density is mainly affected by the mineral types

and pore characteristics of a rock. For example, the
mineral composition of the exogenous clastic sedimentary
rocks in the study area is primarily quartz, feldspar, and
clay minerals. They contain small amounts of dense
minerals, such as glauconite, magnetite, and pyrite, but
their concentrations are below the lower detection limit of
the X-ray diffractometer used in this study, so the
influences of such minerals on the rock density should
also be small. The igneous rocks contain denser minerals,
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Fig. 5. Characteristics of density and magnetic susceptibility of lithology in northern Borneo.
The (c) and (f) figures have 233 samples from literature (after Lang et al., 2011).

such as olivine, pyroxene, hornblende, and biotite; and the
analytical results show that the contents of these minerals
can reach 17–40%. Therefore, the densities of the igneous
rocks are higher than those of the sedimentary rocks. The
densities of most igneous rocks are greater than 2.67 g/
cm3, and those of exogenous clastic sedimentary rocks are
less than 2.67 g/cm3. The influence of pores on rock
density is reflected by the muscovite/sericite, hematite,
and limonite contents, all of which have relatively high
densities. However, when muscovite (10%) is present in
phyllite/slate or hematite (15%) and limonite (20–86%)
are present in mudstone, the densities of these rocks do not
increase significantly. The observations of the field
outcrops show that this is because phyllite becomes loose
due to weathering. Ferruginous mudstone can also be
weathered to form hematite and limonite, but it produces
noticeable cracks. In addition, intrusive and extrusive
igneous rocks also differ in density. For example, the
stomata and amygdala structures developed in basalts
reduce the rock’s density, and the content of stomata can
also vary greatly, so the rock’s density can have a large
range of variation when the other conditions are the same.
In contrast, because the primary pores in intrusive rocks
are underdeveloped, the densities of rocks such as diabase,
gabbro, diorite, and granite do not vary greatly.
The main factor influencing the magnetic susceptibility
of a rock is the differences in the contents of various
magnetic minerals. Sedimentary rocks are dominated by

diamagnetic minerals. In most of the samples analyzed in
this study, the contents of these minerals range from 50–
100%. Some of the samples contain weakly paramagnetic
minerals, with contents of usually less than 20%.
Moreover, very few of the samples contain ferromagnetic
minerals. The igneous rocks are dominated by weakly
paramagnetic minerals, and in most of the samples, the
contents of these minerals reached 50%. The contents of
the strongly paramagnetic minerals are relatively high
(i.e., 10–90%). The contents of the diamagnetic minerals
are 10–40%, and in most samples, they are greater than
20%. Although the X-ray diffraction results revealed that
very few of the samples contain considerable amounts of
ferromagnetic minerals, a small amount of granular
magnetite was observed in most of the samples under the
microscope. The few slate samples mainly contain
diamagnetic and weakly paramagnetic minerals. The
serpentinite contains a strongly paramagnetic mineral, i.e.,
serpentine, and a small amount of magnetite was observed
under the microscope.
5.2 Density and magnetic susceptibility data
constraints on pre-Cenozoic lithologic identification
For lithologic identification in the southern South China
Sea, the currently available data include gravity and
magnetic anomaly data and seismic data. The seismic data
for the Cenozoic rocks meet the requirements for the top
and bottom interfaces and for the lithologic identification;
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however, the seismic data for the Mesozoic and preMesozoic rocks cannot describe the interface and
lithology, especially in the deep-water areas. Therefore,
regional gravity and magnetic anomaly data are still
important for the lithologic identification of the preCenozoic rocks. Nevertheless, the precision of the
identification is not only limited by the resolution of the
data, but it is also restricted by the geological conditions,
such as the differences in the physical properties of the
lithologic types, the differences in physical properties of
rocks of different ages, and differences in their spatial
distribution characteristics.
As was previously mentioned, the densities of the preMesozoic rocks are close to the average density of normal
crust and their burial depths are large, resulting in weak
local gravity anomalies. The densities of the Mesozoic
rocks vary widely (Fig. 6a). Most of the samples deviate
from the average density of the crust and have relatively
small burial depths, which can produce significant gravity
anomalies. Among these rocks, the densities of the
sedimentary rocks are lower than the normal crustal
density, and they usually have a large blocky distribution
in Borneo, which can produce negative regional gravity
anomalies. The densities of the igneous rocks are higher
than the normal crustal density, and they also have a large
blocky distribution in Borneo, which may produce
positive regional gravity anomalies.
In addition, the magnetic susceptibility data show that
most of the rocks in the pre-Mesozoic strata are
diamagnetic and non-magnetic, but there are a small
number of deeply buried weakly and strongly magnetic
rocks, which may only produce local positive anomalies.
Based on these results and information from outcrops, we
conclude that the Mesozoic strata contain a large area of
strongly and very strongly magnetic rocks (ophiolites and
continental basalts) (Fig. 6b), which can produce strong
regional magnetic anomalies. Moreover, strongly and very
strongly magnetic volcanic rocks are also developed in the
Cenozoic strata and have sporadic and patchy
distributions, which can only produce local positive
anomalies. Therefore, the regional high magnetic
anomalies in the southern South China Sea are produced
by the Mesozoic mafic igneous rocks (and their
metamorphic equivalents), and the regional medium
magnetic anomalies are most likely produced by the felsic
igneous rocks (and their metamorphic equivalents).
5.3 Application
Using the acquired gravity data and sea depth data (Fig.
7a), the Parker method was used to correct the Bouguer
gravity anomaly. Based on the thickness of the Cenozoic
strata, the average density was used to calculate the
gravity anomaly of the Cenozoic strata; and the preCenozoic gravity anomaly was obtained by subtracting the
Cenozoic gravity anomaly from the Bouguer gravity
anomaly. Since the density of the pre-Mesozoic rocks in
this area is close to the average density of the crust, only
weak local gravity anomalies are produced. The rocks
below the top of the pre-Mesozoic strata and above the
Moho were considered as a whole, and the Bouguer
gravity anomaly of the Mesozoic strata was obtained
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through wavelet multi-scale analysis of the Bouguer
gravity anomaly of the pre-Cenozoic strata (Fig. 7b). As
can be seen from Figure 7, the low gravity anomaly area
can be interpreted as sedimentary rocks, the high gravity
anomaly area is interpreted to be dominated by igneous
rocks, and the medium gravity anomaly is interpreted as
containing sedimentary and igneous rocks. By comparing
the identification results with the collected drilling/trawl
data, we found that the percentage of agreement reached
67%.
Using the acquired magnetic anomaly data (Fig. 8a), we
carried out reduction to the pole first; and based on the
results, the vertical first-order derivative of the polereduced magnetic anomaly was taken (Fig. 8b). The high
magnetic anomaly was interpreted to represent igneous
rocks and the low magnetic anomaly was interpreted to
represent sedimentary rocks. The agreement of these
interpretations with the existing drilling and trawl samples
reached 87%, indicating that the results obtained are good.
Analysis of the correspondence between the Mesozoic
Bouguer gravity anomaly and the magnetic anomaly
revealed that the high gravity anomaly and the high
magnetic anomaly regions correspond to igneous rocks,
particularly intermediate-mafic extrusive rocks and
intrusive rocks. The high gravity anomaly and low
magnetic anomaly areas correspond to carbonates and/or
quartz sandstones. The low gravity anomaly and low
magnetic anomaly regions correspond to sedimentary
rocks. The lithology of the medium-low gravity anomaly
and moderately magnetic anomaly area is more complex,
and it could be a mixture of conglomerate, sandstone,
siltstone, and felsic volcanic rocks.
Finally, a map showing the distribution of the Mesozoic
lithologies in the southern South China Sea was compiled
(Fig. 9). The lithologies can be divided into the following
distribution areas: the southern metamorphic rock area, the
intermediate-mafic area in the Nansha Trough
(presumably the residual oceanic crust of the paleo-South
China Sea), the northern and western sedimentary and
metamorphic area, and the sedimentary, volcanic, and
metamorphic rock area in the Nansha area. There are two
possible origins for the southern metamorphic rocks, the
first of which is regional burial metamorphism. The
thickness of the Cenozoic sedimentary rocks at the
intersection of the West Barram Line and the Yuedong
Wan'an Fault is greater than 10 km, with the largest
thickness being 17 km. This has resulted in regional
shallow metamorphism of the pre-Cenozoic basement
rocks. The other possible origin is the formation of
dynamic metamorphic rocks during the southward
subduction and closure of the paleo-South China Sea, such
as the serpentinized rocks distributed along the sutures in
Sabah and Sarawak and the phyllites found in drill cores
in the offshore extension of the Sibut belt. The preCenozoic basement of the Mili zone in the sea area is
supposed to represent the superposition of these two
metamorphic effects. Based on the drilling data, the
igneous rocks and the felsic intrusive rocks are relatively
well developed, which may be related to the volcanic arc
activity that has occurred since the Mesozoic. The mafic
igneous rocks in the Nansha Trough may be the remains
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Fig. 6. Density-magnetic susceptibility characteristics of Mesozoic rocks in northern Borneo.

Fig. 7. (a) Free-air gravity anomaly in the southern SCS; (b) bouguer gravity anomalies of Mesozoic stratum in the southern SCS.

Fig. 8. (a) Reduction magnetic anomalies in the southern SCS; (b) results of the vertical first derivative of reduction magnetic anomaly.

of the oceanic crust of the paleo-South China Sea. In
addition, the Mesozoic sedimentary rocks have a large
distribution range. Drilling has revealed that the Mesozoic
sedimentary rocks contain well developed source rocks
and reservoirs, which form a good source-reservoir-cap
assemblage. Therefore, the Mesozoic strata in this area
have a great potential for oil and gas exploration.

6 Conclusions
(1) There are 3 types and 25 subtypes of rocks in
northern Borneo, mainly exogenous clastic sedimentary
rocks and intermediate-mafic igneous rocks, with a small
amount of endogenous rocks, felsic igneous rocks, and
metamorphic rocks. The strongly, very strongly, or weakly
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Fig. 9. Lithologic distribution of Mesozoic in the southern South China Sea.

magnetic rocks with high-medium densities are mostly
igneous rocks, tuffaceous sandstone, and their
metamorphic equivalents. The weakly magnetic or nonmagnetic rocks with medium to very low densities are
mostly conglomerate, sandstone, siltstone, mudstone, coal,
and siliceous rocks. The weakly magnetic to diamagnetic
rocks with high to medium densities are mostly
limestones. The Cenozoic rocks are characterized by
relatively low densities and medium magnetic
susceptibilities. The Mesozoic rocks are characterized by
medium densities and moderate magnetic susceptibilities;
and the pre-Mesozoic rocks are characterized by high
densities and low magnetic susceptibilities. Based on these
results and the distribution characteristics of the various
rock types, it was concluded that the pre-Mesozoic rocks
produce weak local gravity anomalies, and the Mesozoic
rocks produce more significant gravity anomalies. Among
the different types of rocks, the sedimentary rocks produce
negative regional gravity anomalies and the igneous rocks
produce positive regional gravity anomalies. The regional
high magnetic anomalies in the southern South China Sea
are produced by the Mesozoic mafic igneous rocks (and
their metamorphic equivalents), and the regional medium
magnetic anomalies are most likely produced by the felsic
igneous rocks (and their metamorphic equivalents).
(2) The Mesozoic lithology in the southern South China

Sea was identified using a combination of the Mesozoic
Bouguer gravity anomaly and the magnetic anomaly. The
high gravity anomaly and high magnetic anomaly areas
correspond to igneous rocks, especially intermediate-mafic
extrusive rocks and intrusive rocks. The high gravity
anomaly and low magnetic anomaly areas correspond to
carbonates and/or quartz sandstone. The low gravity
anomaly and low magnetic anomaly areas correspond to
sedimentary rocks. The lithology of the areas with
medium-low gravity anomalies and medium magnetic
anomalies are more complicated, and they could be a
mixture of conglomerate, sandstone, siltstone, and felsic
volcanic rocks. In the southern South China Sea, we
identified the metamorphic rock regions (two origins:
burial metamorphism and block assemblage), the basaltic
regions (presumably a remnant of the oceanic crust of the
paleo-South China Sea), the areas with sedimentary and
metamorphic rocks, and the areas with sedimentary,
volcanic, and metamorphic rocks. It is concluded that this
area contains a large distribution of Mesozoic sedimentary
rocks, and as a result this area has great potential for oil
and gas exploration.
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