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“the best geologists are those who see the most rocks” (Hurst, 2012).

1. INTRODUCTION

Rocks are a primary source material to investigate
the historical development of the planetary bodies,
and this applies to our home planet as well, where
the basic geological knowledge about the lifecycle of
the Earth requires interaction with rocks. The various
lithological units that have formed over the geologi-
cal time are often exposed at various crustal levels
on the surface, and subsurface ranks for humans
to investigate. The interactions with rock outcrops
have helped us to unravel, and discover the hidden
secrets of our home planet. These discoveries can
unfold if such interactions with the planet continue in
the future. Therefore, geological field visits are an im-
portant learning, and discovery experiences for geo-
scientists, and particularly for field-oriented courses
such as Structural Geology, Geological Mapping,
Field Techniques, etc.

Several studies have suggested that field related
courses have helped students to improve their un-
derstanding of geological concepts and its various
processes such as ductile and brittle deformation,
sedimentation, volcanism etc, which is usually miss-
ing from courses that lack field components (e.g. El-
kins, 2007; Dolphin et al., 2019). However, and unfor-
tunately, the geological field exercises have become
increasingly difficult to organise because of multiple
problems, and as such fieldwork activities have dimin-
ished over the years, and even completely stopped
at certain places. The problems range from financial
constraints, travel restrictions to temporary or perma-
nent loss of outcrops. For example, the processes of
weathering, erosion, overburden, landslides, earth-
quakes, flooding and urbanization can contribute to
the loss of geological outcrops. However, these pro-
cesses can also reveal new outcrops but again it can
lead to the same cycle of outcrop exposure, erosion
and ultimately the loss of crucial information. Simi-
larly, financial constraints can shrink or altogether
stop field components. Furthermore, the complex, te-
dious, and exhausting field approval procedures can
also contribute and exacerbate such problems, and it
is mostly observed to impact international field visits
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where immigration and fieldwork related approvals
from the host countries are a winding road to ride!
And although geological fieldwork remains an essen-
tial component of a typical geological curriculum, the
issues raised above could limit or stop such visits,
thereby limiting our access to the primary sources of
geological curiosities.

Therefore, an alternative has to be explored to
preserve geological outcrops, so that such informa-
tion is archived, and simultaneously used to create a
virtual outcrop library that could be used, and made
freely available to users. This paper shows such a
mission where we are collecting and preserving field
data in SE Asia by conducting field visits to record
details of exposed geological outcrops. We are us-
ing Unmanned Aerial Vehicles (UAV), also known as
drones, which are one of the best mapping tools to
explore the region, and collect information with more
accuracy (see below).

In recentyears, the advancements of digital technol-
ogy has dramatically improved the landscape of the
mapping world and this is particularly true for UAVs,
which are now easily accessible and are increasing-
ly used for mapping. Geoscientists are also using
the UAVs to map the geological outcrops with more
precision, and record the entire field work to convert
into videos or 3D outcrop models etc. (e.g. Bemis et
al., 2014; Jordan, 2015; Rocca, 2017). It is possible
that UAVs with digital cameras will become one of the
best friends to every field geologist in the future due
to their light weight and robust ability to capture and
record surface topography, geology, and canopy with
accurate details. Compared to satellite images, UAVs
can produce high-resolution data up to 4K resolutions
and at very low cost (details are below), especially
with recent models. This makes UAVs field friendly
and therefore an extremely useful tool for mapping
purposes (e.g. Piras et al., 2016; Mezghani et al.,
2018; King, 2019). One of the best features of such
an instrument is its ability to operate in areas that are
often inaccessible and/or dangerous (e.g. fear of wild
animals, steep slopes, etc.). Below we show our ini-
tial work in Brunei Darussalam, which is a small oil-
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Figure 1: Above: The Geological and structural map of the Brunei-Muara district, which is modified after Wilford (1982), Morley et al.
(2003), and Aaisyah et al. (2020). Field evidence of selected outcrops is shown in subsets A to D where the average dip amount of the

sedimentary layers varies from steep to gentle angles.

rich country, located within the lush green forests on
the north-western part of the Borneo Island (Fig. 1).
The past geological investigations in Brunei are fair-
ly limited with most of the works published with a fo-
cus on Petroleum related studies because the country
accounts for about 90% of the hydrocarbon exports
(Gartrell et al. 2011). The most recent, accessible and
significant geological map was compiled by Wilford
in 1960 and published by the the Surveyor General
Brunei (Wilford, 1982). However, that was about 60
years ago, and much has changed since then. There-
fore, there is a strong need to improve the geological
and structural maps. Additionally, the outcrop details
are largely missing from the previous studies, which
is the major challenge that we are solving. More than
half of the area of Brunei is still covered with thick foli-
age therefore aerial photographs are not that useful
to uncover the rocks that are hidden under the for-

ests, and the best alternative is to visit the exposed
outcrops and film them using UAVs. This is exactly
what we have been doing throughout our mission to
map the exposed geological outcrops in the region,
an exercise that has not been done in any part of the
country. Our mission is to create a detailed geological
database of the region and convert this data into a 3D
model so that classroom field exercises become pos-
sible in the near future.

Therefore, the present study explores the possibility
to overcome the field-related problems by the use of
UAVs carrying a digital camera for an optical survey
of exposed geological outcrops with the motivation to
map and archive the data in Brunei Darussalam on
our university website, which will serve multiple pur-
poses. This data can be used by anyone, particularly
students and researchers.



Figure 2: (A-C) Still images of large outcrops captured to show the whole overview of the outcrop that could not be achieved using hand-
held cameras. (D-F) Exposed outcrops that were not accessible by foot were surveyed using the UAV by taking still images and videos.

2. REGIONAL SETTING

Brunei Darussalam is part of Borneo Island (Fig.
1), and the present tectonic setting shows that it is
enclosed by active plate margins, and it belongs to
the Sunda plate. On a regional scale, the Sunda
megathrust fault system is the major plate boundary
fault system where the Australia plate subducts un-
der the Sunda plate (Shah et al., 2018), and encloses
the Island from the south-western side. The eastern
portions are marked by a number of basins that are
broadly related to the active tectonic developments at
the Philippine Sea and the Pacific plates.

The previous geological data of Brunei Darussalam
and our field studies suggest that the region is mainly
composed of sedimentary beds of alternating sand-
stone and shale. The bedding data show a folded
sequence that is represented by the Berakas syn-
cline in the north and the Belait syncline in the south.

Several faults are also mapped in the region (Fig. 1).
The geological investigations presented here started
in Brunei-Muara district, which is one of the adminis-
trative divisions of the country and hosts most of the
population. The field area covers the Berakas syn-
cline and the Jerudong anticline which expose rocks
of the Setap Shale, Belait, Miri, and Liang Forma-
tions, along with the cover sequences of mainly Holo-
cene sediments (Fig. 1). Morley et al. (2003) mapped
three major faults in the region, which are named as
Muara, Sengkurong, and the Bandar Seri Begawan
faults (Fig. 1).

3. MATERIAL AND METHODS

Prior to conducting any field excursion in the region,
we created a base map of the study area by updat-
ing the latest Brunei-Muara District geological maps
(Wilford 1982; Morley et al., 2003). We used QGIS®

Figure 3: The high-resolution image (4000x3000 pixels) shown on left was captured by the drone, DJI Mavic Pro, and it shows high image
quality with clear evidence for faulting (right side) at the “Lion King” outcrop in Jerudong, which is one of the best outcrops to study the
faulted sedimentary rocks in Brunei.
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Figure 4: Comparison of aerialimages of the “Lion King” outcrop in Jerudong (4°53'36.25"N, 114°49'59.01"E): (A) DJI Mavic Pro (resolution:
4000x3000 pixels); (B) Ortho-photo obtained from Survey Department, Ministry of Development, Brunei (resolution: 1085x715 pixels); (C)
Satellite image obtained from Google Earth Pro (2019) (resolution: 1175x758 pixels). The images from the DJI Mavic Pro produce much

clearer and sharper details.

software to reproduce the map by outlining the Geo-
logical formation on a geo-referenced map. These
details were then superimposed onto the terrain map
of Brunei, which was obtained from GeoMapApp® to
show the relief of the research area. The above steps
were followed by remote-sensing reconnaissance
mapping on the satellite images provided in Google
Earth, where we plotted the exposed outcrop sites
to be used to conduct the detailed field investiga-
tions.We also used scouting survey and from word
of mouth to cover the maximum number of exposed
outcrops in the region. The fieldwork was conducted
from January 2019 until March 2019, and during this
time we were able to map the details of a total of 115
outcrops in the Brunei-Muara District. We followed
the standard mapping techniques to measure the
amount of dip, dip direction, location, and other struc-
tural details. Out of the 115 outcrops that we visited,
only 65 sites were digitally recorded using the UAV
due to time constraints.

The DJI Mavic Pro is one of the best UAVs currently
on the market, and we used it for mapping of the ex-
posed geological outcrops. It can capture high-quality
images and videos up to 4K resolution at a more af-
fordable cost (€ 700) compared to more sophisticat-
ed models such as the Wingtra drone (starting price
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is € 18,000). The compact size of the UAV makes it
easier to carry and the interface is user-friendly. The
12-megapixel camera combined with its 3-axis me-
chanical gimbal allows the UAV to fly with stability and
it can produce detailed data with a < 1.5 % distortion.
Itis also able to reach remote areas up to 7 km away
from the user and this was useful to observe inac-
cessible outcrops. The images and videos were cap-
tured and recorded at various heights: up to the al-
lowed height of 120 m above ground level. The aerial
and cross-sectional views of the outcrops (Figs. 2-5)
were mapped with ease, and it also includes the fo-
cused and detailed views. The collected visual media
data was compiled and saved locally on a hard disk
drive, along with the necessary geological informa-
tion of each outcrop.

4. RESULTS AND DISCUSSION

The terrain map provided in Google Earth Pro
shows that Brunei Darussalam is part of a folded se-
guence of rocks that are exposed as plunging folds.
The Brunei-Muara region mainly belongs to the ~ N
plunging Berakas syncline. The onshore exposed
portion of the ~ NE-SW trending right limb of the fold
is ~ 29 km long while as the ~ N-S trending left limb is

- | August 2019

Figure 5: The drone field photograph shows the outcrop coverage at Kg Tungku (4°55'30.2"N, 114°53'51.0"E). The same outcrop was
photographed after 5 months (right side). The tropical weather conditions in Brunei facilitate the process of weathering, and erosion, which
is usually aided by the frequent rainfall events. This deteriorates the freshness of geological layers and makes observations difficult, which
can be captured and preserved via drone footage.



~ 13 km long. We collected data on both the limbs of
the Berakas syncline and Jerudong anticline, which
are 115 outcrop sites in total. These data were manu-
ally plotted on the map (Fig. 1). Most of the outcrops
that we visited were composed of alternate layers of
sand and shale lithologies with no deformation (Fig.
2). Shallow marine fossils were observed (e.g. bivalve
casts, gastrapoda and ophiomorpha) that belong to
Miri Formation. The amount of dip of the sedimentary
layers varies from 5° to 80° (Fig. 1). Stereonet plots
were used to measure the plunging amount and di-
rection of the Berakas syncline that was measured to
be 16° towards NNE and for Jerudong anticline it was
9° towards NNW. The different plunging directions of
the folds are consistent with the asymmetrical folding
geometry of the folded sequence, and this seems to
be related to the Sengkurong fault (Fig. 1) that cuts
through the fold and runs under the Berakas syncline
(Morley et al., 2003).

One of the outcrops with the most prominent ex-
posed structural features is locally known as the “Lion
King” outcrop (Aaisyah et al., 2020) and it is located
along the Sengkurong fault (Fig. 3). The UAV was
used to take the digital details, which was used to
map/trace the faults. Due to its large displacement
(up to 3 m) that could not be captured using hand-
held cameras, the drone has proven to be a useful
tool at the site. The resolution and details of the im-
ages captured using the UAV are better than the data
that has been previously published or available as
satellite or aerial images of the region, for example
the satellite images shown on Google maps and the
ortho-photos from the Survey Department of Ministry
of Development, Brunei. (Fig. 4). The fault details are
easy to map, and quantitative measurements from
the digital coverage are possible at ease as the in-
teractive screen provides coverage at various scales,
and we can zoom further to capture outcrop details
without losing the resolution.

In addition to that, fieldwork exercise shown here
has demonstrated that frequent visits to geological
sites in tropical rainforests should be preferred. This
came to light when we visited one of the outcrops
twice over a period of 5 months. Figure 5 shows such
an example where photographs taken in March 2019
have recorded a much clearer picture that shows
outcrop details that it has lost its sheen in August
2019. This was because of weathering, erosion, and
landslides. This also proves the importance of drone
mapping and preservation of field evidence in both
static and video shots. This is particularly important
in regions that experience frequent rains, landslides,
or any other activity that erases, and sometimes de-

stroys an outcrop (e.g. urbanization, earthquakes,
etc).

5. Conclusions

The work shown above is an on-going project in
Southeast Asia where we aim to survey and digitally
archive the details of exposed geological outcrops
using UAV. We have started this in Brunei, where
we have mapped 115 outcrop locations and out of
that 65 locations were captured by a drone as still
images and videos. Our work has demonstrated the
importance of archiving of the geological data where
the preservation of outcrop details can be used in the
future for education, learning, research, and other
uses. It solves problems that are discussed above,
and highlights the need to outline a comprehensive
framework to improve the mapping courses in sci-
ences and in other disciplines where such exercises
are part of the education and learning curriculum. The
data produced here provides the first drone coverage
of geological outcrops in the region, and will be used
to make high-resolution DEM and 3D models using
SfM (Structure from motion) photogrammetry, which
will further strengthen the geological mapping activi-
ties and courses. We strongly believe that recording
geological outcrop data is a fundamental step to-
wards improving of the geological maps throughout
the world. The COVID-19 world has clearly shown the
usability of digital media in education, learning and
research. Therefore, such exercises should be done
on a priority basis as it solves a number of problems
that may hinder or stop geological field activities. The
usage of UAVs can greatly aid in the mapping and the
preservation of such digital geological data.
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