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ABSTRACT. Airborne gravimery is an effective tool for mapping local grawvty fields
usng a combnation of airborne sensors, aircraft and positioning systems. It is suitable
for gravity suwveys over difficult terrains and aras mixed with land and ocea. This paper
describes thegeological mgpping of Sabahusng airborne gravity suiveys. Airborne gavity
data over land areasof Sabah has been comblined with the marine airborne gravity data to
provide a seamlessland-to-seagravity field coverage in order to produce the geological
mapping. Free-air and Bouguer anomdy maps (densty 2.67 g/cm®) have been derived
from the airborne data both assimple ad-hoc plots (at aircraft altitude), and asfina plots
from the downward continued arborne data, processedaspart of the geoids determination.
Dataare gridded at 0.025 degree spcing whichis about 2.7 km andthedatareslution of the
filtered airborne gravity data were 5-6 km. The airborne gravity suwvey databasefor land
and marine areas tas been compiled usng ArcGIS geodatalaseformat in order to produce
the update geological mapof Sabah.
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INTRODUCTION

Airborne gravimetry is aneffective tool for mgpping local gravity fieldsusing a @mbination
of airborne sensors, aircraft and positioning systens. It is sutable for gravity suwveys over
difficult terains and arees mixed with land and ocean. The development of airborne
gravimetry has been made possble by the useof the kinematic Global Pogtioning System
(GPS) tedhnique aswell as improvement in airborne gravity acaleraton sensor system.
Major advancesin arborne scdar gravimetry as a production system and with its detailed
error models have male it possible to use airborne gravimety as a relatively standard
technique in geodesy/geophysics, with best acarades independently at 1-2 mGal at 5 km
resdution for fixed-wing aircraft (Forsberg et al, 1999 and Olesen & Forsberg2007).
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This paper desclibes some recent (214-2015) drborne gravity suwveys
undertaken by JdatanUkur Dan Pemetaan Malaysia (JUPEM) under the Marine Geodetic
Infrastructures In Malaysian Waters (MAGIC) Project over marine aress in Sabah (JUPEM,
2014/2015). Airborne gravity data from previous field campagn caried out in 2002-2003
over land areain Sabah has been comhbined with the preset marine airborne gravity data to
providea seamlessland-to-seagravity field coverage (JUPEM, 2003). The airborne gravity
suvey databasefor land and marine areas of Sabah is considered compete and has been
compled in ArcGIS geodatabase format. Some geological inferences also been
presented to initiate further resarchon the application of gravity field in marine geology
and geophysics.

METHODOLOGY

ThePrinciple of Airborne Gravimetry

The basic principle of airborne gravity meassuement from a damped two axes
plattorm gravimeter is depicted in Figure 1. The total accderaton g* at a point in the
airplane is mesured by a modified marine gravimeter and a high performance
inertial-grade aceleroneter triad. The total accderaton is composedof the earthGs
gravity field g and ac@leratons a relatedto the motion of the airplane relative to the
earth® sufaae. Giventhe sitionof theairplaneto any instant,t is possble to compute the
accleration a, and thereby thegravity field g at al positions. Theposition of theairplaneis
obtained by kinematic carier- phase differential GPS, where the comiined obsewations
from GPS re@vers in the airplane and from a reference station in the areaof interest,
makes it possible to estimete the instantaeous position of the airplane with the required
predsion.
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Figure 1. Prindple of airbornegravimery.
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Gravity Equations Relevant To Stabiized Platform Systems

The principle of airborne gravimety is to messurethe total aceleration by a gravimesr,
and subtract the ron-gravitatonal acalerations as determined by GPS and inertial
measurement unit (IMU). The fundamental equation for the free-air gravity anomaly,
Agle, A, k), from relativedrborne gravity measurement can bederived asfoll ows (Forskberg,
2010):

E(WJAJ h’} =fz— h’ - EgEorvm - 53::‘:: - fz.;. + go

Agle, A, h) = gle, A, h) — yo + 0.30877(1 — 0.00242 sin? @)(h — Nggpr)
+0.75x 1{]_?(h - NEGM'}E

Where:
g{@, A,h) gravity value at aircraft altitude (mGal),
f= : airborne gravimeter reading (mGal),
h ; GPS acceleration (mGal),
8GEotves - full ellipsoidal Eotvos correction (mGal),
&G it : tilt correction (mGal),
fz, : gravimeter base reading (mGal),
o : apron gravity value (mGal),
Yo : normal gravity on the ellipsoid (mGal),
h : GPS ellipsoidal height of aircraft (m), and
Nz : geoid height from Earth Gravity Model (EGM) (m).

Airborne Gravity Survey Equipment and Choice of Aircraft

The present project make use of a stabili zed two axes platform system comprisesof the
LaCoste & Romberg (LCR S-99) Air-Sea gravimeter and iIMAR strap-down Inertial
Measuremat Unit (iIMAR-IMU) (Figure 2). This airborne gravimery configuration
comhnes two measurement systams to estimate the gravity field. Total acaleraion of the
aircraft is measuredby a gravimeter, or an IMU. Accderations due to the movement of the
aircraft are measuredwith signals from dual frequency GPS receivers. Thedifferenceof these
two aceleraton mesuementds the effect of the gravity field. Asthearrcraft travels, a ime
seres of geo-referenced gravity can beestimae. Lower flight speeds lead to higher
reolution gravity field estimates. Herein, resdution is defined as the minimum
recoverable helf wavelength. To minimize attenuation of the gravity signal, flight heights
arekept low aswell.

The most important criteria for aircraft sdection is the good auto-pilot and low
phugoid dynamics. The Beech King Air BE200 (9M-KNS) from Sabah Air Aviation Sdn.
Bhd. has been testedxtensively during the 2014-2015 MAGIC campagn and has provento
be sutable for airborne gravity and magnetic dataacquisition (Figure 3)
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Figu:re 2. Thelmar-IMU unitand
LCR S99 gravimeter.

Figure3: Sabah Air BE200 aircraft.

Airborne Gravity Survey in East Malaysia

The Airborne gravity suvey undertaken by JUPBEM coveredover land and territorial waters
(up to 12 nautical miles) the flight line spacing is maintaned at5 km, while beyond the
territorial waters(> 12 nautical mile) theflight line spacingis at 10 km.The arcraft altitude
ismantained at 200 m wherever posshble with aflight speedof 300 kmhr.

Aero-Gravity Data Processing

There are two main parts in the processing of airborne gravity data. The first is to separate

gravitational accelerationsz( from kinematics aircraft acceleration@}( This separation
process will mainly impact the resolution of the system. A proper separation of gravitational
and kinematic accelerations requires a good description of the gravity sesigonse. The
sensor modelling developed by Denmark Technical University (Splice) appears to
exploit most of the potential of the gravity sensor used in this project, i.e., the LaCoste &
Romberg S gravimeter. GPS related errors will also impact tbeasation of accelerations

and routines to identify and model such errors have been developed and implemented in this
project.

The second parts is in airborne gravity processng is to keep tradk of the orientation
of the sasorsduring theflight. Thisis crudal to therecvery of thelonger wavelengthsof the
gravity field, and hencefor geodetic useof the cita. A new agorithm for airborne gravity
procesmg that addreses the misdignment or off-level prodem has been developed by
DTU (Olesn, 2003. This new approach yield amost bias free data. The near bias free
nature of the data from the DTU processng systemis the underlying fact that no crossover
adjustment procedires are necessry in the data reduction. The standard proceduresfor the
airborne gravity processig canbe desdibed as in kgure 4.
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Figure4: Airbornegravity data proaessng flowchart: Overview oninput data, processing
step and output data. Input from laser altimetry is optional (Adaptedfrom Alberts
et al, 2007)

Because of the potential for high amplitude in the horizontal acelerations, and the smadl
differencesbetween acceleratons from accderameterand GPS measurements, the computed
tilt effect is quite sengive to the numerical treatment of the cita (Olesen, 2003 & Forsherg et
al, 1999). Cdibraion factors for the acalerometers have been determined by a Fast
FourierTransform (FFT) technique, based on the frequency dependent behaviour of the
platform, and amilar method has also been used for the cdibraion of the dynamic beam
scde factor (Forsberg et a, 1999).

Apronreferencegravity values have beendetermined by relative gravity measuremaets
to the JUPEMG gravity reference stations, which is given in the International Grawity
Standardization Network 1971 (IGSN71) system.Theapronreferencevalues are locatedatthe
aircraft parking area ad need to be correctedfor the height of the arcraft (Table 1). A
number of the gravity base readings to the airborne gravity system have to be made
during the field camp&n period to ensure attainment of a smooth drift function of the
airbornegravimets.
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Table 1. Gravity BaseStation Vaues

' Coordin ates (WGS84) | Gravity Sigma
Station Latitude Longitude (mGal) (mGal) | Ye&
Kota
Kinabalu 5°56 @85.71 0 116° 0362.230 978112.982 0.030 2014
Airport.
Sandkan
Airport, 5°53 65.05 0 118°38625.22 0 | 978078.457 0.037 2015
BE200 Hanaer

Filtering of Airborne Gravity

It should be pointedout that no biasadjustment on aline- by-line basis is dore on the fina
aero-gravity data; the absolute level of the gravity line data is determined by a smaothly
varying basereadingcurve. The aero-gravity equation isfilteredwith anominal 150 sec triple-
stage zero-phaseforward/teckward Buttemworth fil ter, giving aresolution of about 5-7 km for
thefina gravity free-air anomay data, depending on aircraft ground sped (Figure 5).

Filter characteristics
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125 seconds cascaded Butterworth
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Figure5. Impulseregponse(normdli zed) and spectral representation of the two different low pass
filters usedin the a@rbornegravity procesang (Forsherg, 2010)

Crossover Analysis

An analysis of the misfit in the crossng points will indicate the crossover difference
(RMS) Table 2 presets the resuts of crossover analysis for airborne survey campagn of
2002- 2003, 2014 and2015. It should beemphagzed that no sort of bias aljustment will be
applied tothedatain order to reducethe misfit in thelinecrossngs. This crosover emror will
indicates thenoise level on the data (un-modelled errors), assming the noise to be
uncorrelated fiom track to track.
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Table2. Crossover ardlysis of theairborne suvey campagns in EastMalaysia

R.M.S. Line Error Cross-Over
Y ear Crossing M ax Estimate Points
20022003 3.2 n/a 2.2 n/a
2014 3.0 9.0 2.1 72
2015 2.6 7.1 1.8 146

The gossover analysis also been caried out from inter-comparison of the 2002-
20038 Sabah arbornegravity and the2015 airbornegravity survey. This comparisonwasdone
with geogrid in the DTU GRAVSOFT software package, for points within 1 km distance,
but separated in height. The comparison showed a reault consistent with emror estimate,
with a mean of 1.0 mGaland r.m.s. difference of 2.4 mGal for 394 crosspoints (Figure 6).
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Figure6. Cross-overerrorsof 2015 airborne gravity versus20022003 survey. Flight heights may

differ upto 2 km or more.
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Downward Continuation of Airborne Gravity Data

Downward continuation is necessry to reduce the airborne data from the flight level to
the terain (Forsberg, 2002). Sincegravity data both exist on the terrain and at altitude, and
since theflights will be at different atitudes, the method of least squares collocation
is used (Hofmann-Wellenhof & Moritz, 2006). The downward continuation of airborne
gravity and the gridding of data, have been performed usng block-wise least-squares
cdlocation, asimplementedin the gpcoll module of GRAVSOFT (DTU, 2014). This
module uses a planar logarithmic covariancefunction, fittedto thereduced dita.

RESULT AND DISCUSSION

Free Air And Bouguer Gravity Anomaly Fields

Theairbornegravity suiveydatabasefor |land and marine areaf Sabahwerecompledusng
ArcGIS geodatabase foma. Free-air and Bouguer anomay maps (censity 2.67 glem®)
have keen derived from the airborne data both as simple ad-hoc plots (at aircraft altitude),
and asfinal plots from the downward continued airborne data, processed as part of
the geoid determination. Data are gridded at 0.025 degree spacing (~2.7 km). Data
resdution of thefiltered airborne gravity data are 5-6 km, depending of aircraft speed.
Both Free-air and Bouguer anomdies has been reduced for reddual terain model
(RTM) relative to a mean devation suface. The overdl resuts of the airborne survey
are congstent and of high acadracy.

Geological Mapping
The geological mapsof Sabah Malaysia are given in Figure 7. The map indicatesthe rock

distribution and age of rock formations in Sabah. However, there is no avail able data for the
rock formationin theoffshore areas.

21



Geological Mapping of Sabah, Malaysia, Using Airborne Gravity Survey

Figure 7. Geological mapping of Sabah, Malaysia (Modifiedfrom Yin,1985

Therefore, the Bougeur gravity anomady isvery sgnificart datain order to extend therock
formation to the marine areas. The gravity anomdy data dso can beused to interlate the
rock formation in the remote areas. Bouguer gravity anomdy in the Darvel Bay area
extending to Mount Silam and Segama Valley in Lahad Datu areashows high positive
anomdiesof 60-140 mGal (Figure 8). Theas®ciation of Pre-Tertiary mafic and ultramafic
rocks exposed at Darvel Bay, is believed to form anophiolite sute (Dwayne, 1986), may
resut in the large positive anomdy detected from the arborne gravity sumwvey.

The Semporna Peninaula also indicatesa high Bouguer anomdy of 40-80 mGd.
The Tawau Mountans, the Neogene-Quaterrery volcanic remnans, form the prominent
feature of the SempornaPeninsula. Volcanic rocks of the andesite-dacite basdt assodgation
areformingthe mapr mountainous backbone of the area. The SempornaPeninsula Middle
Miocene paleo- magmatic arcwasrepresented by volcanic rocks assodatedwith sedimentary
rocks depositedin ashellow marine ervironment (Sanudin et al, 2010).
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Figure 8. Bouguer gravity anomdy mapin the Darvel Bay, Dent Peninsula and
SempornaPeninaula (catour interval = 10 mGd) (Background kesemapis takenfrom
Google Terrain)

In order to understand the saurceof high gravity anomdy in the Darvel Bay, we have extended
the gravity anomdy mapto cover the Easern and Northern Sabahinduding part of the Sulu
Sea. Since @rborne gravity data is available only indde Sabah teritory, the darborne Fre-air
gravity anomdy has been combined with DTU10 Free-air gravity anomdy derived
from satdlite atimetry (Andersan, 2010) for aress outside Sabah territory. The reaulted
Free-air anandy field is shown in Figure 9. The Freeair gravity maps clearly indicate
high gravity anomdy (+50 to +100 mGd) over the Banggi-Palawan Ridge in the Northern
Sabahand over theSulu-Darvel Bay Ridge in Easern Sabah. The two high positive Freeair

gravity anomdy belts are separatedby a low (- 20 mGd) gravity anomdy canteredat the
Bukit Garam Basn area.
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Figure9. Free-air
gravity anomdy mapin the north-eastern Sabahcombining airbornegravity (inside Sabah
territory) and DTU10 satdlite altimetry (Andersan, 2010) (outside Sabah teritory)
(contour inteval = 10 mGad)

Also clear from Figure 9that the Banggi-Palawan Ridge and Darvel Bay-Sulu
Ridge extended on land into Sabd giving rise to high positive gravity anamaly
on land nea Telupid (+100mGal) and Lahad Datu area (+100 mGal), respectively.
Similar high gravity ananaly patterns also is clearly seen in Bouguer anamaly
map. Hutchinson (1992 also presented some findings on the extension of the Sulu
and Cagayan oceanic ridges on land into Salah. However, it is not clear from
Figure 9 on the intrusion of Cagayan Ridge into Sabah

The Free-air gravity anomay map (Figure 9) shows basic patternswhich correlate
the major geologic characeristics of Sabah. High gravity anomdies (+50 to +100 mGd)
dominate the westernand eastern part of Sabahrunning NEi SW trend separatedby low (-20
mGad) gravity centred at Kinabatangan District. This high anomaly (+100 mGads) runs
amostin a paralel trend from Palawan ridge in the Phili ppines sauthward to Bengkoka
Peninsula in Sabah and finally ended up at the southern tip of the Crodker Range, west
Sabah. Equivalent trend of highest value in Sabah exceeding +240 mGads, can be observed
from Danum Valley, curving tovardseast, passng through Darvel Bay and finally joining the
Sulu Ridge in the Phili ppines. The ground evidence of the characierised anomdies is the
manifestation of the
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