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ABSTRACT 

The 1995 Sandwell & Smith WGI7.2 satellite gravity map has been compared with high quality 

ship gravity data offshore Sabah. The standard deviation of the differences between gravity 

profiles interpolated from WGI7.2 and the ship survey was 5.7 mGal. Spectral analysis indicated 

that WGI7.2 resolves features with half-wavelengths greater than 10 km. 

Three hundred new gravity stations, including ten base stations tied to IGSN71, were established 

during a survey of Sabah and were merged with two previous surveys to complete the gravity 

coverage of the state at reconnaissance level. New gravity maps of Sundaland, compiled from the 

Sabah and WGI7.2 gravity data sets have been interpreted. ' Subtraction from these data sets of 

the long wavelength GEM-T3 gravity anomaly field, which is dominated by the effects of the 

subducted proto-South China Sea and the ongoing subduction of the Australian, Indian and 

Philippine Sea Plates, achieved a simple `regional-residual' separation and the isolation of 

crustal-scale anomalies. 

5' x 5' maps of the depth to Moho, crustal thickness and 0 (crustal extension) factor beneath the 

Sunda Shelf and the South China Sea have been produced by 1-D geometric manipulation of the 

marine gravity field using sediment isopach and bathymetry control data. The average difference 

between the new Moho map and seismic refraction depth-to-Moho estimates at the south China 

margin was 0.2 ± 2.0 km. The Moho rises from an average depth of 29 km beneath the Sunda 

Shelf to a depth of about 16 km beneath the South China Sea oceanic basin. It is estimated that 

approximately 1100 km of oceanic crust of the proto-South China Sea was subducted at the 

northwest Borneo margin. Gravity modelling independently confirmed the average 35 mm/yr 

spreading rate prediction for the southwestern subbasin of the South China Sea oceanic basin 

from magnetic lineation interpretation. 

Quantitative interpretation indicates that Sabah is underlain by thick continental crust, and 

gravity modelling of the Maliau Basin predicts a minimum sediment thickness of 8 km. The 

ophiolite bodies at Telupid and Darvel Bay are separated by a gravity low and there is no 

evidence that the two are related. The crustal root of the Crocker Ranges extends to a depth of 

49 km below sea level. In order to reach this present day crustal thickness, the turbiditic 

sediments forming the Crocker Ranges must have been compressed to less than half of their 

original lateral extent during the Sabah Orogeny. 
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CHAPTER 1. INTRODUCTION 

This chapter gives an introduction to the project. First, an overview of the thesis is 

presented. This is followed by a discussion of the fundamental concepts of gravity 

surveying. In the final part. of the chapter, the data and computer software used during 

the project are discussed. Included in this final part are sections on the display of gravity 
images and on data location using the internet. 

1.1 Thesis Overview 

This thesis is based on the study of the land and marine gravity anomalies of Sundaland, 

where Sundaland is defined as the promontory that extends south from the mainland of 
Asia that includes Borneo, western Java, Sumatra, Peninsula Malaysia and the shallow 

marine area in between. Sundaland lies at the heart of the collision zone between the 

Australian, Eurasian, Indian and Philippine Sea Plates (Chapter 2). The project is an 

extension of current research into the gravity field of Southeast Asia which has the 

support of the University of London Consortium for Geological Research in Southeast 

Asia. A project location map is given in Figure 1.1. 

The main marine gravity data set used in the project was the Sandwell & Smith World 

Gravity Image V7.2 (WGI7.2). These gravity data were derived from satellite altimeter 

measurements of sea surface height which were transformed to gravity anomalies after 

correction for oceanographic disturbances such as currents and tides (Chapter 3). One 

of the primary aims of the project was to assess the accuracy and resolution of this data 

set, and this was achieved by comparison with a high resolution ship gravity survey 

(Chapter 4). 

A new 300 station gravity survey collected in Sabah by the author in 1995 formed the 

major land gravity data set (Chapter 5). Using these new gravity data, two older gravity 

surveys were corrected to the IGSN71 datum. Combined, these data complete the 

gravity coverage of Sabah at a regional reconnaissance level. 
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Regional gravity interpretation was based on both free-air and Bouguer gravity anomaly 

maps (Chapter 6). The amount of quantitative information that it was possible to extract 

from these maps was highly dependent on the availability of geologic control data. 

Estimates of crustal thickness made in the South China Sea and on the northern Sunda 

Shelf permitted an examination of the crustal properties of these areas. Detailed 

analysis of the gravity anomaly field of Sundaland focused on a number of key areas, 

namely the Sunda Shelf edge, the South China Sea Oceanic Basin and Sabah. 

1.1.2 Future Work 

Given the finite time scale of this project, there were areas of research which could not 

be fully explored. Work has since been undertaken by T. Wright of UCL/MSSL to 

improve the quality of the marine gravity field (Section 3.5). This project is ongoing 

with additional work being carried out by J. Milsom, S. Laxon and D. McAdoo 

(J. Milsom, UCL, pers. comm. ). Similarly, GM-SYS gravity modelling of the subducted 

slab of the proto-South China Sea constrained by the seismic tomography inversion 

results of Widiyantoro and van der Hilst (1996) has been carried out by V. Rocchi of 

UCL (unpub. M. Res. project, Physics Dept., 1998). 

As noted in Chapter 6, there is also a great deal of additional work that could be carried 

out on the analysis and modelling of both the South China Sea shelf edge and South 

China Sea oceanic basin fossil spreading ridge anomalies. Both studies would also 

benefit greatly from comparison with similar features in other regions of the world, as 

discussed in Sections 6.4.1 and 6.4.3.5. 

On Sabah there is an urgent need for the collection of paleomagnetic data and also for a 

regional seismic crustal transect. Well constrained paleo-latitude and basement 

composition control data would very significantly improve the Southeast Asian tectonic 

syntheses by removing two highly contentious issues which cause the present models to 

diverge greatly. Finally, the correlation between the Darvel Bay gravity high, which is 

caused by the Darvel Bay Ophiolite, and the outline of the bay should be the focus of 

additional study using the flexural rigidity modelling approach. 
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1.2 Fundamental Concepts of Gravity Surveying and their Practical Application 

Gravity surveying was at one time the method of choice in oil exploration, and the 

characteristic bulls-eye pattern of negative gravity anomalies over salt diapirs revealed 

many profitable targets for the Texan oilmen of the twenties. Today, the gravity meter is 

capable of measuring gravity differences of 1 part in 100 million. Although the principles 

of gravity surveying remain essentially the same, the method still represents an important 

exploration technique. 

This section describes the fundamental concepts of the Earth's gravity field, gravity 

measurement and reduction, and the complications that arise in the real world. This 

discussion is largely drawn from the work of Verma (1985), Sharma (1986), Strange 

(1991), Telford et al. (1990) and Kearey & Vine (1996). 

1.2.1 Basic Facts 

The law of gravitation published by Sir Isaac Newton in 1687 can be written as follows, 

F-G"m'm2 
r2 

(1.1) 

where F is the force of attraction between two point masses ml and m2, r is the distance 

between them, and G is the universal gravitational constant whose value is 

6.672 6'-x 10'" Nm2/kg26G)-196-7). Substituting into Equation (1.1) ml =1 

unit, m2 = ME - the mass of the Earth, and r=R- the distance from the centre of gravity 

of the Earth to its surface, we can write, 

GME (1.2) g' R2 

+(" &1O A, l'z) 

ýý 
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where g is the acceleration due to gravity expressed in m/s. Geophysicists often use the 

unit of milligal (also known as mGal or mgal) which is defined as an acceleration of 

ix 10'1 m/s2. 

The shape of the Earth is approximately that of an oblate spheroid with the equatorial 

radius being greater than the polar radius. Variations in the value of g occur from place 

to place simply because the distance of a place at sea level from the centre of the Earth 

varies with latitude. In addition to distance from the centre of the Earth, the 

gravitational acceleration is affected by centripetal force acting on a body. In 1743 

Clairaut obtained an expression for the acceleration due to gravity as a function of 
latitude, taking into account the flattening of the spheroid, as well as the angular velocity 

of rotation of the Earth, which takes the form, 

gth = go [ 1+ bi sin20 - b2sin220+ ... 
] (1.3) 

where b, and b2 are constants, 0 is the latitude, go is the value of g at the Equator at sea 

level and g, is the theoretical value of gravity at the surface of the spheroidal Earth at 

that latitude. 

The gravity field at the Earth's surface is also influenced by the underlying geology 

because different geological formations are characterised by different rock densities. The 

average density for the upper crustal rock may differ considerably from the nominal 

2.67 Mg. m'3 average density. Anomalous gravity highs or lows therefore arise, 

depending on whether the rock masses underlying an area have densities higher or lower 

than the average value. These variations reach a few hundred parts per million. Such 

`gravity anomalies' are the targets of gravity surveys and their interpretation may yield 

significant geological information (e. g. Chapter 6). 

a 

f 
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1.2.2 Gravity Measurement 

Gravity surveys are carried out with gravity meters that measure relative changes in the 

gravity field rather than the absolute value of gravity. During a gravity survey, the value 

of gravity at a field station is found by first taking a gravity measurement at a base 

station where the absolute value of gravity, g, is known. Next, the gravity measurement 
is made at the field station (or a series of field stations). A final gravity measurement is 

made at the base station. The absolute value of gravity at the field station(s) is found by 

adding the difference in gravity between the field and base stations to the absolute value 

of gravity at the base station. The gravity measurement is repeated at the base station to 

correct for instrument errors (Section 1.2.3.3). 

A network of gravity base stations has been established throughout the world. The 

original base network was tied to the site of an absolute gravity measurement in 

Potsdam, East Germany, which was first made with six different pendulums in 1906. 

This datum is referred to as the Potsdam datum. Subsequent absolute measurements of 

gravity indicated that the Potsdam datum was about 14 milligals too high 

(e. g. van Blaricom, 1992). Correction for this error led to a second datum referred to as 

the International Gravity Standardisation Network 1971 or IGSN71. Further 

improvements have been made to the gravity datum (e. g. WGS84). However, the 

differences between these datums and IGSN71 are small, typically less than 1 mGal 
(J. Milsom, pers. comm. ), and they are not yet in widespread use. Care should be 

exercised when using old gravity survey data as they are often tied to the Potsdam 

datum, and thus require correction. This was the case with the USAMS(FE) gravity 

survey data of Sabah used during this project, which were corrected with a -13.7 mGal 

datum shift (Chapter 5). 
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1.2.3 Reduction of Gravity Data 

1.2.3.1 Reduction to the Reference Surface 

The theoretical value of gravity is valid only at the surface of the Earth ellipsoid (also 

known as the reference spheroid). The Earth ellipsoid is a low-order approximation to 

the shape of the Earth, accounting for the effect of the Earth's rotation which has created 

the - 20 km equatorial bulge, and approximates mean sea-level with the land above it 

removed. Owing to the uneven density distribution within the Earth, the best-fitting 

ellipsoid is not simply the hydrostatic ellipsoid and parameters for several internationally 

recognised ellipsoids have been published. These have been refined with increasing 

accuracy due to the improved definition of the mass, volume and angular rotation of the 

Earth. Examples include the reference ellipsoids of the Geodetic Reference System 1967 

(GRS67) (IAG, 1967), and the Geodetic Reference System 1980 (GRS80) (Moritz, 

1980a). 

The gravity anomaly is obtained by subtracting the theoretical value for the ideal Earth 

from the observed gravity value and reducing the measurement to the reference surface. 
Gravity measurements are taken all over the surface of the Earth and even under sea 

water. For practical purposes of gravity field computation the geoid is taken as a 

reference surface for the observed gravity rather than the Earth ellipsoid. The geoid is an 

equipotential surface of the Earth's gravitation and rotation and on average coincides 

with the mean sea level in the open sea. Mean sea level itself cannot be defined as an 

equipotential surface because in addition to variations caused by the local gravity field, it 

is affected by dynamic topography caused by currents, tides, etc. (Chapter 3). The 

simplified model of the Earth, upon which the perfect mathematical form of the ellipsoid 

of revolution is based, allows for increasing density with depth, but not for lateral 

variations, which are the objects of gravity exploration. Because of these lateral 

variations, the geoid and ellipsoid do not coincide. Local mass anomalies warp the 

geoid, so that the deviations between the two surfaces are as much as 100 m (Kahn, 

1983). In practice, the effect of the mismatch between the geoid and the ellipsoid is 
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negligible because the gravitational difference is of the order of the gravity observation 

error (Heiskanen & Vening Meinesz, 1958). 

Corrections that are normally made to gravity observations are the tidal correction, drift 

correction, latitude correction and the free-air correction. Supplemental corrections 
include the Bouguer correction, the terrain correction and the curvature correction. 
These corrections are discussed below. 

1.2.3.2 Tidal Correction 

Time dependent tidal accelerations are caused by the various lunar and solar gravitational 
forces acting on different parts of the rotating Earth. These are supplemented by the 

effects of the revolutions of the Moon about the Earth and the Earth about the Sun. The 

accelerations produce variations in the terrestrial gravity field which are of the order of 
0.1 mGal. This temporal variation in the gravity field is removed with the tidal 

correction, which is evaluated in practice either from published tables of tidal correction 
data or with computer programs. 

Besides the tides, the terrestrial gravity field is affected by a number of additional time 

dependent processes (Hotine, 1969; Torge, 1980). Changes in gravitation are caused by 

the shifting of mass in the atmosphere, in the oceans, on the solid surface of the Earth, 

and in its interior. However, these changes are generally at least an order of magnitude 

smaller than tidal effects and remain at the limit of present measurement capabilities. The 

same is true for any secular decline in gravitation which might be connected with an 

expansion of the Earth. The variations of centripetal acceleration caused both by polar 

motion and by the changes in the Earth's rotational velocity remain below the accuracy 

of measurement. 
ý\ 
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1.2.3.3 Drift Correction 

The drift correction is determined empirically during a survey and corrects for the 

stretching of the gravity meter spring during the survey. The correction is calculated by 

comparing gravity measurements made at a common station over a period of time. 

1.2.3.4 Latitude Correction 

Latitude corrections are applied to reduce the observed gravity to the gravity anomaly. 

The latitude correction is usually made by subtracting the theoretical gravity, calculated 
from the international gravity formula (e. g. GRS80), from the observed absolute gravity. 

The theoretical gravity, g0, calculated with GRS80 is: 

go = 978031.8 (1 + 0.0053024 sin20- 0.000005 sin420) mGal (1.4) 

where 0 is the geographic latitude of the point of observation. 

For surveys not tied to the absolute reference system, local latitude corrections may be 

made by selecting an arbitrary base and using the theoretical north-south gradient, Ago, 

(obtained by differentiating Equation (1.4)): 

Ago a1 
dg 

. 0.812 sin 24 mGal / km (north - south) (1.5) 
R d4 

where R is the Earth's radius and 0 the geographic latitude of the arbitrary base station. 

This correction must be subtracted from, or added to, the measured gravity difference, 

depending on whether the station is at a higher or lower latitude than the base station. 

At mid-latitudes the correction is about 0.08 mGal per 100 m. 
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1.2.3.5 Free-Air Correction 

The free-air correction compensates for the decrease in gravity with increased distance 

from the centre of the Earth; in practice sea level is taken as the reference surface 

approximating to the geoid and the height of the stations above or below this level is 

used in the calculations. The effect of topographic masses is ignored and individual 

free-air anomalies are thus strongly correlated with elevation. However, if the 

topography is isostatically compensated, i. e. if there is no net mass excess or deficiency 

in the Earth's uppermost layers, the average free-air anomaly over a sufficiently large 

area is zero. 

The decrease in gravity with increased distance from the centre of the Earth (R) may be 

quantified by differentiating Equation (1.2): 

ag 
_ 

2GM 
_ 

2g 
-0.3086, mGal/m (1.6) 

aR R3 aR 

where h is the height at which the observation is made above sea level in metres. Using a 

value for the mean radius of the Earth (RE) of 6.367 x 106 m, and the theoretical value of 

gravity at sea level at 450 latitude, g=9 80629 mGal, then at sea level Equation (1.6) 

gives the vertical variation of gravity as -0.3086 mGal/m. For most purposes this value 

may be used anywhere on the Earth in the free-air correction. A more complete 

expression for the free-air correction, taking into account the Earth's spheroidal shape, 
is: 

ag 
--0.30855 - 0.00022 cos 4+0.000144h mGal/m (1.7) 

OR 

where 0 is geographic latitude of the observation, and h is the height at which the 

observation is made above sea level in metres (Verma, 1985). The second order term is 

only important at high elevations and high latitudes. The magnitude of second order 

term at various elevations and latitudes is given in Table 1.1. 
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Table 1.1. Magnitude of second order term of Equation (1.7) 
(values in mGal at various elevations), from Verma (1985). 

Latitude Elevation in metres I 
0 1000 2000 3000 4000 5000 

00 0.0 -0.2 -0.2 0.0 +0.2 +0.6 
10° 0.0 -0.2 -0.2 0.0 +0.3 +0.7 
20° 0.0 -0.2 -0.1 0.0 +0.4 +0.8 
30° 0.0 -0.1 0.0 +0.2 +0.6 +1.0 
40° 0.0 0.0 +0.1 +0.5 +1.0 +1.5 
50° 0.0 +0.1 +0.3 +0.7 +1.2 +1.8 
60° 0.0 +0.1 +0.4 +0.9 +1.5 +2.2 
70° 0.0 +0.2 +0.5 +1.1 +1.7 +2.5 
80° 0.0 +0.2 +0.6 +1.2 +1.9 +2.7 
90° 0.0 +0.2 +0.7 +1.3 +2.0 +2.8 

1.2.3.6 Bouguer Correction 

Land Gravity Measurements 

The purpose of the Bouguer correction is to correct for topographic masses above the 

reference surface. Traditionally this has been done by correcting for an infinite 

horizontal slab, with a thickness equal to the station elevation, whose gravitational effect 
is given by: 

g= 2zGph (1.8) 

where p is the slab density, G is the universal gravitational constant, and h the station 

elevation in metres. This is known as the Bouguer correction, whose magnitude is 

0.04192 ph mGal. It is common practice to use the value of p=2.67 Mg. m 3 as the 

average density for rocks above sea level. The Bouguer correction is subtracted from 

the free-air anomaly to give the Bouguer anomaly. In areas of subdued topography, the 

Bouguer correction is often sufficient to correct for the effect of the topographic masses 

above the reference surface. However, in mountainous areas, the topography can differ 

substantially from that approximated by the slab, and terrain corrections are made for 

deviations of the true topography from the slab (Section 1.2.3.7). 
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Marine Gravity Measurements 

In the discussion above it has been assumed that the gravity observations are made on 
land. Gravity readings taken offshore are a lot easier to handle than those made on land, 

since, after instrumental and acceleration corrections have been made, the free-air 

anomaly is obtained directly by application of the latitude correction. In shallow water 

these free-air anomalies are critically dependent on bottom topography. The marine 
Bouguer reduction is applied to reduce this effect. 

The marine Bouguer reduction involves 'infilling' the sea layer with an equivalent 

volume of rock of mean upper crustal rock density, 2.67 Mg. m 3. The correction is 

calculated using the Bouguer slab correction, whose magnitude is 0.04192 Ap. h mGal, 

where Op is the difference in density between the sea water (1.03 Mg. m'3) and the upper 

crust (2.67 Mg. m"3), and h is the water depth in metres. 

1.2.3.7 Terrain Correction 

When applying the Bouguer correction it is assumed that topography around the station 
is a horizontal plane of height equal to the elevation of the observation station. This 

situation is not normally encountered in the field. The correction for this discrepancy is 

known as the terrain correction. 

In order to apply terrain corrections two cases are to be considered: (1) elevated areas 

above the Bouguer plate; and (2) areas depressed below the level of the Bouguer plate. 

When the attraction of the Bouguer plate (2nGph) is subtracted from the observed 

gravity, too little mass is subtracted for case (1) and too much for case (2). The resulting 

Bouguer anomaly is therefore not free from topographic effects. 

The terrain correction, when applied, removes these discrepancies and takes into account 

the gravitational effect of actual topography. The gravitational effect of masses above 

the Bouguer plate as well as of depressions is to reduce the value of observed gravity at 

the station. Since we assume that the topography around the station is flat and this effect 
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is subtracted from the observed gravity, the corrections for topographic effects are 

always positive. 

Terrain corrections are usually obtained by dividing the region around a station into 

segments bounded by concentric rings at suitable angular intervals (P). The difference in 

mean elevation (dh) between each segment and the gravity station is determined from a 

topographic map, without regard to its sign. The terrain correction due to the attraction 

of the material in such a segment is 

OgT aGpý(r2-r, )+ 11 r, 
2+Ah2l- r2 +äh2 (1.9) 

where rl and r2 are the radii of the inner and outer rings bounding the segment and p is 

the density of the terrain material. Tables of the bracketed expression in Equation (1.9) 

have been published by Hammer (1939) and Haalck (1953). 

In order to calculate terrain corrections, therefore, detailed topographic maps are 

required. In many parts of the world access to these maps is restricted by the military, 

and it may not be possible to calculate terrain corrections. For regional surveys, this 

becomes a significant source of error in areas of rugged topography. For example, 

topographic maps were unavailable for the gravity data collected during this project in 

Sabah (Chapter 5). Terrain corrections were estimated only at stations acquired over the 

mountainous Crocker Ranges, and these estimates should be treated with caution. 
Elsewhere, the lack of terrain correction contributes an error of about 0.5 mGal to the 

station accuracy, and does not significantly affect the final gravity anomaly map which is 

contoured at 10 mGal intervals. 

1.23.8 Curvature Correction 

This correction is occasionally applied in order to take into consideration the curvature 

of the Earth's surface. When applying the Bouguer correction, the Bouguer slab is 

assumed to be a horizontal plane, infinite in two orthogonal directions. In reality the 
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surface of the Earth is curved. This factor is accounted for by the Bullard correction. 
The Bullard correction is positive up to an elevation of about 4000 m above sea level, 

and negative above this. The magnitude of this correction is given in Table 1.2. 

Table 1.2. Magnitude of curvature correction for different elevations. 
From Verma (1985). 

Elevation (m) Correction (mGal) Elevation (m) Correction (meal) i 
0 0.0 1000 1.2 

100 0.2 1200 1.3 
200 0.3 1500 1.5 
300 0.4 2000 1.7 
400 0.6 2500 1.7 
500 0.7 3000 1.5 
600 0.8 3500 1.1 
700 0.9 4000 0.6 
800 1.0 4500 -0.1 
900 1.1 5000 -1.0 

As with the terrain correction, the omission of a curvature correction to the gravity data 

collected during this project in Sabah (Chapter 5) does not significantly affect the final 

gravity anomaly map. 

1.2.4 Free-Air and Bouguer Gravity Anomalies 

The gravity anomaly is defined as the difference between the observed value of gravity at 

some point and the theoretical value of gravity for the same point. If only the free-air 

and tidal corrections have been applied, we define the free-air anomaly, gfaa, as: 

gfaa = gobs - g0 - dg« + dgIa (1.10) 

where gobs is the observed gravity, go is the theoretical gravity, dg« is the tidal correction 

and Agfa is the free-air correction. Occasionally gravity data are presented as a free-air 

anomaly map without taking into consideration the topography above sea level. This 

usually occurs when maps of oceans and continental shelves are drawn; as previously 
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mentioned, any free-air anomaly map of land gravity observations will show a strong 

correlation with local topography. 

In the case of gravity observations on land, it is usual to apply the free-air correction, the 

tidal correction, the Bouguer correction (dgB) and the terrain correction (dgT) in order 

to reduce the observed gravity anomaly to the reference geoid. The Bouguer anomaly, 

gBa, is then expressed as: 

gBa = gobs - go ' dg« + dgfa -dge + dgr (1.11) 

This anomaly should be zero if there are no horizontal variations in the density of rocks 
below sea level. A Bouguer anomaly different from zero may represent the effect of 

lateral variations in the density of the rocks below sea level, or it may show that the 

actual density above sea level differs from that assumed in the calculation of the Bouguer 

and terrain corrections. 

1.2.5 Isostasy 

The phenomenon of isostasy concerns the response of the outer shell of the Earth io the 

imposition and removal of large loads. This layer, although relatively strong, is unable to 

support the large stresses generated by, for example, the positive weight of a mountain 

range or the relative lack of weight of an oceanic basin. For su1h features to exist on the 

Earth's surface, some form of compensating mechanism is required to avoid the large 

stresses that would otherwise be generated. The presence of subsurface compensation of 

surface loads is confirmed by the variation in the Earth's gravitational field over broad 

regions. Bouguer anomalies are generally negative over elevated continental areas and 

positive over oceans (Figure 1.2A). These observations confirm that the positive 

topography of continents and the negative topography of oceans are compensated by 

regions at depth with density contrasts which are, respectively, negative and positive. 
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Two mechanisms regarding the geometric form of local isostatic compensation were 

proposed in 1855 by Airy and Pratt. Both the Airy and Pratt hypotheses are essentially 

applications of Archimedes' Principle. 

Airy's hypothesis assumes that the outermost shell of the Earth is of a constant density 

and overlies a higher density layer. Surface topography is compensated by varying the 

thickness of the outer shell in such a way that its buoyancy balances the surface load. 

Thus mountain ranges would be underlain by a thick root, and ocean basins by a thinned 

outer layer or antiroot (Figure 1.2B). The base of the outer shell is consequently an 

exaggerated mirror image of the surface topography. Consider columns of unit cross 

section beneath a mountain range and a region of zero surface elevation shown in 

Figure 1.2B. Equating their weights gives: 

g[h p, + TA p, + rpc + DA Pm] = g[TAPC + rPm + DApm] (1.12) 

where g is the acceleration due to gravity, h is the height of the mountain above sea 

level, TA is the normal thickness of crust of density p,, r is the thickness of the crustal 

root, DA is the depth of compensation below the root, and p, � is the density of the mantle. 
Rearranging this equation gives the condition for isostatic equilibrium: 

ra 
hp, 

(Pm - PC) 
(1.13) 

A similar computation provides the condition for the compensation of an ocean basin: 

aýz(P'-PW) (Pm Pc) 
(1.14) 

where a is the thickness of the antiroot, and z is the depth of water of density pw. `, 

Pratt's hypothesis assumes that the base of the Earth's upper layer (the `isopiestic level') 

is horizontal and that isostatic equilibrium is achieved by allowing this upper layer to be 

composed of columns of constant density material. Compensation is achieved by 
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mountains consisting of and being underlain by material of low density, and by oceans 
being underlain by material of higher density. 

Earlier this century, it was assumed that the outer shell of the Earth whose topography is 

compensated corresponded to the crust. Certainly the large density contrast existing 

across the Moho plays a major part in the compensation. It is now believed, however, 

that the compensating layer is rather thicker and includes part of the upper mantle. This 

strong outer layer of the Earth is known as the lithosphere. Further compensation may 

also occur deeper within the Earth. 

These models of local isostatic compensation, although widely used, imply unreasonable 

mechanical properties for the crust and upper mantle (Banks et al., 1977), because they 

predict that independent movement would take place even for very small loads. The 

lithosphere is demonstrably not as weak as this implies, as large gravity anomalies exist 

over igneous intrusions with ages in excess of 100 Ma. More realistic models of isostasy 

involve regional compensation. A common approach is to make the analogy between the 

lithosphere and the behaviour of an elastic sheet under load. Figure 1.2C illustrates the 

elastic response to loading; the region beneath the load subsides over a relatively large 

area by displacing asthenospheric material, and is complemented by the development of 

peripheral bulges. Over long periods of time, however, the lithosphere may act in a 

viscoelastic manner and undergo some permanent deformation by creep. Loads with a 
half-width of less than about 50 km are supported by the finite strength of the 

lithosphere. Loads with half-widths in excess of about 500 km are in approximate 
isostatic equilibrium (Kearey & Vine, 1996). 

The principles of isostatic compensation are discussed with reference to the gravity 

anomaly field of Southeast Asia in Chapter 6 and conclusions are drawn about the 

geometry and strength of the crust in this region. 

33 



1.3 Project Data 

The main data sets used in this study were land, ship and satellite gravity, bathymetry, 

sedimentary isopach and geoid anomaly data sets. These data sets are briefly discussed 

in this section. 

1.3.1 Gravity Data 

Two previous land gravity surveys of Sabah were made available for this project. A new 

gravity survey of Sabah was collected in 1995 by the author and John Milsom of 
University College London, and Dzazali bin Ayub of the Geological Survey of Malaysia. 

These data sets are discussed in Chapter 5. 

Ship gravity data were kindly made available by Prof. K. Hinz (Bundesanstalt für 

Geowissenschaften und Rohstoffe, Hannover, Germany) and Gilles Balma (Bureau 

Gravimetrique International, Toulouse, France). 

The quality of satellite gravity compilations has improved rapidly in the last decade due 

to the continual acquisition of altimetry data during this time. Within the term of this 

project (1994 - 1997) the minimum spatial resolution of the marine gravity anomaly field 

has improved from 50 km to 20 km (Chapter 4). Figure 1.3 shows three vintages of 

satellite free-air gravity anomaly maps of the South China Sea - the first from the 1985 

Haxby compilation of recomputed Seasat measurements (M3DC, 1993), the second 
from the 1994 Sandwell & Smith compilation (Sandwell & Smith, 1994), and the final 

map from the 1995 Sandwell & Smith World Gravity Image V7.2 (WGI7.2) data set 

which was released mid 1995 (Smith & Sandwell, 1995; Sandwell & Smith, 1997). 

WGI7.2 is a digital grid of marine satellite-derived free-air gravity anomalies between 

± 72°. The grid was derived from all Geosat Geodetic Mission data, a stack of 62 repeat 

cycles of the Geosat Exact Repeat Mission, all the ERS-1 Geodetic Mission data, and the 

first 16 cycles of the ERS-1 35-day repeat orbit. The method to construct such a grid 
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(Sandwell, 1984; Sandwell, 1992), is based on the processing of along-track geoid slopes 

rather than sea surface heights thereby avoiding the need for crossover adjustments 
(Chapter 3). The grid has cell dimensions of 2 minutes x2 minutes on a Mercator 

projection, so that the cells are equidimensional but vary in size with latitude, being 

3.7 km at the Equator and 1.1 km at 72°. This data set is accurate to ±6 mGal and has a 

minimum spatial resolution of 20 km (Chapter 4). 

The grid is publicly available by anonymous FTP to: 

ftp: //baltica. ucsd. edu/pub/global_grav_2min 

1.3.2 Global Elevation/Bathymetry Models 

Three bathymetric models were used - TerrainBase, GEBCO, and from mid 1997 on, the 

Topographic Polished Image V5.2 (TPI5.2). Offshore, TPI5.2 is the most accurate 

model, TerrainBase the least. TPI5.2, for example, is the only data set to include the 

1600-km long Foundation Seamounts chain in the South Pacific. TerrainBase is the only 

model that includes onshore elevation data. 

TPI5.2 is a digital bathymetric map of the oceans between ± 72° formed from combining 

available depth soundings with high-resolution marine gravity information provided by 

the Geosat and ERS-1 satellite altimeters (Smith & Sandwell, 1997). Depth soundings 

were used to constrain the long wavelength variations in regional depth while the shorter 

wavelength topography was predicted from the satellite gravity measurements. The grid 
has cell dimensions of 2 minutes x2 minutes on a Mercator projection, so that the cells 

are equidimensional but vary in size with latitude, being 3.7 Ian at the Equator and 

1.1 km at 72°. Worldwide, 12% of the grid cells are constrained by ship measurements 

or coastlines while the remaining 88% are estimated. The map has an estimated 

minimum resolution of 1 to 12 km (Smith & Sandwell, 1997). 
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TPI5.2 is publicly available by anonymous FTP to: 

ftp: //topex. ucsd. edu/pub/global-topoý. 
_2min 

Bathymetric data were extracted from the 1994 GEBCO Digital Atlas V1.06, which is a 
digitised edition of the General Bathymetric Chart of the Oceans (GEBCO) 5th edition 

which was published between 1978 and 1982 by the Canadian Hydrographic Service, 

Ottawa, Canada. It consists of 16 charts on Mercator Projection covering the world 
from 72°S to 72°N, on a scale of 1: 10 million at the Equator; and two polar sheets on 
Polar Stereographic Projection to 64°S and 64°N respectively, on a scale of 1: 6 million 

at 75° latitude. Each sheet depicts contoured bathymetry (in corrected metres) at 

standard depths of 200 m, 500 m and at 500 m intervals thereafter. For the most part, 
the bathymetry is based on a scientific interpretation of random tracklines of data from 

many different sources; the quality and coverage of these data is highly variable. 

TerrainBase (NGDC, 1994) is a global 5-minute digital elevation model released by 

NGDC to succeed the earlier ETOPO5 global 5-minute digital elevation model (NGDC, 

1988) which was known to contain major errors (Briggs, 1989; Smith, 1993). The 

TerrainBase model uses most of the same data that went in to developing ETOPO5. 

Major improvements were made in the parts of the model that cover the continents of 
North America, South America, Europe, Africa, Greenland, and Australia. Significantly, 

no improvements were made for Asia, Antarctica, and the oceans. 

1.3.3 Sediment Isopach Maps 

Two sediment isopach data sets were used during this project - the 1991 CCOP Offshore 

East Asia Total Sedimentary Isopach Maps, and the 1997 NGDC World's Oceans and 
Marginal Seas Sediment Isopach Database. Both of these data sets are likely to contain 

significant errors in Southeast Asia (R. Hall, pers. comm. ). Visual inspection reveals that 

the CCOP data set shows more complex sedimentary bodies. 
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The Offshore East Asia Total Sedimentary Isopach Maps (CCOP, 1991) were compiled 

over the period 1986-90 on the basis of data contributed by the eight participating 

countries of the Working Group on Resource Assessment (WGRA): China, Indonesia, 

Japan, Korea, Malaysia, the Philippines, Thailand and Vietnam. The data set consists of 

six 1: 4 million scale colour sedimentary isopach maps, contoured at 1000 m intervals. 

The digital NGDC World's Oceans and Marginal Seas Sediment Isopach Database is 

gridded on a 5' x 5' grid. Sediment thickness data were compiled from three principle 

sources: previously published isopach maps including Ludwig & Houtz (1979), Matthias 

et al. (1988), Divins & Rabinowitz (1990), and Hayes & LaBrecque (1991); ocean 
drilling results, both ODP and DSDP; and seismic reflection profiles archived at NGDC 

as well as seismic data and isopach maps available , as part of the IOUs 

Geological/Geophysical Atlas of the Pacific (GAPA) project (Divins & Eakins, 1997). 

The data values are in metres and represent the depth to acoustic basement, which may 

not actually represent the base of the sediments. These data are intended to provide a 

minimum value for the thickness of the sediment in a particular geographic region. The 

grid is available from the National Geophysical Data Center, Boulder, Colorado, U. S. A., 

or by anonymous FIT to: 

ftp: //ftp. ngdc. noaa. gov/MGG/sedthick 

1.3.4 GEM-T3 Geopotential Model 

The geopotential model used in this project is the GEM-T3 model which is complete to 

spherical harmonic degree and order 50 (Lerch et al., 1992). The Goddard Earth Model 

(GEM)-T3 was developed by NASA/Goddard Space Flight Center in 1991 from a 

combination of satellite tracking, satellite altimeter, and surface gravimetric data. The 

minimum wavelength contained in this model is calculated from the formula: 

in=CE/d (1.15) 
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where cE is the circumference of the Earth (- 40,000 km), and d is the degree of the 

model. Consequently the minimum wavelength contained in this model is 800 km. The 

global RMS geoid error is estimated at 59 cm through degree and order 50, but over the 

ocean areas mapped by altimetry, this number is less than 25 cm (Lerch et al., 1994). 

1.3.5 Coastline Database 

The GSHHS digital coastline (Wessel & Smith, 1996) used in the project is a very high 

resolution coastline database that forms part of the GMT package (Section 1.5.1). The 

data set was compiled from two public domain data sets - the World Data Bank II 

(WDB; also known as CIA Data Bank) and the World Vector Shoreline (WVS). The 

precision of the GSHHS digital coastline is in the 50 - 500 m range. 

i 
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1.4 Colour Display of Gravity Anomaly Data 

The visualisation of gravity anomaly maps by geoscientists is performed by more or less 

sophisticated image processing tools and different kinds of enhancements (e. g. 
first/second derivatives, artificial sun-angle illuminations, 3D perspective images) in 

order to allow human analysts to better discriminate the geometrical features present in 

the data. The targets of this kind of analysis are mainly shallow geological lineaments 

such as faults, folds, geological contacts, and, more rarely, broad information about the 

extension and depth of the main causative bodies. This approach has the flavour of an 

art and requires specific training and expertise. As such, it has the disadvantage of being 

partly subjective, being influenced by the specific background and field of expertise of 

the analysing geoscientist (Boschetti et al., 1997). 

Examples of different colour images of the gravity anomaly field of the southwestern part 

of the South China Sea Oceanic Basin are given in Figures 1.4 to 1.8. The gravity field 

in this region is relatively smooth with localised gravity highs. Figures 1.4 and 1.5 show 

the. most common type of colour display used for gravity anomaly data. The colour 

scales of these two images are divided into equal partitions with colours varying from red 

through blue to purple. Figure 1.5 is also illuminated from the northeast. More 

information can be seen qualitatively when a colour scale that apportions equal areas for 

each colour on the map is used (Figures 1.6 and 1.7). The colour scales for these two 

maps are not equally partitioned and the colours used vary from red to blue only. Purple 

is judged to be an inappropriate colour to use at either end of the colour scale as it is 

composed from both red and blue and may therefore be misleading. Figure 1.6 is 

illuminated from the northeast. Figure 1.7 demonstrates that overlaying contours spaced 

at regular intervals (here 10 mGal) onto a non-illuminated colour image imparts the 

maximum amount of quantitative information. Figure 1.8 shows a pseudo 3D 

perspective colour mesh image with the same colour scale as the map in Figure 1.7. 

Whilst this style of presentation can be very effective in showing features of interest, 

other information may be concealed behind more prominent features. 
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Figure 1.4. Basic colour gravity image. Colour scale in meal. 
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Figure 1.5. Basic colour gravity image illuminated from northeast. 
Colour scale in mGal. 

41 



111°E 112°E 113"E 114"E 115'E 116°E 11TE 

15°N lIIIII 15°N 

14°N 

13°N 

12°N 

14 N 

13°N 

130 

70 

39 

29 

22 

16 

10 

0 

-5 

-13 

-18 

-60 

12°N 

t 11 °N F Prit 

At AA me 111'E 112°E 113°E 114'E 115°E 116E 11T E 

Figure 1.6. Colour gravity image that apportions equal areas of each colour, 
illuminated from northeast. Colour scale in mGal. 

111°E 112°E 113"E 114°E 115T 116°E 11T E 
15'N 

.: 
I- 

rc-ryQ--r-rra. r_ ar 15°N 

14°N 

13'N 

12°N 

11 °N 

14°N 

ITN 

12°N 

11°N 

130 

70 

39 

29 

22 

16 

10 

0 

-5 

-13 

-18 

-60 

111 E 112"E 113E 114°E 115 E 116 E 117 E 

Figure 1.7. Colour gravity image that apportions equal areas of each colour. 
10 mGal contour interval, bold contours every 50 mGal. Colour scale in mGal. 

42 



k.: 

11 Iz 

Colour Scale 

---- ! -, Iii 

Pp' I 11 
-60 -18 -13 -5 0 10 16 22 29 39 70 130 

(mGal) 

Figure 1.8. Pseudo 3D colour mesh gravity image viewed from W10°S. 
Vertical Scale in mGal. 

43 



1.5 Computer Software 

The majority of the analytical work carried out on the project data was computer-based, 

using both DOS and UNIX operating systems and a variety of commercial and academic 

software packages. These software packages are briefly described below. 

1.5.1 GMT 

Generic Mapping Tools or GMT (Wessel & Smith, 1995) is a free, public-domain 

software package that can be used to manipulate columns of tabular data, time-series, 

and gridded data sets, and display these data in a variety of forms ranging from simple 

x -y plots to maps and colour, perspective, and shaded-relief illustrations. The GMT 

software is written as a set of - 50 UNIX tools and is totally self-contained and fully- 

documented. The GMT package can be obtained by anonymous FIT from: 

ftp: //kiawe. soest. hawaii. edu/pub/gmt 

The GMT internet home page address is http: //www. soest. hawaii. edu/soest/gmt. html. 

GMT requires the installation of the public-domain netCDF (network Common Data 

Form) software library which provides the backbone to the grid file manipulations. The 

netCDF software was developed at the Unidata Program Center in Boulder, Colorado, 

U. S. A. The freely available netCDF software can be obtained by anonymous FTP from: 

ftp: //unidata. ucar. edu/pub/netcdf 

GMT and netCDF were installed onto a Sun computer and used to manipulate the 

gravity and bathymetry data sets. GMT was also used to produce the majority of the 

scientific illustrations in this thesis. 
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1.5.2 GM"SYS 

The forward modelling gravity software package used during the project was a 

commercially available package called GM-SYS Version 1.75. 

The 2D or 21/21) modelling software calculates the theoretical gravity anomaly at an 

observation point resulting from a series of polygonal bodies of uniform densities. The 

gravity signature and end corrections are calculated for each polygon, simulating the 

effect of limited strike length. An output diagram shows the predicted gravity response 

of the depth modelled section and the observed gravity anomaly. The depth model is 

then refined subject to geologic controls (such as depth and density measurements) 

wherever possible until the predicted gravity response matches the observed gravity 

anomaly. 

Values of -30000 and, +30000 km (default values) were used as the y axis limits of the 

models, and the same values were also used for the limits of the x axis, although 

variations in the models ceased to have a significant effect on the gravity profile about 10 

km beyond the end of the profile line. During modelling, it was assumed that bodies 

deeper than the Moho had no effect on the observed gravity profiles. The modelling 

philosophy of this study is described in detail in Section 6.2. 

The models produced using GM-SYS are described in Section 6.4. 

1.5.3 Other Software Packages 

The other software packages used extensively throughout this project were 

Core1DRAW! Version 5.00. G1 (for graphical illustrations), Microsoft Word Version 

6. Oc (for word processing), and Microsoft Excel Version 5. Oc (for spreadsheet data 

manipulation and production of graphs). 
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1.6 Data Retrieval from the Internet 

The amount of material made publicly-available through internet pages has increased 

enormously since the start of this project in October 1994. Timely discoveries of data, 

pictures, text and software on the internet played a key role in the evolution of this 

project. However much time was wasted searching for the proverbial needle in the 

haystack. Therefore a couple of recommended starting points for web surfing are: 

" http: //www. seg. org/committees/gravý_mag/gm-links. html (gravity home pages) 

" http: //www. cgrer. uiowa. edu/servers/servers, _geodata. 
html (geoscience data sources) 

" http: //www. uh. edu/-jbutler/anon/anondata. html (more geoscience data sources) 

" http: //southport. jpl. nasa. gov/index. html (space science home pages) 

This information is correct as of 24 ̀h October 1997 but could go out of date at any time 

owing to the ephemeral nature of internet pages. 

ý' 
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The Geology of Southeast Asia 
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CHAPTER 2. THE GEOLOGY OF SOUTHEAST ASIA 

2.1 Overview 

Southeast Asia is one of the most actively deforming regions in the world. This 

deformation is a consequence of the Cenozoic juxtaposition of the Indian, Eurasian, 

Pacific, Australian and Philippine Sea plates. These plate interactions culminated in the 

Paleogene to Present collision of India with Tibet and the Neogene to Present collision of 

Australia with Sundaland. Cenozoic reconstructions of Southeast Asia are often 

contradictory (e. g. Rangin et al., 1990b; Daly et al., 1991; Briais et al., 1993; Lee & 

Lawyer, 1994; Hall, 1996) especially when dealing with Borneo and the poorly 

constrained eastern boundary of the region. This chapter presents a regional geological 

overview and a discussion of the published tectonic reconstructions with emphasis on the 

work of Metcalfe (1996) and Hall (1996). For reference, the geological time scale and 

stratigraphic column are given in Table 2.1. 

Era Period Sub-period Epoch Ma 
- w 

Holocene 0.01 
Quaternary Pleistocene 1.64 

Pliocene 5.2 
Neogene 

_Upper 
10.4 

Cenozoic Miocene Middle 16.3 
Tertiary Lower 23.3 

Oligocene 35.4 
Paleogene Eocene 56.5 

Paleocene 
. _.... _ __ 

65.0 
Cretaceous 146 

Mesozoic Jurassic 208 
Triassic 245 
Permian 290 
Carboniferous 363 

Paleozoic Devonian 409 
Silurian 439 
Ordovician 510 
Cambrian 570 

Table 2.1. The Geological Timescale and Stratigraphic Column, 
modified from Harland et al. (1992). 
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2.2 Physiography of Southeast Asia 

2.2.1 Nomenclature 

The island of Borneo is positioned centrally within southeast Asia, lying across the 

Equator at about 114°E. Borneo is separated from the mainland of Asia by the South 

China Sea to the north and by the Gulf of Thailand and the Sunda Sea to the northwest. 
Across the Natuna and Java Seas to the west and southwest lie the islands of Sumatra 

and Java. The Makassar Strait separates Borneo and the island of Sulawesi to the 

southeast. Northeast of Borneo are the marginal Celebes and Sulu Seas and the 

Philippine islands. The promontory that extends south from the mainland of Asia that 

includes Borneo, western Java, Sumatra, Peninsula Malaysia and the shallow marine area 
in between is often referred to as Sundaland. Offshore, this landmass is called the Sunda 

Shelf. The tectonic setting and topography of Southeast Asia are shown in Figures 2.1 

and 2.2 respectively. 

2.2.2 Borneo 

The principal structural features of the island of Borneo are shown in Figure 2.3. A 

simplified geological map of the island is shown in Figure 2.4. Vast tracts of the island 

have only been sparsely mapped, both geologically and geophysically. Hence the interior 

of Borneo remains poorly known (Hutchison, 1996). 

The Schwaner Mountains block which dominates the southwestern corner of Borneo 

constitutes the continental core of the island (Moss, 1994). This block contains 

abundant Cretaceous batholithic intrusions (Williams et al., 1988; Pieters & Supriatna, 

1990), intruded into a continental basement of slates, amphibolites, schists and gneisses 

of Silurian to Permian age. It has been suggested that this southwestern comer of 

Borneo was attached to the rest of Sundaland by the mid-Jurassic (Haile et al., 1977; 

Hamilton, 1979; Williams et al., 1988) and that the plutonic rocks within the Schwaner 

51 



110° 112° 114° 116" p 1180 

- 8° 0 Balabac 8° 

- Above 2000 m South China Sea Islands 
Sulu Sea 

1000 - 2000 m 

100 - 1000 m 60 - 6e 

Below lOü m 
i 

,3 , cý. 

ýý Fit s ßäx fe 

C- Swamp " 

0 500 kms 
o ý r 

`ý ° Natuna a" Celebes 
: ýr h Sea 

O 
'Kaya" 

- 2O 

Pu/au 
Laut 

a° 110° llr 1140 11610 118' 

Steve Mou, 3,94. 

Figure 2.3. Physiography of Borneo (from Moss, 1994). 
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Figure 2.4. Simplified geological map of Borneo (from Moss, 1994). 
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Mountains represent a continuation of the Yenshanian magmatic arc of South China. 

Not all workers in the region support this hypothesis; both Gower (1990) and Lumadyo 

et al. (1993) have argued against Borneo being attached to Eurasia prior to the Eocene. 

The northwestern (Sarawak) side of the island, the northern region (Sabah) and the 

western side of the central north-south highlands (sometimes referred to as the 

Kalimantan Central Range) form an S-shaped area underlain by Cretaceous to Tertiary 

deep water/oceanic sediments, in particular the Rajang Group. This orogenic complex is 

characterised by strong compressional deformation (folds and thrusts), and the local 

development of cleavage and many duplications of the stratigraphy due to faulting 

(Bernard et al., 1990). Several ophiolite slices occur within or on the margins of this 

area, for example at Telupid and Darvel Bay in Sabah and at Lubok Antu in Sarawak. 

The area has been interpreted as a large Cretaceous accretionary prism formed by the 

progressive accretion of material at the northwest Borneo margin (Hamilton, 1979; 

Tongkul, 1987; Bernard et al., 1990; Hutchison, 1996). 

The east-west trending belt between the Schwaner and Rajang areas and the eastern side 

of the island is composed of Eocene (and Paleocene? ) to Recent clastic and carbonate 

sediments with volcaniclastics and acid to intermediate intrusives. This area includes 

many of the Tertiary basins of Borneo. Two features of these basins are their roughly 

coincident inception and their locations bordering the Silurian to Cretaceous continental 

core of Borneo (Moss, 1994). 

The Semitau Ridge (or High) is an east-west trending linear feature in west Kalimantan, 

separating Tertiary sedimentary basins and composed of Cretaceous deep marine clastics 

and volcaniclastics and Permo-Triassic intrusive material of granitic to gabbroic 

composition (Moss, 1994). The Semitau Ridge is almost completely surrounded by 

Tertiary sediments. `. 
\ 

The Meratus Mountains in the southeastern corner of the island consist of ophiolitic, 

metamorphic, volcaniclastic, clastic and carbonate rocks of Early Cretaceous to 

Paleocene age (Sikumbang, 1990). The ophiolitic material is believed to have been 
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formed as ocean floor by the Early Cretaceous, but has been emplaced on Borneo by 

subsequent deformation which has juxtaposed it against Lower Cretaceous shelf 

sediments (Moss, 1994). Exposures of similar Cretaceous sediments and ophiolitic 

material occur on Sebuku and Laut islands offshore southeast Sulawesi and along the 

southwestern coastline of Kalimantan. The Meratus Mountains have a clear NNE-SSW 

trend which is commonly referred to as the Meratus trend (Wain & Berod, 1989). 

2.2.3 Sabah 

2.2.3.1 Introduction 

Sabah, located at the northeastern tip of Borneo, has been the subject of a number of 

studies by members of the University of London Southeast Asia Research Group, 

including Tongkul (1987) - the Crocker Formation, Clennell (1992) - the East Sabah 

Melanges, and Omang (1993) - the Darvel Bay Ophiolite. Currently J. Noad (1994 -) is 

studying the sedimentology of the onshore Tertiary sedimentary basins. 

In order to understand the geology and structure of Sabah, three areas have been 

selected for a brief discussion - geomorphology, chronostratigraphic units and structure. 

The-tectonic evolution of-Sabah-is discussed in Chapter-6. A geological map of Sabah is 

given in Figure 2.5. 

2.2.3.2 Geomorphology 

Sabah is divisible into a number of distinct geomorphological provinces, Figure 2.6. To 

the west a narrow coastal plain gives way to the Crocker Ranges, a mountain belt some 

100 km wide which rises up to about 2000 m above sea level. The Crocker Ranges drain 

in a trellis pattern, mostly discharging into the South China Sea. To the north of the 

Crocker Ranges, Mount Kinabalu, a granitoid massif, reaches 4093 m, making it the 

highest mountain in Southeast Asia. To the north lie the twin peninsulas of Kudat and 

Bengkoka, which are characterised by rocky inlets and undulating topography. The 

central part of Sabah is quite mountainous, and dissected by deep river valleys, which 
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generally flow to the east. The mountains reach to the coast in the southeast, around 

Darvel Bay, where the shores and islands are rocky. The southeast of Sabah, the 

Semporna Peninsula, is mountainous to hilly, and drained by small, low-sinuosity rivers. 

The remainder of the east of Sabah comprises the flat to undulating terrain of the 

Sandakan and Dent Peninsulas, drained by the large Labuk, Kinabatangan and Segama 

river systems. These have switched courses many times in the recent geological past, 

and in several areas such upheavals are marked by sudden changes in direction, steep 

gorges or river cliffs in otherwise gentle flood plains. The coastline of the Dent and 

Sandakan Peninsulas are dominated by mangrove swamps, estuaries and small deltas. 

2.2.3.3 Chronostratigraphic Units 

The chronostratigraphic units of Sabah were described in detail (e. g. Hutchison, 1988; 

Rangin, 1989; Bernard et al., 1990; Tongkul, 1991; Omang, 1993). On the basis of their 

studies the chronostratigraphic units of Sabah are divided into three sequences -a Pre- 

Paleogene sequence, a Paleogene-Middle Miocene sequence, and a Post Middle Miocene 

sequence. 

Pre-Paleogene Sequence 

The Pre-Paleogene sequence is represented by the ophiolite rocks, the Madai-Baturong 

limestone of Early-Late Cretaceous (Wong & Leong, 1968; Leong, 1974) and the Chert 

Formation of the Early-Late Cretaceous (Kirk, 1968; Leong, 1974; Leong, 1977; Jasin et 

al., 1985; Jasin & Tahir, 1988). 

Ophiolite outcrops are distributed throughout Sabah, and are found in a belt running 
from Banggi Island in the north to Ranau and Telupid in central Sabah, and also outcrop 
in the Lahad Datu area in the east. Leong (1974) suggested that the age of the formation 

of the ophiolite is as old as Early Jurassic (210 ±3 Ma), based on an isotopic age 

obtained from tonalite intruded into metagabbros. The Darvel Bay ophiolite complex is 

the most extensive outcrop, extending 100 km westward from Darvel Bay. This 

complex was subject to a detailed geochemical analysis by Omang (1993) who concluded 
t (die toAt. Eoz4 C tk&a e' t. M4 AAlA. 3ºr ¬$4Su "t ,o e+a'y (1493)) 
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that the complex represents a segment of oceanic crust and upper mantle which has had 

several kilometres removed by erosion since its emplacement on Sabah (Omang & 

Barber, 1996). The complex has been interpreted as being of either proto-South China 

Sea (Holloway, 1981; Rangin et al., 1990a) or Celebes Sea (Hutchison, 1988) origin. 

The ophiolitic complex was obducted onto Sabah either in the latest Cretaceous or 

earliest Paleogene (Rangin et al., 1990a). 

Cherts and spilites/basalts of the ophiolite complex are always associated with one 

another and have been called the Chert-Spilite Formation of Late Cretaceous age 

(Reinhard & Wenk, 1951). Leong (1974) considered the Madai-Baturong as probably 

an older sedimentary formation preceeding the deposition of the Chert-Spilite Formation 

and deposited in shallow marine warm water. The occurrence of unmetamorphosed 

limestones of Late Cretaceous age in the Segama Valley (Wong & Leong, 1968; Leong, 

1974) probably represent lateral facies equivalent of the Early-Late Cretaceous Madai- 

Baturong limestone Formation and contain shallow and deep foraminifera and algae 

(Tongkul, 1991). 

Paleocene to Eocene shallow water limestones are found resting unconformably on the 

ophiolite in central, western, eastern and northern Sabah (Collenette, 1958; Collenette, 

1965; Fitch, 1958; Wilson & Wong, 1964; Leong, 1974; Jasin et al., 1988; Tongkul, 

1990). 

Paleogene-Middle Miocene Sequence 

This sequence can be divided into a sedimentary rock unit, a volcanic rock unit, and a 

melange unit. The sedimentary rock unit comprises flysch sediments which were 
deposited in a deep to shallow marine environment in the huge Crocker basin (Tongkul, 

1987). This sedimentary unit is represented by the Trusmadi, Sapulut, Temburong, 
\ 

Crocker, Tanjung, South Banggi, Setap Shale, Kalabakan and Kapilit Formations 

(Tongkul, 1991; Hutchison, 1988). They show numerous lateral facies changes and 

consist predominantly of quartz sandstones with varying amounts of silt and clay 

(Bernard et al., 1990). In central Sabah, Oligocene to Lower Miocene sedimentation 
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produced two units known as the Labang and Kulapis Formations which are primarily 

distinguished on the basis of colour. 

The volcanic rock unit is represented by Late Oligocene to Middle Miocene pyroclastics 

and lavas, forming the Dent Peninsula volcanic arc (Rangin et al., 1990a; Tongkul, 1991; 

Clennell, 1991). Volcaniclastic rocks form the Silabukan-Tungku Formation (Tahir, 

1989). Andesite lavas form the Tungku Arc (Leong, 1974; Rangin, 1989; Rangin et al., 

1990a). Some authors (e. g. Taylor & Hayes, 1983; Hinz et al., 1991) have suggested 

that the Dent Peninsula volcanic arc was formed due to the southeastward subduction of 

the proto-South China Sea oceanic lithosphere beneath the Borneo microcontinental 

plate. Mitchell et al. (1986) and Rangin (1989) favour a northwestward subduction of 

the Celebes Sea as the cause of this volcanism. 

Melange units (chaotic deposits) are found in many parts of western Sabah. In the east 

of the state melanges outcrop over some 12,000 km2 of terrain (Clennell, 1992). These 

chaotic units are represented by Crocker Melange, Wairu, Garinono, Ayer and Kuamut 

Formations. These formations were formed uring Early Miocene-early Middle Miocene 

(Letouzey et al., 1988), Middle Miocene (Tongkul, 1990) and late Early Miocene-early 

Middle Miocene (Clennell, 1990; Clennell, 1991). The formation of these melanges can 

be related to tectonism (tectonic faulting), mud diapirism and olistostrome (sedimentary 

mass-transport) processes (Barber et al., 1986; Barber & Brown, 1988; Clennell, 1991; 

Clennell, 1992). In eastern Sabah the source of the melange matrix and most of the 

sandstone blocks is disaggregated Labang Formation sediments (Clennell, 1996). 

Subordinate volumes of melange and broken formation are derived from slumping of 

Kulapis Formation sediments. There is a small amount of ophiolitic material within the 

melanges, and in the south of Sabah, both the matrix and the blocks are sourced 

increasingly by volcaniclastics. The melanges were mostly produced by submarine slope 

failures that were triggered by tectonic rearrangement of central Sabah at the end of the 

Early Miocene. A relatively small volume of melange emplaced into Middle Miocene 

and younger sediments are of diapiric origin, associated with the effusive mud volcanism 

which continues to the present day in eastern Sabah and in the Sandakan Basin (Clennell, 

1996). 
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Post Middle Miocene Sequence 

This sequence may be divided into a sedimentary unit, a volcanic unit, and a plutonic 

unit. The sedimentary unit is represented by Late Miocene-Pleistocene fluvio-deltaic 

sediments which were deposited in a shallow water environment (Tongkul, 1991). 

Among formations included in this unit are the Bongaya, Sandakan, Belait, Umas-Umas, 

Liang and Timohing Formations. 

The volcanic unit consists of pyroclastic rocks, lavas and volcaniclastic rocks. 

Pyroclastic rocks and lavas are represented by the Tawau-Semporna volcanic arc of Late 

Miocene to Quaternary age (Hutchison, 1988). This volcanic arc represents the 

southwestward extension of the Sulu volcanic arc resulting from the southeastward 

subduction of the southeast Sulu Sea basin along the Sulu Trench (Hamilton, 1979, 

Hutchison, 1978; Hutchison, 1988; Hinz et al., 1991; Rangin, 1989; Rangin et al., 

1990a; Rangin & Silver, 1991). The volcaniclastic rocks are represented by the Dent 

Group (Sebahat, Ganduman and Togopi Formations) of Upper Miocene to Pliocene age, 

whereas the lava flows are of Pliocene-Quaternary age with basaltic, andesitic and dacitic 

compositions. The volcaniclastic unit of this sequence conformably overlies the 

Oligocene-Miocene volcaniclastic rocks in the Dent Peninsula area (Tahir, 1989). 

The plutonic or-intrusive bodies are mainly exposed in the Ranau area (western Sabah) 

and are represented by Mount Kinabalu and its satellite granitic plutons. The whole rock 
K/Ar dates are commonly as old as 10 Ma (Jacobson, 1970). The occurrence of these 

bodies is related to the Sabah Orogeny (Hutchison, 1996). 

2.2.3.4 Structure 

A structural map of Sabah and the surrounding area is given in Figure 2.7. Table 2.2 

summarises the structures observed on Sabah. Figure 2.8 shows a representative section 

across Sabah. 

/ 
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Figure 2.7. Structural trends of Sabah and surrounding area, from Tongkul (1993). 
Several major NE-SW wrench faults which cut through the NW-SE Paleogene fold- 
thrust belt also affect the Neogene basins. The major wrench faults recognised are 
1. Bengkoka, 2. Paitan, 3. Terusan, 4. Sandakan, 5. Kuamut, 6. Pinangah, 7. Lonod 

and 8. Merotai. Some of these faults appear to continue offshore NE Sabah. 
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STRUCTURE 

GENTLE 
NE-SW FOLD 

AXES 

STEEPENING OF 
BEDDING 

NE-SW TRENDING 
SLUMP FOLD AXES 
& NORMAL FAULTS 

FOLDED & THRUST 
FAULTED WITH A 
NW, NE, SE & SW 

VERGENCE; 
N-S, NE-SW, NW-SE 
WRENCH FAULTS 

TIGHTLY FOLDED CHERT 
WITH NE-SW AND N-S(? ) 
FOLD AXES; SHEARED 

AND BRECCIATED IGNEOUS 
ROCKS TRENDING NW-SE 

AND NE-SW 

FORMATION 

LIBONG TUFFITE, 
TABANAK CGL., 

TUNGKU, BELAIT, 
SETAP SH. 

TANJONG, KAPILIT 
KALABAKAN, SANDAKAN 

LABANG, KALUMPANG 
KULAPIS, CROCKER 

SAPULUT, TRUSMADI 
CHERT-SPILITE 

KUDAT, KULAPIS 
TEMBURONG, LABANG 
CROCKER, TRUSMADI 

SAPULUT 

CHERT-SPILITE 
CRYSTALLINE 

BASEMENT 

DEFORMATION EPISODE OF 
DIRECTION DEFORMATION 

COMPRESSION LATE MIOCENE 
NW-SE 

EXTENSION MIDDLE 
NW-SE MIOCENE 

COMPRESSION EARLY MIOCENE 
N-S 
& LATE 

NW-SE OLIGOCENE 

COMPRESSION 
NW-SE EARLY EOCENE 

N-S 

FAULTING, FOLDING COMPRESSION ? EARLY 
METAMORPHISM NW-SE ? CRETACEOUS 

Table 2.2. Summary of structures and their interpretations in Sabah 
(after Tongkul, 1991). 

The onland structure in the west of Sabah (the Crocker Accretionary Complex / Crocker 

Ranges) is dominated by an NE-SW trending uplifted belt of folded and faulted turbiditic 

sediments (comprising the Crocker, Sapulut and Trusmadi Formations). These 

sediments were inverted during the Middle to Upper Miocene inversion. According to 

Hutchison (1996) the cause of this inversion (the Sabah Orogeny) remains obscure. 

The Miocene sediments (Bongaya, Sandakan and Tanjong Formations) deposited in 

central Sabah form a system whose northeast-southwest trend parallels that of the Sulu 

Sea, and includes the Meliau, Malibau, Bukit Garam, Manjang and Sandakan Basins. 
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2.2.4 South China Sea 

North and west of Borneo, the South China Sea and basins contiguous to it cover a 

surface area of 2.32 x 106 km2. They are the result of a large amount of extension at the 

south China margin. According to Taylor & Hayes (1983), seismic and well data show 

that the onset of rifting along the south China margin most likely occurred during latest 

Cretaceous or Paleocene (65 ± 10 Ma). This predates the India-Asia collision which 

occurred at approximately 50 Ma (Besse et al., 1984). Extension ceased in the Middle 

Miocene. A significant amount of shortening is believed to have followed, mostly along 

the eastern and southern margins of the sea, from the Middle Miocene to the present 

(Holloway, 1982; Fricaut, 1984). Within the South China Sea, there are a number of 

fault-bounded micro-continental fragments, including Macclesfield and Reed Banks and 

the Spratley (Dangerous Grounds) and Paracel Islands, which rifted from the Chinese 

mainland (Taylor & Hayes, 1980). 

The South China Sea is floored by continental, attenuated continental and oceanic crust. 

Throughout this thesis the part of the South China Sea floored by oceanic crust is 

referred to as the South China Sea oceanic basin (SCSOB). The transition from 

continental to attenuated continental crust within the South China Sea is roughly 

coincident with the 1000 m bathymetry contour (Figure 2.9). The southern margin of 

the South China Sea is marked by the northeast-southwest trending Borneo-Palawan 

trough, which is a southeast-facing half-graben at the edge of the northwest Sabah 

platform. The Borneo-Palawan trough is interpreted either as a relict subduction zone, 
implying that the southern margin of the South China Sea was formerly active (e. g. 

Taylor & Hayes, 1980; Taylor & Hayes, 1983), or as a deep sedimentary graben in a 

passive margin (Fricaut, 1984; Hinz & Schluter, 1985). The eastern margin of the South 

China Sea terminates at the roughly north-south trending Manila Trench, where the 

oceanic basin is presently subducting beneath the Philippines Island arc. The northern 

margin abuts against the South China/Hainan margin. 

The SCSOB has been extensively surveyed over the last thirty years (e. g. Taylor & 

Hayes, 1980; Taylor & Hayes, 1983; Briais et al., 1989; Pautot & Rangin, 1989; Pautot 

et al., 1990; Briais et al., 1993; Coulon et al., 1995). SeaBeam bathymetry, single 
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channel seismic profiles, heat flow, magnetic and gravity data were collected, giving a 

clear picture of the physical structure and evolution of the basin. The oceanic basin may 

be divided into three subbasins - the northwestern subbasin, eastern subbasin and 

southwestern subbasin. The most prominent features within the basin are the deep valley 

of the relict spreading axis in the southwest subbasin, and the Scarborough seamounts 

chain in the eastern subbasin (Figure 6.29). 

The northwestern subbasin is a deep, thickly sedimented oceanic trough (c. 2000 m of 

sediments, Taylor & Hayes, 1983) trending WSW-ENE, that is located between the 

passive continental margin of south China and the continental blocks of Macclesfield 

Bank and Paracel Islands. To the east, the northwestern subbasin is continuous with the 

northern part of the eastern subbasin. 

The uniform structural fabric of the 200-km-wide axial part of the southwestern and 

eastern subbasins is characterised by a blocky basement, with normal faults striking ENE 

to NE and fracture zones striking NW, covered by a sedimentary layer which is less than 

1000 m thick (Briais et al., 1993; Pautot et al., 1990). North and south of the relict 

spreading axis, the sediment thickness increases from 1000 to 2500 m and the basement 

becomes much smoother. To the southwest, the fabric is characterised by normal fault 

scarps striking more homogeneously NE and fracture zone scarps striking NW. 

The Scarborough seamount chain is located within the eastern subbasin. Most of these 

large seamounts are elongated both in the direction of the ridge segments (N50°E) and 

along the transform faults direction (N140°E), suggesting that their growth was 

controlled by the pre-existing fractures in the oceanic crust (Batiza & Vanko, 1983; 

Pautot et al., 1990). The alkalic lavas that form the Scarborough Seamount chain are 

dated 11-6 Ma (Pautot et al., 1990). 

The location of the relict spreading axis within the southwestern and eastern subbasins 

may be deduced from bathymetry, the geometry of inward-facing normal faults and 

gravity data. Sediments are irregularly distributed along this extinct spreading centre. 

The average sediment thickness increases from 500 m in the northeast, near the ridge, to 
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1000 - 1500 m towards the southwest abyssal plain (Pautot et al., 1990). The 

southwestern tip of the fossil propagating ridge is located at 90 N, 110°15' E (Coulon et 

al., 1995). 

The oldest southeastern part of the oceanic crust in the basin appears to be partially 

concealed under a recent compressional thrust wedge and the thick sedimentation 
derived from it (Pautot et al., 1990; Briais et al., 1993). 

Table 2.3. Seafloor spreading in southwestern (A) and eastern subbasins (B) of 
South China Sea Oceanic Basin, from Briais et al. (1993). Location of Points A 

and B shown in Figure 2.11. 

Anomalies Age end, Ma Full rate, mm/yr 
Point A 

Full rate, mm/yr 
Point B 

Patriat's [1987] Method 
End - Sc 15.64 49 56 
5c-5d 16.56 35 52 
5d-5e 17.81 43 34 
5e-6 19.00 34 36 
6- 6a 20.45 41 44 
6a - 6b 21.73 36 36 

6b -jump 23.44 36 45 
jump -8 25.91 60 

8-9 27.74 44 
9-10 29.32 62 
10-11 30.32 93 (? ) 

Hellinger's [1981] Method 
End - Sd 15.64 40 55 
Sd - Se 17.81 39 30 
5e -6 19.00 36 32 
6- 6a 20.45 37 42 
6a - 6b 21.73 36 44 
6b -8 23.44 52 
8-9 27.74 52 

9-10 29.32 55 
10 -11 30.32 92 (? ) 
8-10 27.74 50 

A model of seafloor spreading within the SCSOB (Figure 2.10) has been inferred from 

magnetic lineation data (Figure 2.11) by Briais et al. (1993) which superseded the earlier 
interpretations of Taylor & Hayes (1980) and Pautot et al. (1986). According to Briais 

et al. (1993) spreading first occurred in the northwestern subbasin (from 32 to 27 Ma), 

then jumped south in one or possibly two steps, creating the much larger eastern and 
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Figure 2.10. Sequential reconstruction of the opening of the 
South China Sea Oceanic Basin, from Briais et al. (1993). 
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southwestern subbasins (from 27 to 15.5 Ma). Spreading occurred at different rates in 

the southwestern and eastern subbasins. The average full spreading rate in the eastern 

subbasin is predicted at -50 mm/yr, and in the southwestern subbasin at -35 mm/yr 
(Figure 2.12, Table 2.3). These estimates have an uncertainty of about 5 mm/yr caused 

by an uncertainty in the spreading direction of 20°. Seafloor spreading probably stopped 

after anomaly 5c (15.5 Ma) throughout the entire basin. 

2.2.5 Mainland Asia and the Sunda Shelf 

The basement of mainland Asia is made up of a number of sutured continental fragments 

which were progressively accreted to the Eurasia landmass from the Late Devonian to 

the Cretaceous (Section 2.4.1). Paleomagnetic data indicates that Sundaland has 

undergone clockwise rotation during the last 40 Ma, following the collision of India. 

(Tapponnier et al., 1982). 

The shallow Java Sea separates Borneo from Java to the southwest and Sumatra to the 

WSW. Oblique subduction of the Indian plate beneath Sumatra has been accommodated 
by a large displacement right lateral strike-slip fault that coincides with the volcanic line. 

Sulawesi is separated from eastern Borneo by the Makassar Strait. The left lateral 

Adang and Sangkulurang faults offset the deep basins of the North and South Makassar 

Strait. The island of Sulawesi appears to be a major suture zone along which a large 

oceanic basin (probably the Neotethys) was subducted (Hamilton, 1979; Silver et at., 

1983a; Silver et at., 1983b). The Banda and Celebes-Sulu blocks were welded together 

along this suture zone in Middle Miocene time (Kundig, 1956). 
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2.2.6 Celebes and Sulu Seas Region 

The northeastern margin of Borneo is bounded by the Sulu and Celebes Seas. The Sulu 

and Celebes Seas are located at the convergent triple junction of three major plates - the 

Eurasian, Philippine Sea, and Australian plates. Thus the sources of potential intraplate 

stress are diverse (Rangin et al., 1995). This complex geodynamic environment is 

marked by active arc-arc or arc-continent collision zones, subduction zones, and long 

strike-slip fault zones (Rangin & Silver, 1990). In the east, these basins are currently 

being overridden by the Philippine Mobile Belt, which is colliding against the Palawan, 

Cagayan, and Sulu Ridges (Rangin et al., 1990b). In the south, a block that originated in 

Australia (the Sula platform) is colliding with Sulawesi forming the southern margin of 

the Molucca and Celebes Sea (Silver et al., 1983a; Silver et al., 1983b). 

The Celebes and Sulu seas are deep (4000 - 5000 m) restricted basins located between 

the island of Borneo to the west and the north-south elongated Philippine Archipelago to 

the east. They are part of a succession of subparallel oceanic basins trending roughly 

northeast. Separating the basins from south China to Banda are narrow, elongated 

ridges such as the Cagayan Ridge, the Palawan and Sulu Archipelagos, the arms of 
Sulawesi, and the Sulu platform, Figure 2.13. Cross-sections from Reed Bank to Central 

Sulawesi and Halmahera, shown in Figure 2.14, reveal the Neogene internal deformation 

of the Celebes-Sulu block (Rangin & Silver, 1990; Rangin & Silver, 1991). These 

transects are based on published refraction, multichannel seismic and dredging data, as 

well as land geology observations. 

The Celebes Sea contains middle Eocene oceanic crust (Packham, 1996). Weissei 

(1980) mapped magnetic anomalies 20 to 18 (46-52 Ma) which parallel the Sulu ridge 

and young to the south, into the North Sulawesi Trench. Evidence suggests a possible 
(although controversial) anticlockwise rotation of the Celebes Sea (Weissei, 1980; 

Shibuya et al., 1989). Silver & Rangin (1991) concluded that the Celebes Sea is either a 

marginal basin formed behind an arc or a trapped fragment of a larger entity, including 

the Molucca Sea now separated from it by the narrow Sangihe Arc. Assuming that the 

arc is not allochthonous the Celebes Sea has a backarc relationship to the Palaeogene 
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volcanic rocks in the north arm of Sulawesi (Ratman, 1976) and the eastern part of the 

southwest arm (Sukamto, 1982) where they have been broadly dated as lower Eocene to 

upper Oligocene. Marginal basin formation was probably enhanced at anomaly 20 time 

when Australia increased its velocity away from Antarctica from c. 10 mm/yr prior to 

anomaly 20, to about 30 mm/yr between anomalies 18 and 20 (Royer & Sandwell, 

1989). Subduction of the Celebes Sea is taking place at the present day at the Cotaboto 

Trench to the east and at the North Sulawesi Trench to the south, Figure 2.13. 

On its northwestern side, the Sulu Sea is bounded by the northeast-southwest trending 

island of Palawan and on its southwestern side by the northeast-southwest trending Sulu 

volcanic arc (or Sulu Ridge) which separates the Sulu and Celebes Seas. The Miocene 

Cagayan volcanic ridge also has a northeast-southwest trend and divides the Sulu Sea 

into two distinct subbasins - the southeast Sulu Sea Basin, floored by oceanic crust at 

water depths of as much as 5000 m (McCabe et al., 1985), and the northern Sulu Sea 

Basin which is floored by island arc or continental crust and where maximum water 

depths are less than 2000 m. This northern basin contains a thick sedimentary cover, 

amounting to more than 7500 m in places (Mascle & Biscarret, 1979). The southeast 

basin is characterised by a thin cover of sediments. Within this basin, poor quality 

magnetic anomalies are observed which are tentatively identified as being 30 to 10 Ma 

(Roesar, 1991) with an asymmetrical pattern. Caution is urged on the interpretation of 

these anomalies by Rangin & Silver (1991) as the smoothness of the oceanic crust 

implies a much faster spreading rate than that suggested by the observed magnetic 

lineaments (6 mm/yr). Scientific drilling results (Rangin & Silver, 1990) suggest that the 

southeast Sulu Sea Basin was initiated in latest Oligocene or earliest Miocene time. The 

oceanic crust of this basin is presently subducting along the Sulu Trench, Figure 2.14. 

The Cagayan Ridge appears to have formed by two successive episodes of volcanism 
(Rangin & Silver, 1991). The first was an episode of latest Oligocene-early Miocene age 

marked by eruptions of andesites and basalts. The second episode was marked by 

emplacement of large volumes of pyroclastics, from 19 to 16 Ma. 
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The accretionary wedge of the Palawan Ridge is composed of a complex pile of thrust 

slices with evident polyphase deformation (Rangin & Silver, 1991). Ophiolites are 

imbricated with a clastic sequence of late Paleocene to early Middle Miocene age 

(Raschka et al., 1985; Mitchell et al., 1986; Wolfart et al., 1986; Letouzey et al., 1988). 

Harzburgite bodies sliced with lower to possibly middle Eocene pelagic sediments and 

pillow basalts are thrust northwestward onto the limestone and clastic sequences (Rangin 

& Silver, 1991). These ophiolites may have originated in the northwest Sulu Sea Basin 

where a relict fragment of oceanic crust was suspected (Hinz & Block, 1990). 

Alternatively, they might represent remnant pieces of the proto-South China Sea (Rangirr 

& Silver, 1991). Obduction of these ophiolites occurred before collision ceased in early- 

middle Miocene time. 

The tectonic boundary between the rifted continental material of the south China margin 

and the Cagayan Ridge is difficult to trace because it is blanketed by Neogene sediments 

on both sides of Palawan Island. This suture zone was thought by Holloway (1982) to 

be represented by the Palawan Trench. Hinz et al. (1985) suggested the presence of a 

southward-dipping slab of continental crust below Palawan, reaching far into the Sulu 

Sea. According to this interpretation, based on analysis of multichannel seismic data, the 

Palawan accretionary prism represents the deformed and imbricated continental-slope 

sediments of the rifted south China margin. Hinz et al. (1985) interpret the Palawan 

Trough as a foreland thrust zone for the Cagayan-Reed Bank collision (Figure 2.14). 

Deformation has been inactive in Palawan and the northwest Sulu Sea Basin area since 

early-middle Miocene time, and a thick undisturbed package of Neogene sediments 

covers the folded sequences unconformably (Rangin & Silver, t991). 

The Celebes and Sulu Seas are separated by the shallow, partly emerged Sulu 

Archipelago (or Sulu Ridge), which is 150 to 200 km wide (Figure 2.13), and extends 

from western Mindanao (Zamboanga Peninsula) to northeast Borneo (Semporna and 

Dent Peninsulas, Sabah). Arc volcanic activity along the Sulu archipelago is Plio- 

Pliestocene in age. Basilan and Jolo islands are active volcanoes. Older volcanic-arc 

sequences are known at both ends of the archipelago (Rangin & Silver, 1991). Tawi- 

Tawi Island to the west is formed by dismembered ophiolites, probably similar to the 
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ones exposed in Sabah (Rangin & Silver, 1990). A Paleogene volcanic sequence is 

reported by Antonio (1972) in the Zamboanga Peninsula, where it is imbricated with 

ophiolites and metamorphic rocks (crystalline schists, marbles, and amphibolites). The 

Sulu Archipelago is fringed on the northwest by a trench shallowing progressively to the 

southwest and deepening eastwards towards its junction with the Negros Trench. No 

focal mechanism has been determined for this south-dipping subduction zone and the 

related volcanoes are in the fumarolic stage (Rangin & Silver, 1990). The southern flank 

of the Sulu Archipelago is a relatively steep slope which is interpreted either as a normal- 

faulted passive margin or as a starved subduction zone (Rangin & Silver, 1991). Single- 

channel seismic lines published by Hamilton (1979) do not clarify this ambiguity. 

Towards the east, the Sulu and Celebes seas are bounded by the Negros and Cotabato 

Trenches, Figure 2.13, separating these basins from the central and southern part of the 

Philippine Mobile Belt (PMB) (Gervaiso, 1971). These short subduction zones are the 

southern extension of the Manila Trench (Lewis & Hayes, 1984). This trench enters the 

North Palawan Platform offshore Mindoro (Rangin et al., 1988) and connects southward 

with the northern Negros Trench through complex strike-slip and wrench faults 

(Marchadier & Rangin, 1989). To the west of this active and recent plate boundary, the 

PMB is a mosaic of allochthonous terranes extending from Luzon to Mindanao (Karig, 

1983; McCabe et al., 1985; Mitchell et al., 1986). To the east, the PMB is again 

composed of a mosaic of terranes, bounded to the east by the Philippine Trench and the 

East Luzon Trough (Lewis & Hayes, 1983) and dissected by the complex left lateral 

Philippine fault zone (Allen, 1962). 

The eastern part of the Philippine islands is substantially composed of rocks built up by 

island arc processes from the Cretaceous onwards, on oceanic basement dating back to 

Late Jurassic (Geary et al., 1988). Continental basement of at least Jurassic ag.; is 

present in the west around Mindoro and western Panay. This basement is an extension 

of the North Palawan Block on the South China Sea drifted margin (Packham, 1996). 

Pubellier et al. (1991) have identified a terrane in western Mindanao, including 

Zamboanga and the Daguma Range, which may also be continental. These continental 
blocks, part of the Asia margin, were incorporated into the Philippines as the Philippine 
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Sea plate rotated clockwise and an essentially transform boundary brought the south to 

southwest facing Philippine arc northward to collide obliquely with the Asian margin 
(Packham, 1996). 

2.2.7 Sedimentary Basins 

A total of 135 basins delineated at the 1 km isopach contour have been identified in the 

offshore and nearshore areas of East Asia (CCOP, 1991). Examination of this data 

reveals that the East Asia region is still a relatively underdeveloped and unexplored 

region, as 80 % of the basins are very sparsely investigated or totally unexplored. 
Production of oil or gas is established in 27 of the basins. However, a large proportion 

of the sparsely to unexplored basins are found at great water depths or in very remote 

areas (CCOP, 1991). 

The South China Sea is rapidly developing into the most important hydrocarbon 

producing province of Southeast Asia, with significant production in Thailand, Malaysia, 

Indonesia, Brunei, the Philippines and China and with the beginnings of exploration 

offshore Cambodia. The producing basins have developed by simple rifting, by complex 

rifting associated with major strike-slip faults, and in collision environments. The three 

major deltaic complexes, at the mouths of the Red River, the Mekong and the Baram, are 

all proven sources of oil or gas but the majority of production to date has come from the 
Baram Delta which, although the smallest of the three, has been the most intensively 

explored. A peculiarity of the area is the preponderance of lacustrine source rocks, 

major marine incursions having occurred only during the Neogene. A second factor in 

the petroleum geology of the area has been the relatively high heat flow and elevated 

geothermal gradient, as a consequence of which sediments as young as Pliocene have in 

places entered the oil window (Milsom & Moss, 1993). 

A number of sedimentary basins are identified offshore northwest of Borneo, around the 

edge of the South China Sea and on the Sunda shelf, as shown in Figure 2.15. Following 

\ 

78 



100 102 104 106 108 110 112 114 116 118 120 

22 

20 

18 

16 

14 

12 

10 

8 

6 

4 

2 

0 

1 4W 22 
40 

Opp 

kou Basin Au ng BeibdOWan 8 S<n 
or 20 

Ying sin 
South Bijia Basin 

shaM$asin 18 Shuang Feng Basin 
Basin 

16 

SOUTH CHINA SEA OCEANIC BASIN 
14 

k 

Quangl1a Basin 

Northern Palawan in 12 

in ca 10 
South 

Nam Basin Nyi 

r 

8 

a in 
Wda Basin6 

Sar gu asinSsWest 
Natuna Basin 

Basin EastJatuna T4n Basin 

2 

0 

100 102 104 106 108 110 112 114 116 118 120 

Sediment Thickness 

0 1000 2000 3000 4000 5000 6000 /000 8000 9000 10000 11000 12000 13000 14000 
(m) 

Figure 2.15. Total Sedimentary Isopach Map, Offshore Southeast Asia. Data 
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the basin classification system of Klemme (1983), Figure 2.16, three types of basin are 
identified: 

" Rifted passive margin basins (type IIIC), found along the southern margin of Eurasia, 
including the Mekong, Nam Conson, Southeast Hainan and Zhujiangkou (Pearl River 

Mouth) Basins. 

" Continental rift basins (type IIIA), formed by complex rifting associated with major 

strike-slip faults in the Gulf of Thailand region, such as the Malay and Pattani Basins. 

" Crustal collision zone basins (type IIA) such as the Sabah and North Palawan Basins, 

which are found along the eastern and south-eastern margins of the South China Sea. 

f 
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2.3 Tectonic Reconstructions of Southeast Asia 

Southeast Asia has been an area of diverse and rapidly changing tectonic and 

sedimentary environments throughout the last 100 Ma or so. It is generally agreed that 

large-scale plate motions provided the ultimate driving force of the main periods of basin 

formation in Southeast Asia (e. g. Hamilton, 1979; Hutchison, 1989). There are three 

main schools of thought regarding the Cenozoic tectonic evolution of Southeast Asia and 

specifically the Sunda Shelf - South China Sea region, which are discussed below. 

The first attributes all the tectonic movements in the region to the collision and 

northward movement of the Indian plate into the Eurasian margin. The effect of this 

indentation propagated eastward in time, causing the block rotation of Southeast Asia 

(Figure 2.17). This rotation led to fracturing of the crust within the South China Sea and 

the opening of the South China Sea oceanic basin. The northwestern margin of Borneo 

is believed to be a simple continent-continent collision zone. This school of thought is 

based on the results of plasticine collision models which assume (unrealistic) free- 

boundaries at their eastern and southeastern edges. Proponents of this scheme include 

Peltzer & Tapponnier (1988) and Fournier (1994). 

Briais et al. (1993) attribute the tectonic evolution of the South China Sea to extrusion 

tectonics. They propose that the India-Eurasia collision resulted in large (500 - 600 Ian) 

left-lateral displacement along the Red-River-Ailao Shan shear zone, which drove 

extension and the formation of oceanic crust within the South China Sea (Figure 2.18). 

As with the indentor tectonic models, the northwestern margin of Borneo is believed to 

be a simple continent-continent collision zone. One problem with this model lies in the 

fact that extension started at the south China margin some 10 to 15 Ma before the 

collision of India and Eurasia (Section 2.2.4). 

The third school of thought believe that extension and rifting of material from the south 

China margin was caused by slab pull from the southwards subduction of the `proto- 

South China Sea' which has since been totally consumed. This model was first proposed 
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Figure 2.17. Indentor tectonics model explaining the evolution of SE Asia (block B 
as the result of the India/Eurasia collision, from Peltzer & Tapponnier (1988). 
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Figure 2.18. Tectonic reconstruction of SE Asia, from Briais et al. (1993). 
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by Taylor & Hayes (Figure 18,1983) and has been subsequently refined, the most recent 

model being that of Hall (1996) which is discussed in Section 2.4.2. 

The models proposed for the tectonic evolution of the region also vary in terms of detail 

due to different interpretations of the rather scant (in places) and occasionally 

contentious geological data. One obvious example concerns the rotation(? ) of Borneo: 

The results from paleomagnetic studies of Borneo have been reported from Kalimantan 

and Sarawak (Haile et al., 1977; Haile, 1979) and from Sabah (Schmidtke et al., 1990). 

Haile et al. (1977) reported paleomagnetic data from the Late Cretaceous basement rock 

of western Kalimantan. Their study suggested a 50° anticlockwise rotation with no 
latitudinal change for the western portion of Kalimantan since the Cretaceous. 

Paleomagnetic data from Oligocene/Miocene red beds on Sarawak were reported by 

Haile (1979). These results are not distinguishable from the present magnetic field 

suggesting that any anticlockwise rotation of Kalimantan was complete by the late 

Tertiary. The data of Schmidtke et al. (1990) imply up to 108° of anticlockwise rotation 

of Kalimantan with respect to Eurasia sometime during the Cretaceous or Cenozoic. 

Current views of the rotational history of Borneo divide into two opposing groups, one 
favouring a significant anticlockwise rotation of Borneo in the Tertiary and the other 
favouring an essentially stationary Borneo. However, both hypotheses are based on 
limited data sets which have often used samples from locations near major tectonic 
lineaments and/or allochthonous areas, so their validity is questionable (Moss, 1994). 

More fundamental problems also limit the validity of plate tectonic reconstructions which 

currently describe the interactions between slowly moving, large plates with relatively 

simple geometries. These reconstructions ignore the fact that convergence of continent- 

continent collision zones continues for a long time after the initial collision, and that 

much deformation of continents may be distributed rather than concentrated at plate 

margins (Hall, 1997). 

85 



Finally all of the tectonic reconstructions have a large degree of uncertainty in the 

vicinity of the numerous old and active subduction zones where there is little constraint 

on the amount of subducted crust. 

,ý 
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2.4 Tectonic Evolution of Southeast Asia 

This section summarises the geological history of Southeast Asia in the context provided 

by the reconstructions of Metcalfe (1996) and Hall (1996). The reconstruction of 

Metcalfe (1996) covers the interval from the Early Carboniferous to the Late 

Cretaceous, and the reconstruction of Hall (1996) runs from 50 Ma to the present day. 

A number of other sources have been used, including Briais et al. (1993), Daly et al. 
(1991), Lee & Lawyer (1993), Milsom & Moss (1993) and Richter & Fuller (1996). 

2.4.1 Pre-Cretaceous Tectonic Evolution 

During the last decade, a number of pre-Cretaceous continental terranes have been 

recognised in East and Southeast Asia. These terranes are bounded by sutures 
(representing former oceans), narrow mobile belts or major fault zones (Figure 2.19). It 

is probable that all these terranes were derived from Gondwanaland (Metcalfe, 1996). 

The evolution of Gondwanaland and Tethys during the Paleozoic and Mesozoic involved 

the rifting of continental slivers/fragments from northern Gondwanaland, and their 

northwards drift and amalgamation/accretion to form proto-East and Southeast Asia. 

The northwards drift of these terranes was accompanied by the opening and closing of 
three successive oceans, the Paleo-Tethys, Meso-Tethys and Ceno-Tethys. 

According to Metcalfe (1996), assembly of Gondwanaland-derived Asian terranes 
(Figure 2.20) began with the amalgamation of South China and Indochina/East Malaya 

along the Song Ma/Song Da zone during the Late Devonian/Early Carboniferous to form 

'Cathaysialand'. The Tarim, Kunlun, Qaidan and Ala Shan terranes accreted to 

Kazakstan/Siberia in the Permian. Suturing of Sibumasu and Qiangtang to Cathaysialand 

occurred in the Late-Permian-Triassic. South and North China amalgamated and then 

accreted to Laurasia by Late Triassic-Early Jurassic times. The highly disrupted 

Kurosegawa terrane of Japan accreted to Japanese Eurasia in the Late Jurassic. The 

northwest and southeast Hainan terranes, reached their current positions, relative to 

87 



INDIA 
9ý 1 

(n n 

29 

2a ý; 28 PHILIPPINE ? Oý 

2vß `f 
SEA PLATE 

5 

2 
SOUTH 
CH/NA 

0 500 km SEA 
ýi 

5 
3 

ANDAMAN 

fqEA r 
LEGEND 18 

XXXX Suture 

nnn Thrust ml / 18 21 
/ 

CELEBES 
n 

Inactive Trench g 
� 

4 22 

SEA 

°A_ Active Trench ° 

Terraria Boundary ~r 9 
1 

/ 

' 13-ý o0 

--" Interred Terraria Boundary 8 
Q1 g 42 

ý" 

D 
Oceanic Crust 

BANDA 

Aoaeled Crust . +r SEA 

Eclsrided Corrtfnental Crust ýý 

Continental Blocks and Fragments 
A 

2120E 
"I 

AUSTRALIA 

Figure 2.19. Distribution of continental blocks and fragments (terranes) and principle 
sutures of SE Asia (from Metcalfe, 1996). 1. South China; 2. Indochina; 3. Sibumasu; 
4. East Malaya; 5. West Burma; 6. SW Borneo; 7. Semitau; 8. Sikeluh; 9. Natal; 10. 
West Irian Jaya; 11. Buru-Seram; 12. Buton; 13. Bangai-Sula; 14. Obi-bacan; 15. North 
Palawan; 16. Spratley Islands-Dangerous Ground; 17. Reed Bank; 18. Luconia; 19. 
Macclesfield Bank; 20. Paracel Islands; 21. Kelabit-Longbowan; 22. Mangkalihat; 23. 
Paternoster; 24. West Sulawesi; 25. East Sulawesi; 26. Sumba; 27. Banda Allochthon; 
28. Qiongzhong and Yaxian terranes of Hainan; 29. Simao terrane. 

88 



EUiA81A 
Sa Sc 

C 

ýýS 

MESO-TETHYS 
N 

"...,,, M 

el ll B- 
W-ATER'". ý-"_Oo' WW ` 

INDLA 

N. GUINFA A A 

AUSTRALIA 

80 
ANTARCTICA 

(a) LATE JURASSIC 

sc 
PACIFIC OCEAN 

ý'i 

7E "- 
0 sr 

CENO-TETHYS ws 

6a 

EEO ea-sý aF¬ATEP ". 

-30 
INOtu 

'" B-S 
WIJ 

N. GUINEA 
INMA 

INDIAN "t. ........ 

ocF« , 
`; 

AUSTRAUA 

ýýý "Omw"c" LATE CRETACEOU 

EUPASIA 
SG ac 

a MESO-TETHYS SE 
SI M 

N 
Vv 

'. 

pSm ý Bý "...: 

30 
CENO-TETHYS 

ES p 
M'g ,...... Be s 

ßp6 ý" i`"^, 21 9u- &S 
WIj 

Tw*vdw 
GREATER TM nor 

MIA A 

AUSThALIA 

(b) EARLY CRET 

Palaeogeographic reconstructions for Eastern 
Tethys in (a) Late Jurassic, (b) Early Cretaceous and 
(c) Late Cretaceous times. SG, Songpan Gangzi 
accretionary complex; SWB, South West Borneo; 
SE, Semitau; Si, Sikule '; N, Natal; M, Mangkalihat; 
WS, West Sulawesi; Ba, Banda Allochthon; ES, East 
Sulawesi; 0, Obi-Bacan; Ba-Su, Bangai-Sula; 
Bu, Buton; B-S, Buru-Seram; WIJ, West Irian Jaya; 
Sm, Sumba; PA, Philippine Arc. M numbers represent 
Indian Ocean magnetic anomalies. 

Figure 2.20. Late Mesozoic reconstructions for Eastern Tethys (from Metcalfe, 1996). 

ýý 

89 



South China, sometime in the Jurassic-Cretaceous. The Lhasa, West Burma and Woyla 

terranes drifted northwards during the Jurassic and Early Cretaceous as the Meso-Tethys 

was destroyed by subduction below Eurasia. Accretion of these terranes to proto- 
Southeast Asia occurred in the Cretaceous. 

2.4.2 Cenozoic Tectonic Evolution 

The Cenozoic evolution of Southeast Asia was the result of four major tectonic events, 

namely the collision of India with Eurasia, extension at the southern margin of South 

China, rotation of the Philippine Sea plate, and the ongoing collision of Australia with 

eastern Indonesia (Packham, 1996). 

The Cenozoic model of Hall (1996) is quite well constrained on a regional scale as the 

motion of the Indian-Australian and Eurasian plates are reasonably well known. Their 

positions provide limits to the zone within which the Southeast Asian collage of 

microplates and sub-plate fragments can be moved during the tectonic reconstruction. 
The sequential reconstruction of the evolution of Southeast Asia of Hall (1996) is shown 
in Figure 2.21. 

During the Eocene, the region which now forms Southeast Asia was attached at the 

north and west to the Eurasian plate, and bounded to the south by the Indian-Australian 

plate. 

In an attempt to simplify the highly complex regional tectonic evolution, the effects of 

the different tectonic events are discussed separately. However, it should be born in 

mind that none of these events took place in isolation. 

The India Asia Collision 

Southeast Asia moved with respect to Eurasia during the Cenozoic (Hall, 1996). The 

India-Asia collision, initiated in the Paleogene, indented the margin of Eurasia, with the 

.. f, 

9- 



A 

B 

mit 
\ýf 

snub, a, ti. 
r 

,f rl _/ r 50Ma 
End Eady Eocene 

PACIFlC\ 

loaowW. PLATE / 
rbn� 4Fdaýn 

,{ý 

EURASIAN 
PUTE 

SoLth Chvia See 

NORTH NEW GUINEA 
PLATE 

Soot '- 0" 
ý"'�/ ýý ý.. ' 

W. 9 PHILIPPINE SEA S" 

y ýw PLATE 

Eyi GP. n.. 10-1 

INDIAN-AUSTRALIAN PLATE i 
(P 

M 9ubwý 

904 100. E 110. E iPf t l0'E 140"E 150. E NPJ 

/ 

PACIFIC 
PLATE 

EURASIAN 
PLATE 

pmb- 
SaAh Chas See MW PhAIR M Sa. 

1 ýýp stsiW 
/ tom Cdýbrý Sw 

sL6a. NW Of 
prof*-= boom 

Qy aroK» 
ý` -L fine No eop Of 
J" cd. o. ý 

R 
vha, ýp., s S. i- -- See Pldr 

Arc. c y Of SOLO O1 

INDIAN-AUSTRALIAN PLATE 

?I 

Figure 2.21. Model of tectonic evolution of SE Asia, from Hall (1996). 
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strain of the collision being absorbed by substantial crustal thickening. Models (e. g. 
Tapponnier et al., 1986) suggest that much of the deformation associated with the India- 

Eurasia collision was accommodated by rigid clockwise rotation of fragments of the 

Eurasian plate and southeastward translation and deformation of the Indochina and 
Sibumasu blocks out of the collision zone (Richter & Fuller, 1996). Active subduction 

of the Indian plate at the Sunda and Java Trenches continues to this day. 

Extension at the south China margin 

The southwest Borneo and Semitau terranes, derived from the South China/Indochina 

southern margin, were emplaced in the Late Cretaceous to Eocene. 

Subduction of the proto-South China Sea began in the Middle Eocene at its southern 

margin when a trench north of Zamboanga-Luzon became active due to the rapid 

opening of the Celebes Sea-West Philippine Sea Basin (active spreading in the Celebes 

Sea-West Philippine Sea Basin ended at 34 Ma). By the Early Oligocene, extension in 

the Sunda Shelf and in the Eurasian continental margin was being driven by the pull of 

the subducting proto-South China Sea slab. 

The subduction of the proto-South China Sea rifted the Reed Bank-Dangerous Grounds 

terrane from south China and produced the NE-SW trending South China Sea and a 

series of basins along the south China margin, including the Southeast Hainan and Pearl 

River Mouth Basins. The South China Sea oceanic basin first opened north of 
Macclesfield Bank at 32 Ma (Briais et al., 1993). The active spreading ridge later 

jumped south of Macclesfield Bank at 27 Ma. The final spreading phase in the South 

China Sea was the southwest propagation of the oceanic basin spreading ridge into the 

Sunda Shelf, which stopped at the end of Early Miocene when the Dangerous Grounds 

r block collided with northern Borneo (Noad & Harbury, 1996). 
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Collision ofAustralian and Philippine Sea Plates with Eurasia 

Around 50 Ma, the Indian-Australian plate was converging northwards on the Sunda 

Shelf, and the early rotation of the Philippine Sea plate began. Significant arc activity, 
including arc magmatism and arc splitting occurred over the next c. 25 Ma at the active 

subduction zones. 

The Late Oligocene collision of the Australian continental margin in New Guinea, and 

the Bird's Head microcontinent block with the arc from north Sulawesi to Halmahera, 

caused a major reorganisation of plate boundaries and major effects which propagated 

westwards through the region. By the Early Miocene this had prompted the 

anticlockwise rotation of Borneo and parts of Malaya, Sumatra and Java, and caused 

inversion in the Natuna basins (Hall, 1996). 

The Philippine Sea plate began to rotate clockwise in the Early Miocene initiating new 

subduction systems at its western edge. This ultimately led to the assembly of the 

Philippines Archipelago, initiated new arc systems from north Sulawesi through to the 

Philippines, and led to the growth and partial destruction of marginal basins such as the 

Sulu Sea. The continued rotation of the Philippines Sea plate had, by 15 Ma, resulted in 

the elimination of the Molucca Sea plate and the westward accretion of fragments torn 

from the northern Australian margin (including the Bird's Head microcontinent) into the 

Southeast Asian plate boundary zone. The controversial anticlockwise rotation of 
Borneo and the related rotations of Sundaland are believed to have terminated in the 

Late Miocene (Hall, 1996). 

The collision of the Philippine arc and the Eurasian continental margin occurred in 

Taiwan at c. 5 Ma. The Philippine Sea plate motion then changed, initiating new 

subduction systems, such as those currently active on the east and west sides of the 

Philippines. 
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2.4.3 Current Tectonic Activity 

Today, the terranes of Southeast Asia form a broad orogenic belt between the 

converging Eurasian and Indo-Australian plates. 

The active tectonics can be characterised by the interactions of large, rigid plates 

separated by broad zones of deformation. The active tectonics of Sumatra, the 

Himalayan thrust, the Philippines, the New Guinea fold-and-thrust belt, the Huon- 

Finisterre collision, and the San Cristobal Trench can be understood in terms of upper 

plate deformation associated with oblique convergence. Western Java may also exhibit 

partitioning of oblique subduction (McCaffrey, 1996). 

.' 
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CHAPTER 3 

The Marine Gravity Field 
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CHAPTER 3. THE MARINE GRAVITY FIELD 

3.1 Introduction 

Until recently, the Earth's offshore gravity field was less densely sampled than the 

onshore gravity field, and it was consequently less well mapped and understood. 

Although the marine gravity field has been measured for many years using shipborne 

gravity meters, these measurements have been distributed very unevenly. Older ship 

gravity data also suffer from large datum and reduction errors. Satellite altimetry has 

been used to measure the marine gravity field since the 1970's, and provides a more even 

global coverage of gravity measurements, as illustrated in Figure 3.1. 

Maps of marine free-air gravity anomalies are usually obtained: 

" with regional gravity data sets obtained from the inversion of satellite derived geoid 

heights 

0 by a process like least squares collocation, which combines all of the available 

marine gravity data 

0 with predictions made using distant data and/or topo-isostatic models 

Results from a number of radar satellite missions have greatly increased the resolution of 

the marine gravity field in the last ten years. However the success with which the marine 

gravity field is determined still relies on the distribution and quality of the available data. 

This chapter discusses the factors that limit the accuracy and resolution of both ship and 

satellite gravity (Sections 3.2 and 3.3), and also the techniques used to merge these data 

sets (Section 3.4). This information may be used when examining a marine gravity map 

in order to determine areas where the gravity field remains poorly resolved, as discussed 

in Section 3.5. 
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3.2 Ship Gravity 

Shipborne gravity measurements have been collected for many years during geophysical 

and oceanographic surveys. The utility of these data is limited by the semi-random 

distribution of the ship tracks, which are mainly concentrated in areas of known 

geological interest or along major shipping routes. 

Raw ship gravity data can be subject to errors of up to a few tens of mGal. A major 

factor in the accuracy of processed ship gravity data is the quality of the ship's 

navigation, because the navigation data is used to calculate the Eötvös correction. The 

Eötvös correction, Ogv, removes the effect of the centripetal acceleration acting on a 

moving gravity meter caused by the ship's velocity (the Eötvös effect), and may be 

written: 

AgV = 4.04OVcosýsina + 0.001211V2 mGal (3.1) 

where V is the velocity of the ship in km/hr, 4 is the latitude of the ship, and a is the 

heading with respect to true north (Telford et al., 1990). In order to achieve a1 mGal 

accuracy for a ship travelling at 18 km/hr at the Equator in a roughly E-W direction, for 

example, it is necessary to know the heading to better than 1° and the velocity to better 

than 0.4 km/hr. Ship gravity data obtained without GPS or DGPS satellite navigation 

are therefore likely to contain significant errors due to the incorrect computation of the 

Eötvös correction. 

High frequency vertical wave-induced vibrations of the vessel carrying the marine gravity 

meter do not influence the gravity readings owing to the filters built into the gravity 

meter. Hence the accuracy of gravity measurements does not depend too much on the 

state of the sea surface. Longer period waves may be recorded and may produce `. 

significant accelerations. The standard deviation of the amplitude of these waves is of 

the order of 0.1 m (Chao et al., 1993). A long wavelength error also arises when the sea 

surface (geoid) deviates significantly from the ellipsoid, to which the ship gravity 

measurements are referenced. According to Rapp & Pavlis (1990), the global mean 
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value of this error is 0.27 mGal (the standard deviation is ± 1.54 mGal). Asymmetric 

spring-type gravity meters such as the LaCoste & Romberg are prone to cross-coupling 

errors when the horizontal accelerations of the ship are translated into vertical 

accelerations of the gravity meter during data acquisition, Figure 3.2. Other sources of 

error include gravity meter off-leveling, nonlinear drift and mechanical ̀tares' or `jars' of 

the gravity measuring system. These errors are summarised in Table 3.1. 

Table 3.1. The principal sources of error in marine gravity surveys. 
From Wessel & Watts (1988). 

Source Errors 

Instrument Dynamic sensitivity of sensor 
Cross-coupling (asymmetric spring-type gravity meters) 
Off-levelling 
Mechanical ̀ tares' of suspension constraining mass displacement 
Nonlinear drift 

Navigation Incorrect Eötvös correction 
Incorrect positioning 

Other Incorrect tie-in to base station 
Inconsistent use of reference field 

It is difficult to quantify the accuracy of ship gravity data because the types of 

navigation, measuring system response and sea conditions vary widely. The principal 

method used to estimate the accuracy of gravity data at sea has been the analysis of the 

difference in free-air gravity anomaly values at intersections of ship tracks (Talwani, 

1971). This is called crossover error (COE) analysis. Wessel & Watts (1988) analysed 

marine gravity data worldwide and their map of the standard deviation of COE is shown 

in Figure 3.3. 

.' 

Long wavelength and datum errors in ship gravity survey data may be reduced by either: 

(1) application of a simple datum shift (Heiskanen & Moritz, 1967; Mainville et al., 

1992); (2) processing using the along-track gravity gradient (Kirby & Hipkin, 1994); or 

(3) adjustment to the satellite-only gravity field using a quadratic polynomial in time 

(Hwang et al., 1994). 
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Figure 3.2. LaCoste & Romberg gravity meter suspension. Horizontal 
accelerations of the gravity meter cause the pivoted weight to move in the 

vertical plane and result in cross-coupling errors during gravity measurement. 
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Figure 3.3. Map showing the standard deviation of ship gravity crossover errors 
(COEs) within 10° x 10° blocks. High COE values seem to correlate with regions 
of rapidly varying high-amplitude gravity field, whereas low values are generally 

found over the abyssal plains. Intermediate COEs are found along continental 
margins. The white regions have no COEs. From Wessel & Watts (1988). 
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3.3 Satellite Gravity 

3.3.1 Introduction 

The Earth's marine gravity field may be measured using satellite altimetry. 

Characteristics unique to satellite altimetry are: (1) the high accuracy with which the sea 

surface topography, wave height and wind speed can be measured, and (2) the ability to 

collect a global set of these measurements in a time interval of only a few days (Stewart, 

1985). Satellite altimetry yields the best regional-scale (wavelengths > 100 km) maps of 

gravity for all of the oceans, and provide coverage of remote areas sparsely surveyed by 

surface ships. Major geophysical findings from satellite altimetry have been largely 

derived from the shorter wavelength gravity anomalies (< 1000 km). Because these 

short-wavelength gravity anomalies primarily originate from density anomalies within the 

crust and upper mantle, altimetry has revealed a great deal about these shallow layers. 

As the sea floor is a shallow, prominent density boundary, shorter wavelength gravity 

anomalies tend to be highly correlated with sea floor topography. These gravity 

anomalies also tend to be strongly correlated with basement and Moho topography 

(Douglas et al., 1987). 

In this section, the discussion of satellite altimetry is divided into three parts. Section 

3.3.2 describes the basic methodology. In order to keep this section from being too 

long, the main sources of error are discussed in Section 3.3.3. Finally, the satellite 

altimeters which acquired the gravity data used in this study are discussed in Section 

3.3.4. 

1 

104 



3.3.2 Satellite Altimetry 

3.3.2.1 Overview 

Four processing stages are followed when the Earth's gravity field is determined from 

satellite altimetry. First, the instantaneous sea surface height is determined, and the non- 

gravitational components of the sea surface topography are removed. The data are then 

edited to remove outliers (erroneous data points), and finally converted to gravity values, 

ready for compilation into maps and data sets. For reference, Figure 3.4 shows the 

magnitude of various quantities related to the Earth's gravity perturbations at different 

resolutions. 

3.3.2.2 Measurement of Sea Surface Height 

A pulse-limited satellite altimeter directs a short pulse (3.1 ns) of microwave radiation 

towards the Earth, which fans out in the atmosphere to illuminate a `footprint' on the 

ocean surface. The size of this footprint depends on the frequency of the radar and on 

the sea state, and varies between 2 and 20 km in diameter (Jolly, 1996). The altimeter 
infers the height of the satellite above the ocean surface from the two-way travel time of 

the reflected pulse. Corrections are made to this height measurement for instrumental, 

atmospherical, sea state and tidal effects. Using precise orbit data calculations, the 

height of the sea surface relative to the reference ellipsoid is then determined. The 

geometry of this measurement is shown in Figure 3.5. 

The satellite altimeter derived observation of sea surface height, h, may be described by 

h°=h+e+he (. 2) 
ýr 

where h° is the observed height, hB is a bias that is the sum of the invariant bias in the 

altimeter and the error in the knowledge of the semi-major axis of the Earth's reference 

ellipsoid (Marsh et at., 1990), and cis the error of the observation: 
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Figure 3.5. Altimeter measurement geometry, from Visser et al. (1993). 
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E=+i+e-e`+i°+tl"'+e+ + ee+ e +n (3.3) 

where e is the orbit error, d is the instrument error, e and t` are the errors in 

correction for delay caused by water vapour and other gases in the wet and dry 

troposphere respectively, i° is the error in correction for delay caused by free electrons 

in the ionosphere, "' is the error due to liquid water in rain and clouds, e" is the error in 

correction for sea state related bias, ? is the error in correction for barometer effects, e 

is the error in correction for ocean tides, t`= is the error in correction for Earth tides 

(deformation of elastic Earth), and n is the measurement noise. 

3.3.2.3 Removal of Sea Surface Topography 

If the sea surface was only influenced by gravitational forces, it would coincide with the 

geoid, which is the equipotential surface of gravity coinciding with the mean sea level. 

However, superimposed on the geoid undulations are the generally much weaker and 

often short lived undulations of the sea surface topography. Phenomena which influence 

the sea surface topography include meandering currents, western boundary currents, gyre 

circulations, zonal equatorial flows, tropical circulation, mesoscale eddies 

(,, < 1000 km), tides, storm surges, winds, variations of atmospheric pressure, rings of 

anomalous water temperature, seasonal variations of temperature and salinity, possible 
long-term climatic changes, and eustatic changes of sea level (Apel, 1980; Tschernia, 

1980; Fu & Cheney, 1995). Maximum variabilities correspond to seasonal (30%) and 

interannual fluctuations. Seasonal fluctuations are caused by local changes of wind curl 

(Chao et a!., 1993). 

Relative to the GRS80 reference ellipsoid, the RMS spatial variability of the geoid is 

about 25 m (Wunsch & Zlotnicki, 1984). The time-varying changes of sea surface 

topography, although small compared to the permanent undulations created by the 

geopotential, are large compared to the precision (a few cm) of the modern satellite 

altimeters (Section 3.3.4). Other fluctuations of the same magnitude as ocean tides and 
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currents result from the inverse barometer effect and wind effects (Cartwright & Ray, 

1990). 

As the geoid height (N) is required for gravity field determination, ocean dynamic 

topography and tides are considered to be error sources. The geoid height may be 

described by: 

N=h°-ý-Aý+e (3.4) 

where h° is the observed height, ý is the permanent sea surface topography, d4 is the 

time-varying sea surface topography, and eis the error in the observed geoid height. d 

may be described by: 

j=e+Z+ 4 (3.5) 

where e is the error of the observation (Equation (3.3)), e is the error in the correction 

for permanent sea surface topography, and ?ý is the error in the correction for the time- 

varying sea surface topography. 

Sea surface topography is eliminated as much as possible from the altimetric 

measurements by first removing the permanent (quasi-stationary) effects caused by tidal 

and meteorological forcing using, for example, the M2 Schwiderski (1980) 1° x 1° global 

ocean tide model (Merriam, 1983; Melchior, 1983). The remaining time-varying sea 

surface topography cannot be removed or modelled, and remains in the altimeter data. 

In many studies, especially at a local scale, sea surface height measurements are 

converted to geoid slopes rather than geoid heights before further processing and 

stacking (e. g. Sandwell, 1992). This avoids sea surface datum problems. In this case, 
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the long wavelength component of the gravity field is dealt with separately using a long 

wavelength model such as JGM-3 (Nerem et al., 1994). 

3.3.2.4 Data Editing 

Satellite altimeter data need to be edited to remove outliers and data over land or ice. 

High values of altimeter Automatic Gain Control (AGC > 36 dB), and/or low values of 

significant wave height (SWH = 0), might indicate the presence of sea ice in the altimeter 

footprint (Marsh & Martin, 1982). A value of AGC > 36 dB may also indicate the 

presence of land. Thus Shum et al. (1990) edited their altimeter data when: (1) 

spacecraft attitude > 1.2° from nadir; (2) significant wave height =0m or > 16 m; (3) 

standard deviation of significant wave height >1m; (4) measurement standard deviation 

> 20 cm; (5) AGC > 36 dB; (6) standard deviation of AGC > 0.15 dB; (7) ocean tide 

height > 10 m; and (8) data were obtained over known areas of land or ice. 

3.3.2.5 Conversion from Geoid to Gravity Anomaly Data 

Altimeter measurements of the geoid can be easily converted to gravity data (e. g. Rapp, 

1983; Rummel & Haagmans, 1991). The anomalous gravity potential (7) is obtained to 

a first approximation from the geoidal height (N) using Brun's formula: 

No T/y (3.6) 

where y is the normal value of gravity on the reference ellipsoid (Phinney & Nerem, 

1997). The anomalous gravity field is the vertical derivative of the gravitational 

potential: 

0g = -8T/8z (3.7) 
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The gravity anomaly field has more detail than the geoid anomaly field, as a consequence 

of the fact that gravity is proportional to the differential of the geoid. This is illustrated 

in Figure 3.6, which shows the geoid and gravity anomalies over Reed Bank in the South 

China Sea. 

The gravity data are usually stacked since the major error sources, such as short 

wavelength dynamic topography and broad-band altimeter noise, are reduced by 

averaging many repeats, provided that these errors are uncorrelated in time (Brenner et 

al., 1990). Stacking reduces the random error proportionally to the square root of the 

number of repeats used in the stack (Yale et al., 1995). 
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3.3.3 Sources of Error in Altimeter Derived Gravity Measurements 

3.3.3.1 Overview 

The marine gravity field measured by satellite altimetry has potentially many sources of 
inaccuracy. Errors are introduced during both the satellite determination of the 

instantaneous sea surface height, and the conversion of this height measurement to the 

geoid and the anomalous gravity field. Other errors occur when the radar signal 

encounters unexpected sea surface conditions (such as ice or land). These errors may 

appear as biases or tilts of the altimetric or geoidal surfaces. The resolution of the 

satellite derived gravity field is limited by such factors as the variable size of the satellite 
footprint, ground-track misalignment, water depth, and the gridding process. Both the 

accuracy and resolution of the satellite derived gravity field therefore vary with location. 

3.3.3.2 Satellite Errors 

Satellite errors arise due to either instrument noise or the uncertainty in the satellite orbit. 

Instrument error of the altimeter radar is treated as white noise. A 0.1 as timing error 

corresponds to a 1.5 tm error in sea surface height (Blanc et a!., 1991; Knudsen, 1991). 

The radial orbit error is the uncertainty in the absolute height of the satellite that arises 
from a rather uncertain satellite trajectory. It is the dominant source of altimetric errors, 

especially at wavelengths longer than a few hundred kilometres. Satellite radial orbit 

error consists of a systematic (or geographically correlated) ort it error and a random (or 

geographically uncorrelated) orbit error. The long wavelength part of the geopotential 
(to degree 10) perturbs the spacecraft orbit, mostly at wavelengths of once and twice per 

revolution around the globe, varying its height above the oceans by about 1.5 km RMS 

(Marsh et al., 1990). As the gravity field model is up-dated, so the satellite trajectory is 

better determined, and the radial orbit error decreases. Other satellite accelerations arise 

from numerous forcing effects, including tides, drag force, solar radiation pressure, and 

the point mass effects of the Earth, Moon, Sun and planets (Marsh et al., 1988). The 

magnitude of the effect of atmospheric drag on a satellite is extremely difficult to model, 
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and is fast becoming the dominant component in radial orbit error, contributing a 30 - 40 

cm radial error to the current Topex/Poseidon orbit data (Berry & Blewitt, 1994). A 

result of the uncertainty in satellite trajectories is that repeat orbits of the satellite 

altimeter may differ from each other radially by several metres. In some cases Geosat 

repeat orbits differed by as much as 15 m radially (Wyrtki & Mitchum, 1990). 

Orbit errors are determined by the analysis of crossing arcs (Arent et al., 1992) and may 
be minimised with the constrained sinusoidal crossover adjustment (Tai, 1988) or by 

least squares detrending (Marsh et al., 1992). A geographically-correlated orbit error 

may still be present in the solution, but is relatively small when modern gravity field 

models are used (Mazzega, 1986; Visser et al., 1993). 

When altimeter satellites are maintained in a repeating orbit, such as the Geosat ERM, 

atmospheric drag and solar radiation pressure cause the satellite to drift horizontally 

about its orbit trajectory. For Geosat, this drift causes the ground track to vary by 

1 km about the nominal repeat path (Sandwell & Zhang, 1989). This misalignment 
leads to an error in the estimate of the sea surface height that increases as the local slope 
in the geoid increases. Brenner et al. (1990) estimated this error globally for the Geosat 

ERM and found that over most of the ocean where the geoid gradient is small, the repeat 

track misalignment leads to errors of only 1-2 cm in sea surface height. However, in 

the vicinity of trenches, continental shelves, islands, and seamounts, errors can exceed 
20 cm. 

3.3.3.3 Radar Measurement Errors 

Errors arise during the calculation of the effects of the Earth's atmosphere on the 

propagation of the altimeter's radar signal. Significant errors arise from the lack of an 

onboard radiometer to provide an accurate estimate of tropospheric water vapour 
(Geosat), errors due to the liquid water in rain and clouds, and the significant wave 

height bias. Effects due to the ionosphere may be important, if, for example, altimeter 
data collected in a period of increased solar activity are used. Errors due to wet 
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troposphere, atmospheric pressure, and Earth tides are negligible (Knudsen, 1991; Chao 

et al., 1993). 

The correction necessary to compensate for the retarding influence of the water vapour 
in rain and clouds on the propagation speed of the radar signal produces a path length 

correction of 10 - 50 cm as the signal goes from a very dry to a very wet atmosphere. 
For the Seasat altimeter, this correction was obtained from the onboard Scanning 

Multifrequency Microwave Radar (SMMR) instrument which was accurate to a few 

centimetres, and had a spatial resolution of 40 km. Along test tracks, Bernstein et al. 
(1982) found that this SMMR correction varied between 15 and 25 cm. When Knudsen 

(1991) analysed Seasat data, he found that the short wavelength part of the error was 

mainly correlated with errors due to liquid water in rain and clouds. Knudsen (1991) 

also noted that whilst this water vapour ̀ appears to absorb parts of the short wavelength 

gravity field' and may have a `considerable effect', errors can be detected as spikes 
during pre-processing. 

The inverse barometric correction is based on the direct proportionality between changes 
in sea surface height and changes in the surface atmospheric pressure. An increase (or 

decrease) of 1 mbar in atmospheric pressure brings about a decrease (or increase) of 

about 1 cm in sea surface height (Bernard et al., 1983; Dickman, 1988; Shum et al., 
1990). Inverse barometric corrections was not applied to the Geosat altimeter data. 

Sea state related bias is caused by the height and form of the ocean surface waves. On 

average, the significant wave height (SWH) will be below 4 m, but in extreme conditions 

may be as large as 20 m (Visser et al., 1993). Sea state bias occurs because more energy 
is returned from the wave trough than from the crest, thus causing the altimeter- 
determined mean sea level to shift toward the wave troughs. Furthermore, the ocean 

waves have a skewed distribution and the receiver pulse is not exactly Gaussian. The 

satellite footprint also grows with increasing sea state (Stewart, 1985). The 

superposition of the reflections from this area stabilizes the shape of the echo but it also 

smoothes the echo so that the timing of its leading edge is more uncertain. The accuracy 
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of a correction for these effects is 1-2 per cent of SWH (Born et al., 1982; Tapley et 

a!., 1982; Knudsen, 1991). 

As the satellite footprint increases with increasing sea surface roughness, so the 

resolution of the gravity field decreases. Sea surface roughness also seems to be 

correlated with the ocean bottom topography (Colton & Chase, 1983). According to 
Sandwell & Zhang (1989), higher than average variability occurs at mid latitude in deep 

water (> 3 kin) adjacent to continental shelves, spreading ridges, and oceanic plateaus. 
Variability is low in shallower areas (< 3 km). The variability does not appear to be 

higher downstream of topographic protrusions. Instead, the areas of highest variability 

occur in the deep basins (> 4 km). No parameters of sufficient quality have been found, 

however, that would allow this dependency to be taken into account (Knudsen, 1991). 

On a continental shelf, gusts of wind may produce upwelling phenomena and piling up of 

water against the coast (Bernard et a!., 1983). According to the study of Elliot (1979), a 

wind speed of 20 knots may induce a maximum variation in sea level of about 15 cm. 

3.3.3.4 Oceanographic Contamination 

Oceanographic contamination of satellite gravity data arises from the incorrect 

calculation of the ocean tide correction and from the failure to remove the remaining 

variable (non-gravitational) component of sea surface topography. The oceanographic 

component of sea surface topography consists of a semi-permanent and a variable part. 
The semi-permanent part, often referred to as the dynamic sea surface topography, has a 

global RMS value of about 65 cm. The variable part of the ocean surface, the variable 

sea surface topography, has a global RMS value of approximately 20 cm (Knudsen, 

1991; Visser et al., 1993). 

Ocean Tide Correction 

Ideally, altimeter measurements are adequately corrected for the tidal and meteorological 
forcing effects of the sun and the moon using a global marine tide model. In the open 
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ocean, tidal variations of the sea surface are of the order of 0.5 m (Cartwright & Ray, 

1990). The accuracy of the correction for ocean tides is of the order of 10 - 20 cm, but 

is not well determined in areas without tide gauges (Caldwell et al., 1989; Shum et al., 

1990; Knudsen, 1991). The global marine tide models loose much of their validity in the 

shallow waters of continental shelves and (semi-)enclosed seas where non-linear bottom 

friction and irregular shaped coastlines produce large variations in tidal water elevations 

(Oskam, 1990; Knudsen, 1991; Imawaki et al., 1992). Both the variation in tidal water 

elevation and the non-linearities induced by bottom friction decrease as the water depth 

increases. When the global Schwiderski model is used in the North Sea, for example, the 

computed variability reaches up to 20 - 50 cm towards the shores. Dedicated regional 

hydrodynamic models reduce this variability to about 10 cm (Oskam, 1990). 

Dynamic Sea Surface Topography 

The dynamic sea surface topography consists of the mean time-averaged currents which 

are produced by the general circulation of the oceans. The ocean circulation signal has a 

magnitude of the order of 10 cm to 2 in at most. These currents produce variations in 

sea level with wavelengths ranging from 40 km to the dimensions of the ocean basins, 

and with periods ranging from weeks to centuries or longer (Bernstein et al., 1982; 

Stewart, 1984; Blanc et al., 1991; Marsh et al., 1992). The dynamic topography may be 

estimated with an average accuracy of ± 16 cm, although this accuracy ranges from 

± 14 cm to ± 48 cm depending on the area (Rapp & Wang, 1994). Errors due to the 

unknown permanent dynamic topography of the sea cannot be reduced and therefore one 

must be especially careful when interpreting satellite altim-Aer profiles near areas 

associated with intense western boundary currents which have typical sea surface 

dynamic topography gradients of the order of 10's rad (Imawaki et al., 1992; Gille, 1994; 

Hogg & Johns, 1995). 

A good example of the effect of currents on the dynamic sea surface topography is given 

by the Gulf Stream. The Gulf Stream is a narrow ribbon of high velocity water that 

flows along a boundary between cooler, denser slope water to the shoreward side and 

warmer, lighter water in the Sargasso Sea. The sea surface topography shows 1m 
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height differences across the Gulf Stream (Leitao et al., 1979). Patches of anomalous 

water temperature such as cold core eddies and warm rings result in sea surface 

variability. In Figure 3.7, the dynamic sea surface topography along Geosat track A12 of 
7 May 1987 is shown. The Gulf Stream elevates the sea surface by about 1.1 m. The 

depression near 37.8°N represents a cold core eddy (Rapp & Wang, 1994). 

Similar currents circulate through the South China Sea, as illustrated in Figure 3.8. 

According to Tschernia (1980), the February winds are northeast in the South China Sea. 

Part of the north branch of the North Equatorial Current penetrates into the China Sea 

between Luzon and Taiwan to join a current coming from the Yellow Sea by the 

Formosa Strait. A huge eddy then turns within the South China Sea, along its western 

side, passes between Sumatra and Borneo, and by way of the eddy-rich (Semtner & 

Chervin, 1992) Java, Banda and Ceram Seas combines with the Equatorial Counter 

Current. In the summer monsoon (August) the current of the South China Sea reverses 
itself, and its waters, which are then provided mostly by the Southern Equatorial Current, 

join north of the Philippines with the northern branch of the North Equatorial Current. 

Other dynamic topography is generated by internal waves, gyres and eddy currents. 
Internal waves generated, for example, at spreading ridges and continental shelves, 

modulate the amplitude of the surface tide by -5 cm (Ray & Mitchum, 1996). They are 

often spatially coherent over great distances (> 1000 km), and have wavelengths of 
150 'cm. Gyres are circular or spiral motions of water, generated mainly by surface 

winds, displaced towards the western side of oceans. A major gyre exists in each of the 

main ocean basins. The Northern Atlantic Subtropic Gyre has a dynamic sea surface 

topographic height of - 0.25 m (diameter 1500 km), whilst the Southern Atlantic 

Subtropic Gyre has a height of ~ 0.5 m (Marsh et al., 1990). It is likely that gyres exist 
in all partially-enclosed shelf seas, including the South China Sea and the Gulf of 
Thailand. Eddy currents cause changes in sea surface height of the order of 20 cm 
(Bernstein et a!., 1982; Menard, 1983), and are typically 100 - 300 km in width (Douglas 

et al., 1987). 
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Variable Sea Surface Topography 

The random time-varying component of sea surface topography cannot be completely 

removed from the satellite altimeter data. The amount of sea height variability can be 

observed independently of geoid topography either at intersections (crossovers) of the 

satellite ground-tracks, or along repeating (collinear) tracks (Douglas et al., 1987). High 

sea surface variability (10 - 40 cm RMS) is observed for some small high-energetic 

western boundary systems such as the Gulf Stream, Kuroshio, Agulhas and Brazil- 

Falkland systems and the Antarctic-circumpolar system. The sea surface has a 20 cm 

RMS variability in SE Pacific, and a 55 cm RMS variability in the vicinity of Drake's 

Passage between South America and Antarctica in the Southern Ocean (Marsh et al., 

1992). Results obtained by Douglas et al. (1983) from the repeated Geos-3 profiles 

show peaks of variability created by the Loop Current in the Gulf of Mexico and by the 

Gulf Stream east of Cape Hatteras. Medium sea surface variability (5 - 10 cm RMS) is 

found in the slower, larger systems such as the equatorial currents in the Pacific and 

Atlantic (Chao et al., 1993), and in the tropical Pacific. Low variability (3 -5 cm RMS) 

is found in the larger eastern ocean basins at mid-latitude (Oskam, 1990). Near the 

Equator, where currents are very small, sea surface variability is of the order of 3-6 cm. 

Figure 3.9 shows a map of sea surface variability observed for ERS-1 cycles 6 to 18. 

Sea level energetics at wavelengths longer than the mesoscale are no less important. The 

El Nino Southern Oscillation (ENSO), one of the most dramatic air-sea interaction 

phenomena, is a ready example. During an El Nino there is a collapse of the trade winds 

which results in sea level changes of several decimetres o . 'er vast regions of the 

equatorial Pacific. In recent years, these sea level changes have been well documented in 

the western Pacific using tidal gauge data. This network has provided clear evidence of 

the very large scales of sea level response during an EI Nino, particularly the pronounced 

1982-83 event when 40 cm monthly mean anomalies were observed. In contrast, the El 

Nino signal is poorly observed in the eastern half of the Pacific where few islands (and 

tidal gauges) are found (Douglas et al., 1987). 
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A component of the variable sea surface topography may be caused by sea surface 

temperature variations because sea water density, the physical characteristic which rules 

the ocean structure, is a function of temperature, salinity, and pressure. In polar and 

equatorial regions, seasonal temperature variations are of the order of 2 °C. These 

temperature variations attenuate rapidly with depth, and are not detectable below a 

maximum of 200 - 300 m. In the open sea, diurnal variations are very small - at the most 

of the order of 0.3 - 0.5 °C. They are stronger in shallow, sheltered coastal areas, where 
they reach 2-3 °C. They do not penetrate more than 10 or 20 m below the surface in 

temperate or tropical regions. In contrast, the seasonal variations of surface salinity are 

generally weak, not exceeding 0.5 %o (Tschernia, 1980). It is not possible to quantify the 

significance of sea surface temperature variations on sea surface variability. However, it 

seems likely that this would be more significant in shallow sheltered coastal waters which 

experience a large diurnal temperature variation. 

3.3.3.5 Near-Shore Errors 

Altimetry errors increase close to land, islands and ice. When the altimeter footprint 

intersects land or ice a rapid change in elevation occurs which is unrelated to the geoid. 
According to Sandwell (1992), this elevation change is typically of the order of 4m and 

occurs over a distance of a few Geosat footprints (-10 km), corresponding to a `very 

large' slope error of 400 Arad. These contaminated data points may be removed with a 

very precise land-sea mask. In practice however, only data points that actually lie over 
large land masses are removed. Smith et al. (1995) similarly observed that satellite data 

within 20 km of the coast are `not reliable', owing to gaps in the data as the satellite 

tracks leave the land and to tidal effects in the shallower water. The presence of islands 

or land interrupting a sequence of measurements may also cause problems as the ocean 

tide models may be inaccurate with different errors on each side of the land (Knudsen, 

1991). 
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3.3.3.6 Typical Satellite Altimeter Error Budget 

Sandwell (1992) analysed the errors for Geosat Geodetic Mission data, and the error 

budget of this analysis is shown in Table 3.2. One microradian (grad) of sea surface 

slope corresponds to 0.98 mGal of along-track gravity disturbance. By far the most 

significant error arises when the altimeter footprint crosses land or ice. Other significant 

errors are caused by the dynamic sea surface topography, water vapour in rain and 

clouds, and altimeter noise. 

Table 3.2. Errors in Sea Surface Slope for Geosat Geodetic Mission Data, 
modified from Sandwell (1992) and Stewart (1984). 

Error Source Height (m) Length Scale (km) Slope (µrad) 
Land, Ice < 4.0 10 < 400 
Dynamic Topography 1.0 > 100 < 10 
Water Vapour < 0.3 50 <6 
Altimeter Noise 0.05 > 10 <5 
Wet Troposphere < 0.1 > 100 < 1.0 
E/M Bias 0.1 > 200 < 0.5 
Height Acceleration < 0.02 > 70 < 0.5 
Orbit 3.0 10000 0.30 
Ocean Tide 0.10 > 1000 < 0.10 
Ionosphere 0.10 > 1000 < 0.10 
Geoid 0.85 10000 0.085 

I 
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3.3.4 The Satellite Altimeters 

The requirements for NASA's satellite altimetry program were formulated at the 1969 

Williamstown Conference on Solid Earth and Ocean Physics (Kuala et al., 1970). Since 

this conference, satellite altimeters have flown on Skylab (McGoogan et al., 1974), 

Geos-3 (Stanley, 1979), Seasat (Tapley & Born, 1980), Geosat (Mitchell & Hallock, 

1984; Douglas & Cheney, 1990), Topex/Poseidon (Fu et al., 1994) and ERS-1 (Cheney 

& Lillibridge, 1992). Satellite altimeters launched after 1992 (e. g. ERS-2 in 1996) have 

not contributed data to this project and are not discussed further in this thesis. 

In 1973, a radar altimeter made the first range measurement to the sea surface from 

space. Flown on board NASA's Skylab, the experiment demonstrated the feasibility of 

using satellite-borne radar altimetry for oceanography. With an instrument accuracy of 

1m and a radial orbit accuracy of tens of metres, the measurements were of little 

practical use. The launch three years later of Geos-3 brought routine altimetry one step 

closer, but with radial accuracies still measured in metres, the data were capable of 

resolving only the largest of features (Jolly, 1996). 

Seasat collected 70 days of data over the 100-day period from 5 July to 10 October 

1978. Whilst only 45 days represented independent ground tracks (Dixon & Parke, 

1983), the altimeter achieved a fivefold improvement in height measurement over the 

altimeter aboard Geos-3 (Bernstein et al., 1982). 

The United States Navy launched Geosat on 12 March 1985 into an 800-km altitude, 

108° inclination geodetic drifting orbit, in order to map the marine geoid with a 

resolution of a few kilometres. Designed for military objectives, this mission lasted 18 

months. Geosat was then moved to a 17.0505-day repeat orbit to study the ocean 

circulation. The Exact Repeat Mission (ERM) ground-tracks followed the ground- ' 

tracks previously covered by Seasat to within 1 km (Shum et al., 1990). The Geosat 

ERM became operational on 6 November 1986 (McConathy & Kilgus, 1987), and 

collected global altimeter data for more than 3 years until the tape recording mechanism 

failed on 5 January 1990. After mid 1988, the orbits for Geosat began to deteriorate 
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steadily because of sparser tracking and excessive drag caused by increased solar 

activity, and the data quality decreased accordingly (Fu & Cheney, 1995). Data from the 

Geosat Geodetic Mission remained classified until June 22,1995, except for data south 

of 30°S which were released earlier. The total Geosat error budget is approximately 

15 cm (Fu & Cheney, 1995). 

The remote-sensing ERS-1 satellite was launched in July 1991 by the European Space 

Agency to study the Earth's environment, and was initially placed on 3-day and 35-day 

repeat orbits. In early April 1994 the satellite was moved to a 168-day repeat orbit to 

realise a global mapping between 82°N and 82°S of the mean sea surface with its 

onboard altimeter to a resolution everywhere of better than 8 km. 

The joint U. S. /France Topex/Poseidon altimeter satellite was launched in August 1992 to 

study the ocean circulation and its variability (Fu et al., 1994). Its inclination is 66° and 

its altitude is 1330 km. The satellite ground-tracks repeat every 9.916 days. The 

Topex/Poseidon orbit is very accurately determined, the RMS accuracy being currently 

of the order of 2-3 cm radially (Nouel et al., 1994; Tapley et al., 1994). Hence these 

data are more accurate than the data from the previous satellite missions (Arabelos & 

Tziavos, 1996). 

The precision of the satellite altimeter data depend on the satellite, the year of 

processing, and the gravity field model used for the reduction of the orbit error. As the 

gravity field has become better resolved in time, so these errors have been reduced. 

Thus the current generation of satellites (Topex/Poseidon and LRS-1) produce generally 

more precise sea surface height measurements than the older generation of satellites, 

although re-evaluation of old satellite data using improved orbit calculations has, for 

example, improved the precision of Seasat altimetry to 3-5 cm (Marsh et al., 1992). A 

precision of 10 - 20 mm can be achieved with stacked data from the Topex/Poseidon and 

ERS-1 satellites (Sandwell & Smith, 1997). Over a distance of 4 km (i. e. 1/4 

wavelength) this corresponds to a sea surface slope error of 4-8 grad and a gravity 

error of about 6 mGal. 

I 
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The resolutions of the altimeter missions have also improved in time. Altimeter 

resolution is limited by the sea state, atmospheric effects, and the noise level in the return 

signal which require that the signal be edited and smoothed before processing. This 

smoothing is probably the primary limitation on the along-track resolution of the satellite 
data (Small & Sandwell, 1992). The along-track resolution of the different satellite 

missions may be determined from coherency analysis of repeated measurements, and is 

defined at 50% coherence (Yale et al., 1995), as shown in Figure 3.10. Across-track, 

the resolution depends on the satellite orbit and the latitude. To recover all the 

wavelengths down to 15 km requires a very dense coverage, which is only achieved with 

a non-repeat orbit such as that of the Geosat Geodetic Mission (Blanc et a!., 1991). 

The properties of the different satellite missions are summarised in Table 3.3. 

Table 3.3. Comparative resolution and accuracy of satellite altimeter data. 
Modified from Long & Spurling (1993) and Yale et al. (1995). 

Satellite 

_ 

Precision 
(1 µrad -1 mGal) 

Geos-3 30 grad 
Seasat 10 grad 
Geosat GM 6 grad 
Geosat ERM <1 grad 
ERS-1 (35-day repeat) <1 µrad 
ERS-1(168-day repeat) 6 grad 
Topex/Poseidon <1 µrad 

Cross-track resolution is twice the track spaci 

Along-Track 
Resolution 

Cross-Track 
Resolution' 

Date 

75 km 20-400 km 1975 
50 km 80-120 km 1978 
24 km 10 km 1985 
20 km 160 km 1987 
30 km 80 km 1991 
30 km 16 km 1994 
22 km 314 km 1992 

at the 
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3.4 Merging Satellite and Ship Gravity Data 

3.4.1 Introduction 

This section contains the abridged findings of background work undertaken during the 

first six months of this study. At this time it was desirable to merge the available ship 

and satellite gravity data because this merger would significantly increase the resolution 

of the regional gravity field. The declassification of the Geosat GM data on June 22, 

1995, and the public release of WGI7.2 later that year increased the resolution of the 

Southeast Asian gravity field to such a level that further work on this topic was 

unwarranted. The merger of ship and satellite data is now only beneficial in smaller-scale 

studies. 

3.4.2 Available Methods 

The combination of satellite and ship gravity data for mapping purposes is a complex 

problem, owing to the different frequency contents and accuracies of the two data sets, 

and often also due to the random distribution of the data points. Three techniques are 

commonly used to merge satellite and ship gravity data, namely, the least squares 

collocation method (used by Ohio State University, Oxford University, and the 

University of Copenhagen); the fast Fourier transform technique (used by the University 

of Edinburgh and the University of Texas); and the `cut-and-paste' technique (used by 
"AMAROK A. S., GETECH and LCT Inc. ). 9, vN caf+ºzxcs 

3.4.2.1 Least Squares Collocation 

Least squares collocation (LSC) is a technique for combining observational data of 

different types for an optimal determination of the Earth's figure and gravitational field. 

LSC has been widely used to derive free-air gravity anomaly values from the 

combination of satellite data of different vintages and different observational accuracies 
(e. g. Marsh et al., 1988; Lerch, 1991; Knudsen, 1991; Sneeuw, 1994) and from the 
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combination of satellite and ship gravity data (e. g. Tscherning et at., 1990; Strange, 

1991; Xu, 1992; Hwang et al., 1994; Arabelos & Tziavos, 1996). A modification of the 

LSC method allows for the inclusion of bathymetric data to boost the high frequency 

content of the derived gravity anomaly field (Rapp & Baltic, 1992). LSC is also used to 

derive geoidal models (e. g. Rapp & Pavlis, 1990; Lerch et at., 1993; Rapp & Wang, 

1994). In other fields of research LSC is called objective analysis, the inverse method 

and optimal interpolation (Imawaki et at., 1992). 

LSC works best when the data which are to be merged do not have a long-wavelength 

trend and when the expected values of both the observations and the predictions are 

equal to zero (Moritz, 1978; Moritz, 1980b; Tscherning, 1986; Herzfeld, 1992). Thus 

the standard LSC method is the remove/restore procedure. In this method, the Earth's 

gravity field is considered to be a linear combination of two components -a long 

wavelength component, called NGM (modelled by potential coefficient models such as 

OSU91 (Rapp et al., 1991) or GEM-T1 (Marsh et al., 1988)), and a short wavelength 

component, y, which is predicted by the LSC process. N refers to the geoid height. 

i. e. N= NGM +y (3.8) 

y= Cyx(Cxx + CnJ-'X (3.9) 

where C,... and Cyx are the auto- and cross-covariance matrices between the observations 

x and predictions y according to some selected analytic model approximating the 

empirical covariance function. The x is here a vector of reduced anomalies (Ag - AgGm) 

and y represents the reduced undulations (N - NGM). Cn. is the error covariance matrix of 

the gravity anomalies (Mainville et A, 1992). 

Values predicted by LSC are linear combinations of the samples in the vicinity of the 

prediction point, with weighting coefficients calculated from the correlation between the 

prediction and sampling places. This correlation is determined through the covariance 

function. The weighting coefficients are determined so that the differences between the 

observations and predictions are minimised in a least squares sense. Covariance 
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functions may be derived empirically, from the data, or through models. Models are 

usually developed from an a priori knowledge of the data types involved or from their 

mathematical relationships (Strange, 1991). 

3.4.2.2 Fast Fourier Transform 

The fast Fourier transform (FFT) method provides a relatively simple method for 

deriving gravity anomalies from the geoid and vice versa (McAdoo & Marks, 1992a; 

Kirby & Hipkin, 1994). Fast Fourier transforms can process very large data sets quickly, 

but generally require the data to be available on a complete and regular grid. Multiple 

data sets are combined into one output for a specified area by Fourier transforming the 

input data sets, multiplying each by its appropriate filter and combining the results in the 

frequency domain. An inverse transformation then produces the output field (Schwarz et 

al., 1990). The flat Earth assumption that each block of data has a regular size when the 

discrete Fourier transform is taken is not strictly true, and has the effect of reducing the 

accuracy of medium to long wavelength features. This problem is ameliorated when the 

long wavelength part of the gravity field is independently dealt with using a geopotential 

model (Rummel & Haagmans, 1991). Sandwell (1992) used a `Projection onto Convex 

Sets' method which is similar to the FFT method, although not as straightforward 
(McAdoo & Marks, 1992a). 

3.4.2.3 'Cut-and-Paste' 

Variations on the `cut-and-paste' technique to merge satellite and ship gravity data are 

commonly used by gravity contractors to the oil industry. This technique is not well 
documented. The basis of the technique is to use ship gravity in preference to satellite 

gravity when the ship survey line spacing is closer than the satellite track spacing 
(R. Stanley, LCT Inc., 1995, pers. comm. ). It is often necessary to correct the ship data 

for datum and long wavelength errors, which GETECH does by `draping the ship gravity 

data over the satellite gravity data' (C. Green, GETECH, 1995, pers. comm. ). 
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3.4.2.4 Other Merger Techniques 

According to Tscherning (1986), other suitable methods for gravity field approximation 
include series expansion in orthogonal functions; linear combinations of potentials of 

point masses, multipoles or mass lines; linear combinations of harmonic splines, kernel 

functions or finite elements; and minimum norm collocation. In these methods, the 

gravity potential is approximated by a linear combination of a number of base functions. 

Their differences lie in the choice of base functions and in the methods used to determine 

the coefficients of the linear combination. However, when these methods are compared 
in terms of the mean square differences between the observed and computed quantities, it 

is concluded that none are as good as LSC, because LSC minimizes exactly this 
difference. 

3.4.3 Comparison of the Merger Techniques 

It is concluded that the LSC method is the best method for combining different gravity 
data, since the accuracy of the input data (which may be randomly spaced) may be used 

as weights in the prediction of the gravity anomaly field. Thus the output is biased 

towards input values with high accuracies. It is possible to assess the error of each 

predicted gravity anomaly. Bathymetric information may be used to increase the 

resolution of the satellite gravity field. The . main disadvantage with LSC is that it is 

computationally intensive (Strange, 1991) which has historically prevented the use of all 

of the available data, and led to a loss of resolution in the final solution (Belikov & 

Groten, 1993). 

The FFT method is computationally more efficient than LSC. The technique requires 

gridded data sets and gives excellent results when these are available. However the 

resolution and covariance of the gravity field are decreased as a result of the gridding 

process (Knudsen, 1987). Discontinuities will arise at the edges of the merger area, 

although these can be reduced by applying a tapering filter. Finally, it is not possible to 

directly evaluate the errors of the gravity anomaly field obtained using the FFT method. 
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The ̀ cut-and-paste' method is mainly used by gravity contractors as it is easy and quick 

to implement, gives fast results, and does not require much software development. The 

results are however less accurate than those obtained using both the LSC and FFT 

methods because not all of the available data are used. A quantitative assessment of the 

accuracy of the final map is often not given. 

133 



3.5 Conclusions 

This review has shown that individual satellite gravity measurements are prone to 

significant oceanographic noise which increases close to land or strong currents. This 

noise is reduced by stacking. If only a few satellite measurements are available in a 

particular area, it is unlikely that the gravity field will be well resolved. This conclusion 

is confirmed by the study of Wright (1997) who significantly improved the resolution of 

the marine gravity field in eastern Indonesia by reducing the number of satellite gravity 

measurements rejected during the processing sequence. Data acquired in areas where 

the global tidal model is poorly constrained are also likely to be inaccurate. 

Modern ship gravity data collected with GPS or DGPS navigation are likely to be more 

accurate than satellite gravity data and have a significantly better along-track resolution. 
The optimum method for combining ship and satellite gravity data is the least squares 

collocation method. However the resolution of the regional satellite derived gravity field 

is now at such a level that the merger of ship and satellite data is only likely to be useful 
for basin or sub-basin scale studies. 

It is clear that the accuracy of marine gravity data and maps will vary with both the 

vintage of the data and the processing sequence that has been followed, and that the 

maps will not be of uniform accuracy. The accuracy of a new satellite gravity data set 

should be evaluated before quantitative interpretation is carried out. Satellite gravity 

maps can be easily assessed by comparison with ground-truth data - which in practice 

means with ship gravity data. In Chapter 4, the WGI7.2 satellite gravity data set is 

compared with a high quality ship gravity survey in Southeast Asia. 
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CHAPTER 4 

Assessment of the WGI7.2 Marine Gravity Field 
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CHAPTER 4. ASSESSMENT OF THE WGI7.2 MARINE GRAVITY FIELD. 

4.1 Introduction 

WGI7.2 is the highest resolution global grid of marine gravity data available in the public 

domain. Compiled from Geosat and ERS-1 satellite data, WGI7.2 resolves clearly many 

of the significant features in the offshore gravity field. Although this data set was 

released towards the end of 1995 (Smith & Sandwell, 1995), little information has since 

been published regarding either the accuracy or the spatial resolution of the data set. 

This information is necessary for both the qualitative and quantitative interpretation of 

maps extracted from this data set. 

An example highlighting the need for a quantitative evaluation of the accuracy of the 

satellite gravity data set follows. Within the Gulf of Thailand, the satellite gravity field is 

generally found to be poorly resolved (J. Milsom, pers. comm. ). Close examination of 

the gravity field in this region reveals a subtle line of anomalous gravity highs that runs 
NNW-SSE for a distance of approximately 900 km, as illustrated in Figure 4.1. Because 

all satellite ground-tracks run NNW-SSE (and NNE-SSW) near the Equator, it is judged 

more likely that this feature has arisen from contamination of the data set by a poor 

quality (noisy) satellite track than from a geological lineament. A qualitative assessment 

of the WGI7.2 satellite gravity grid is therefore required to determine the level of 

tolerance that should be attached to data extracted from this data set. 

In this chapter, the accuracy and resolution of WGI7.2 are evaluated by comparison with 

a `ground truth' high resolution ship gravity survey. This comparison is confined to an 

area north of Sabah, Malaysia, between 5°N and 9°N, 113°E and 120°E, shown in Figure 

4.2. Since the satellite gravity grid is most poorly resolved near the Equator, this study 

evaluates the satellite gravity resolution under the least favourable conditions. 
Preliminary results of this work were presented by Holt (1997). 
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Figure 4.1. Two identical satellite free-air gravity anomaly maps of the 
Gulf of Thailand, illuminated from N70°E. A subtle line of gravity 
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4.2 Analytical Techniques 

In Sections 4.3.2 and 4.4.2, spectral analysis techniques are used to examine and 

compare the frequency contents of ship gravity and bathymetry data, and ship gravity and 

satellite gravity data. These analyses were performed using the cross-spectral analysis 

program spectrumld of GMT. The program employs Welch's (1967) method to 

estimate spectra, and outputs plots of the power spectral densities of the two time series 

used in the study and also of the coherence between the time series. Coherence (y2) is a 

measure of the correlation between two time series as a function of wavelength; a 

coherency of one indicates perfect correlation, zero indicates complete lack of 

correlation, and one-half indicates that the correlated and uncorrelated components of 

the two time series have equal magnitudes (Bendat & Piersol, 1986). 

The accuracy of the satellite gravity data was evaluated by analysis of the difference 

between the satellite and ship gravity data along selected profiles. This difference was 

quantified using the standard deviation (Q) of the residual (ship - satellite free-air gravity 

anomaly) values, which was calculated using: 

a° ; xi2f(xi) (4.1) 

where x; is the value of the residual and f(xi) is the normalised relative frequency of xi 
(Barford, 1985). The root-mean-square (RMS) of the residual values was calculated by 

taking the square root of the -sum el the squared residual value. 

In Section 4.4.2, the ship gravity data were smoothed using a running-mean filter before 

comparison with the satellite data in an attempt to separate the loss of accuracy of the 

satellite data caused by the smoothing of the gravity field from the noise content of the 

data. The running-mean filtering of the ship gravity, applied effectively along track, was 

performed at each data point by averaging all of the data points within a specified 
distance (half the filter length) of the data point, using the Excel computer spreadsheet. 
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Figure 4.2. Location map for comparison of satellite and ship 
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Figure 4.3. Ship track location map. 
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4.3 Available Data 

4.3.1 Satellite Gravity Data 

The WGI7.2 marine satellite gravity data set, compiled from ERS-1 and Geosat satellite 

data, is gridded on a2 minute Mercator grid (Section 1.3.1). As discussed in Chapter 3, 

the accuracy and resolution of the satellite gravity grid may be spatially variable. They 

are limited by a number of factors, including: 

" the accuracy and precision of the altimeter measurements (i 6 mGal at wavelengths of 

about 20 km) 

" the (non-gravitational) dynamic sea surface topography which is not removed during 

processing of the raw altimeter measurements and therefore contaminates the 

altimeter measurements 

" gaps along satellite tracks or between adjacent satellite tracks that are larger than the 

potential resolution of the data (10 km for Geosat GM) 

" smoothing of the gravity field as a result of the gridding procedure. 

The shortest wavelength resolved in the satellite gravity field is fixed by the grid spacing 

of the data set. The grid spacing is greatest at the Equator (approximately 3.67 km) and 

decreases towards the poles. The minimum wavelength present in the gravity field at the 

Equator is therefore 7.3 km. 

4.3.2 Ship Gravity Data 

The high resolution ship gravity data used in this study were kindly provided by Prof. 

Hinz of the Bundesanstalt für Geowissenschaften und Rohstoffe, Germany. These data `. 

were collected during a marine geophysical survey north of Sabah which was carried out 

from 20 July to 10 August, 1986 by Prakla Seismos AG's research vessel S. V. 

FXPLORA (Hinz et al., 1989). Gravity measurements were made using a KSS-30 

Bodenseewerke gravimeter system. Station positioning was determined with both the 
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Global Positioning System (GPS) and the Transit Satellite System (NNS) using a 

Magnavox receiver MX 1107 GPS integrated with a Doppler Sonar (Alpha Logger of 

Krupp-Atlas). The coverage of the ship survey is shown in Figure 4.3. 

The average value determined for the internal consistency at crossovers of the ship free- 

air gravity measurements is 1.1 mGal (0.7 mGal standard deviation). A plot of the ship 

free-air gravity and bathymetry data along ship track BGR8635 is shown in Figure 4.4A. 

The resolution of the bathymetry is limited by the spacing between measurements, which 
is -50 M. 

At short wavelengths (< 200 km), the free-air gravity anomaly field is dominated by the 

attraction of the rock/water interface, and therefore mimics the seafloor topography 

(Neuman et al., 1993). The degree to which the free-air gravity and bathymetry match at 

short wavelengths may be quantified by analysis of the coherence between them. The 

coherence between the ship free-air gravity and the bathymetry data along ship track 

BGR8635 is plotted in Figure 4.5B. There is a high coherence (> 0.75) between the ship 

and bathymetry data for wavelengths in the range 5- 50 km. The coherence falls below 

0.5 at a wavelengths less than -4 km, and is less than 0.1 for wavelengths under 2 km. 

This decrease in coherence is largely due to the high-cut noise filtering applied to the raw 

ship gravity, but also partly due to the `filtering' effect caused by the (variable) 

separation of gravity meter from the source interface. 

It is therefore concluded that these ship gravity data are accurate to ±1 mGal, and have 

a minimum spatial resolution of 4 km (y2 = 0.5). 
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4.4 Comparison of Satellite and Ship Gravity Data North of Sabah 

4.4.1 Qualitative Comparison 

Free-air gravity anomaly maps derived from the WGI7.2 satellite grid and the ship 

gravity data are shown in Figures 4.5A and 4.5B respectively. The data points from 

which the maps were derived are shown in white. Comparison of the two maps reveals a 

high degree of visual correlation, and this indicates a good agreement between the two 

data sets in terms of dynamic range, wavelength content and spatial accuracy. Close 

inspection, however, shows that the regional gravity field is not as well resolved by the 

ship survey as it is by the satellite grid, especially east of 118.5°E, due to the variable and 

relatively large between-track spacing of the ship measurements. 

4.4.2 Quantitative Analysis 

The accuracy and spatial resolution of the WGI7.2 satellite gravity data are here assessed 

by comparison with ship gravity measurements. In this analysis, it is assumed that the 

ship gravity data are a more accurate representation of the gravity anomaly field than the 

satellite gravity anomaly field, and that the differences between the two data sets arise 

from errors in the satellite data. 

Ship gravity data from three ship tracks (Profiles BGR8608, BGR8620 and BGR8635) 

were selected for comparison with satellite gravity measurements interpolated from the 

satellite gravity grid (using the GMT program grdtrack). The locations of these ship 

tracks are shown in Figure 4.3. The ship and satellite gravity measurements, their 

residual differences and spectral coherence are plotted for each of the three profiles in 

Figures 4.6 to 4.8. 

Visual comparison of the satellite and ship gravity data along each profile reveals that 

whilst the satellite data accurately resolves the salient features seen in the ship data, the 

shorter wavelength, low amplitude features are not present in the satellite gravity data. 
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Figure 4.6. Comparison of ship and satellite free-air gravity anomalies along 
Profile BGR8608. A: Plot of ship and satellite gravity anomalies. B: Plot of 
difference between ship and satellite gravity anomalies. C: Histogram of the 
difference between ship and satellite gravity anomalies (bin width =1 mGal). 

D: Spectral coherence between satellite and ship gravity anomalies. 
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Figure 4.7. Comparison of ship and satellite free-air gravity anomalies along 
Profile BGR8620. A: Plot of ship and satellite gravity anomalies. B: Plot of 
difference between ship and satellite gravity anomalies. C: Histogram of the 
difference between ship and satellite gravity anomalies (bin width =I mGal). 

D: Spectral coherence between satellite and ship gravity anomalies. 
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These short wavelength, low amplitude features fall within the accuracy and resolution 
limits of the ship gravity data (Section 4.3.2) and are consequently judged to be real. 
One notable feature poorly resolved in the satellite gravity data is the seamount located 

at 135 km on Profile BGR8635 (Figure 4.8A). This seamount has a significantly sharper, 
larger gravity signature in the ship gravity data than in the satellite gravity data, a 

consequence of the smoothing of the gravity field during satellite altimetry. 

The differences between the ship and the satellite gravity data plotted in Figures 4.6B to 

4.8B generally vary between ± 10 mGal in a region of - 200 mGal total variation. The 

largest difference (31 mGal) is found in the vicinity of the seamount on Profile 

BGR8635. Histograms of these differences for each profile are given in Figures 4.6C to 

4.8C. The average standard deviation of the difference between ship and satellite gravity 
data along the three profiles is 5.7 mGal. This is significantly higher than the ±1 mGal 

estimated accuracy of the ship gravity data. 

The spectral coherence between the ship and satellite free-air gravity anomalies along 

each profile are shown in Figures 4.6D to 4.8D. The coherence in each case is highest 

(- 0.9) at wavelengths greater than 40 km but falls below 0.5 at wavelengths less than 
20 km, indicating that 20 lan is the short wavelength resolution limit of the satellite 

data. A resolution limit of 20 km in wavelength indicates that two narrow objects may 
blur into one object if they are less than 10 Ian apart, and objects much narrower than 10 
km will be poorly resolved. 

A comparison of the power spectral densities of the satellite and ship gravity data along 
Profile BGR8635 is given in Figure 4.9. This comparison clearly demonstrates that ship 

gravity anomalies have more power than satellite gravity anomalies at short wavelengths. 
The ship and satellite gravity data have similar power at wavelengths greater than about 
30 km. 
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The effect of the smoothing of the satellite gravity field (e. g. by the measurement noise, 

satellite radar footprint, oceanographic contamination and gridding) can be assessed by 

comparing the satellite data with ship data smoothed using a running-mean filter, as 

illustrated in Figure 4.10. This comparison was performed along ship track BGR8635 

since the largest differences between the two data sets were observed along this track. 

The match between the smoothed ship and satellite gravity data improves as the length of 

the running-mean filter increases up to 15 km. The improvement is quantified by 

comparison of the RMS difference between the smoothed ship and satellite gravity which 
decreases from 5.3 mGal when no filtering is applied, to 3.3 mGal when a 15 km 

running-mean filter is used. The maximum difference between the smoothed ship and 

satellite gravity is 6.9 mGal (Figure 4.11). The decrease in the RMS difference is largely 

due the smoothing of the gravity anomaly over the seamount at 135 km. 
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FAý] Graph showing Satellite and Smoothed Ship 
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4.4.3 Discussion 

The results of a comparison of a high quality ship gravity survey and the new WGI7.2 

satellite gravity data set north of Sabah indicate that the WGI7.2 data set is accurate to 

±6 mGal, and has a short wavelength resolution limit of 20 km (y2 = 0.5). No analysis 

has been made of the long wavelength accuracy of this data set. 

The short wavelength differences between the satellite and ship free-air gravity anomaly 

data were minimised by smoothing the ship data. Application of a simple running-mean 

filter of 15 km length to the ship gravity profile BGR8635 reduced the RMS difference 

between the ship and satellite gravity data from 5.3 mGal to 3.3 mGal. This filtering 

approximates the smoothing of the satellite gravity field. The remaining 3.3 meal 

difference is believed to represent noise in the satellite gravity data. 

These results may be extrapolated outside of the comparison area. No evidence has been 

found during this study for false gravity anomalies arising from dynamic sea surface 

topography within the Sundaland region, as all the anomalies examined appear to be 

related to the underlying geology. Since the WGI7.2 gravity anomaly field is least well 

resolved near the Equator, the 20 km minimum spatial resolution limit determined for the 

data set during this study may be taken as the lower estimate for the resolution of this 

satellite grid worldwide. 

To the best of my knowledge, no comparisons have been published of the WGI7.2 

gravity grid and a high quality ship gravity survey, and this also the first ship and satellite 

gravity comparison carried out within Southeast Asia. The results agree well with the 

other studies published on WGI7.2. Sandwell & Smith (1997) state that the accuracy of 

a satellite gravity anomaly extracted from WGI7.2 is about 4-7 mGal when compared ý. 
to the corresponding ship gravity anomaly. Small & Sandwell (1994) and Marks (1996) 

found from coherence analyses carried out between ship and satellite gravity profiles that 

the WGI7.2 satellite gravity field is coherent with ship gravity down to -z 23 "- 30 km. 

Both studies however used old (pre-satellite navigation), less accurate ship gravity data. 
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4.5 Conclusions 

The accuracy and resolution of the satellite derived gravity field can be determined by 

analysing the differences between ship and satellite gravity profiles, assuming that the 

ship profile is more accurate. The standard deviation of the differences between gravity 

profiles interpolated from the WGI7.2 gravity grid and a high resolution ship gravity 

survey was found to be 5.7 mGal. This difference is significantly larger than the 

accuracy of the ship gravity data which was assessed to be of the order of ±1 mGal, and 

matches exactly the quoted measurement precision of modern satellite altimeters 
(± 6 mGal, Section 3.3.4). The accuracy of the WGI7.2 satellite gravity grid is therefore 
judged to be ±6 mGal. Spectral analysis has revealed that the WGI7.2 grid can resolve 
features with half-wavelengths greater than - 10 km. These values compare well with 

the few previously published results, and determine the level of tolerance that should be 

attached to geological models derived from the satellite gravity data. 

The implications of this study are: 

1) The resolution and accuracy of the WGI7.2 satellite gravity data set appears to be 

fairly uniform worldwide from the general level of agreement between the results of 
this study and those of previous studies. 

2) Modem ship gravity surveys still provide significantly higher along-track resolution 

and accuracy measurements of the Earth's gravity anomaly field than the current 

generation of satellite radar altimeters. 
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CHAPTER 5 

The Sabah Gravity Surveys 
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CHAPTER 5. THE SABAH GRAVITY SURVEYS 

5.1 Introduction 

Sabah, formerly known as British North Borneo and also, because it lies to the south of 

the South China Sea typhoon belt, as the `Land Below The Wind', occupies the north- 

eastern tip of Borneo (Figure 5.1). In the west it is dominated by the rugged Crocker 

Ranges, culminating in Mt. Kinabalu which, at 4093 m, is the highest mountain in 

Southeast Asia. Further east the terrain is hilly rather than mountainous and tropical 

rainforest is being rapidly replaced by widespread oil palm plantations. The population is 

approximately 4 million, mainly concentrated near the coast. In addition to the capital, 

Kota Kinabalu, there are centres of population at Beaufort, Ranau, Sandakan, Lahad 

Datu, Sepulu and Tawau. Sabah joined the Malaysian Federation as a state in 1963. 

A gravity survey carried out by the USAMS(FE), the Far East section of the US Army 

Map Service, in the 1960s covered the north and west of Sabah. The results are lodged 

with the US Defence Mapping Agency (DMA). A smaller survey was later carried out in 

the Darvel Bay area by Dalhousie University (Beattie, 1986) but was not tied to any 

gravity network. Other surveys are believed to have been completed by various oil 

companies but the results are not generally available. 

The 1995 gravity survey had two aims. The primary objective was to extend the regional 

gravity coverage over as much of the previously unmapped southeastern half of Sabah as 

was possible in the limited time available. The secondary aim was to link together the 

previous surveys, with the 1995 survey acting in part as a quality control on the earlier 

work, into a uniform data set tied to the IGSN71 base network. Figure 5.2 shows the 

area of Sabah covered by the USAMS(FE) survey and the area initially targeted for the 

1995 survey. In the event, the survey was more successful than anticipated, with new 

gravity coverage extending farther west than shown in Figure 5.2 and with additional 
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traverses on the Klias Peninsula in the extreme southwest. Approximate reoccupations 

of previously established stations and comparisons of contour patterns allowed the 

integration of all the Sabah gravity surveys into a regional data set. The USAMS(FE) 

data, based on a non-IGSN71 base station value, and the Darvel Bay survey, based on a 

local datum, were adjusted to the international IGSN71 network. 
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5.2 1995 Sabah Gravity Survey 

5.2.1 Introduction 

The 1995 Sabah gravity survey took place between 5 July and 7 August 1995. In this 

thesis day 1 corresponds to 8 July, and day 27 to 3 August. The survey was carried out 

by Rob Holt and John Milsom of University College London and Dzazali bin Ayub of the 

Geological Survey of Malaysia (Sabah), and was assisted by Anthony Lee, also of the 

Geological Survey of Malaysia (Sabah) (Plate 5.1). In addition to driving the vehicle, Mr 

Lee provided invaluable assistance with the actual measurements. 

Three hundred new gravity stations and ten base stations were established in Sabah 

during the 1995 survey. The success of the survey was in part due to the new public 

roads which have been built in recent years. Even more important was the network of 

plantation tracks and logging roads. Access to these is normally restricted but the 

official GSM vehicle was granted immediate entry in almost all cases. 

A LaCoste & Romberg Model G geodetic gravity meter on loan from Imperial College 

of Science, Technology and Medicine of the University of London was used to measure 

the gravity field (Plates 5.2 and 5.3). Station heights were determined barometrically and 

stations were located using a single GPS receiver (Plate 5.4). 

A preliminary report on the 1995 Sabah gravity survey was written by Holt & Milsom 

(1996). A paper describing the new gravity base stations established in Sabah has been 

accepted for publication in Warta Geologi, the newsletter of the Geological Society of 

Malaysia (Holt et al., in press). 
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Plate 5.1. The 1995 Sabah gravity survey team. Left to right: 
Dzazali bin Ayub, Rob Holt, John Milsom and Anthony Lee. 

Plate 5.2. Rob Holt reading gravity meter. 
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Plate 5.3. John Milsom reading gravity meter. 

Plate 5.4. Magellan Nav Pro 1000 GPS (left) and 
Wallace & Tiernan Type 6 barometric altimeter (right). 
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5.2.2 Field Conditions 

The wet season in Sabah includes both July and August. Whilst the mornings were 

generally dry, the afternoons were often wet, with thunderstorms on average every four 

days. The temperature each day was in the range 25 - 35 °C, and the humidity in the 

range 80 - 90 %. Fewer measurements were taken in the afternoons than in the 

mornings as the wet conditions made the going slow on the dirt roads in the plantations 

and on logging tracks. Also, in many cases, much of the afternoon period was occupied 

by returning along routes already surveyed earlier in the day. Occasional repeat gravity 

readings were made in these circumstances, and stations were reoccupied to improve 

barometric control whenever the opportunity arose. 

Accommodation was plentiful and of a relatively good standard in the towns and cities. 
In more remote areas, clean accommodation was found in logging company rest-houses 

and at the Danum Valley Field Centre. Food was less easily obtained in the more remote 

regions. 

5.2.3 Station Positioning 

Station locations were established using GPS. The main GPS instrument used was a 
Magellan Nav Pro 1000 belonging to the University of London Southeast Asia Research 

Group but a problem with the battery connection necessitated the additional use of a 
Trimble Ensign borrowed from the Geological Survey of Malaysia. The two GPS 

instruments were used together on 20 occasions, so that the positional error of the GPS 

fixes could be estimated. Table 5.1 lists the differences, in minutes of arc, between the 

two readings for each of these fixes. The values were obtained by adding and then 

square-rooting the squares of the individual latitude and longitude differences. The 

average difference, in minutes of arc, between the pairs of simultaneous position 

estimates is 0.103 ± 0.074. This corresponds to an average difference of 0.188 ± 0.136 

km. Because the root mean square error of two measurements each having an accuracy 
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of ± 0.133 km equals ± 0.188 km, the positional error of the stations located by a single 

GPS fix during the 1995 survey is estimated to be ± 133 metres. 

Table 5.1. Arc differences in position (in minutes) between simultaneous positional 
fixes obtained with a Magellan and an Ensign GPS during 1995 Sabah gravity survey. 

Difference minutes Difference minutes 
0.022 0.192 
0.095 0.125 
0.012 0.063 
0.073 0.051 
0.199 0.125 
0.020 0.141 
0.141 0.073 
0.275 0.036 
0.190 0.022 
0.180 0.022 

5.2.4 Barometric Levelling 

The single base barometric levelling technique used during the 1995 Sabah gravity survey 
has been used for many years on gravity surveys in Southeast Asia (e. g. St. John, 1967; 

Milsom, 1970; Milsom, 1988; Harrison, 1991). The basis for this technique is as 
follows. It is assumed that atmospheric pressure variations occur uniformly across the 

survey area, and that temperature and humidity remain constant throughout the survey. 
By continually recording atmospheric pressure at a fixed location (the base station), the 

background pressure variation may be removed from pressui a, measurements taken at 
field stations leaving the pressure difference between the field station and the base 

station. As an approximately linear inverse relationship exists between pressure and 

altitude, the observed pressure difference between the base station and the field station 

can be directly converted into a height difference. By determining the height of the base 

station above mean sea level, the elevations of the field stations may finally be deduced. 
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The technique was used in Sabah to determine gravity station heights in preference to a 

GPS system since the estimated accuracy of ± 2.5 m is considerably better than the 

± 100 m obtainable from a single GPS. Greater accuracy is obtainable using differential- 

mode GPS but this requires a second instrument at base and extensive processing, and is 

also very time consuming. The ± 2.5 m accuracy of the single base barometric levelling 

technique is equivalent to an error of ± 0.5 mGal in Bouguer anomaly and is adequate for 

a regional survey which is unlikely to be contoured at intervals of less than 10 mGal. 

A detailed report on the levelling survey is given separately in Appendix 1. 

5.2.5 Gravity Survey Field Procedure 

One problem encountered early in the survey work was the absence of any reoccupiable 

IGSN71 base stations in Sabah.. An approximate reoccupation was made of the site of 

the original international station at the old "Jesselton" airport, which is now used for 

general aviation only, but the main link to IGSN71 was based on readings at the 

Malaysian national base station at the Universiti Malaya in Kuala Lumpur (accepted 

value 978034.450 ± 0.043 mGal). The link to Sabah therefore relies on a single loop 

which was begun on 6 July and was finally closed on 4 August. 

10 
A network of�new gravity base stations on Sabah was established during the 1995 

survey. These bases and a temporary base in Kuala Lumpur are described in Appendix 2. 

The most important of the Sabah bases is the station at the Geological Survey building in 

Kota Kinabalu (Station 0002), and it is recommended that this be adopted as the primary 

gravity base for the state. Other described and reoccupiable bases were established in 

Telupid, Lahad Datu, the Danum Valley Field Centre, Tawau, Luasong and Tambunan. 

The network, illustrated in Figure 5.3, was established using a system of forward 

looping. Thus, a new station was established at Telupid en route from Kota Kinabalu to 

Lahad Datu, where a second new station served as a base for a number of days. Side 

loops from Lahad Datu allowed bases to be established at the Danum Valley Field 
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Centre. From Lahad Datu a loop included a temporary site at the Semporna-Tawau road 

junction which was reoccupiable from Tawau after the base had been moved there. A 

loop from Tawau then reached the forestry base at Luasong, which was in turn used as a 

base for three loops, one of which included a temporary site at the forestry centre at 

Tongood. From Tongood the survey was tied back to Telupid and thence to Kota 

Kinabalu. An additional loop from Kota Kinabalu allowed a base to be established at 

Tambunan. 

The weakest section of the network is the direct link from Telupid to Lahad Datu, since 
this road was used once only, in one direction only, with closure back to Telupid 17 days 

later. The link between the western and eastern sides of Sabah was therefore reinforced 
by a direct tie between Lahad Datu and Kota Kinabalu using the scheduled air service. 
Although the main loop extended over a period of 19 days, the absence of tares, the use 

of multiple repeat readings throughout the survey and the existence of the air tie has 

allowed gravity values relative to Kota Kinabalu to be estimated at all loop bases with an 

estimated uncertainty of no more than 0.05 mGal. 

In the field, gravity data were usually acquired in loops occupying a full day of 

measurement, with gravity readings taken at a base station at the start and end of each 
day. The average field station spacing was approximately 5 km along road traverses. 

5.2.6 Gravity Data Processing 

Gravity data can be processed to Bouguer anomalies only when station heights and 
locations have been determined. A flow chart of the processing methodology is given in 

Figure 5.4. 

The initial processing stages convert meter readings to gravity units and correct for time- 

variant changes within the meter caused by the small increases in the length of the gravity 

meter spring during the survey (drift), and also changes outside the meter (tidal gravity 

variations). Ideally, gravity meters should be calibrated periodically under laboratory 
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Figure 5.4. Flow chart of gravity processing methodology. 
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conditions to monitor any changes in length of the spring, although the manufacturers of 

the LaCoste & Romberg meter used on the survey claim that the calibration does not 

vary with time. The calibration table used with the 1995 survey data is given in 

Appendix 3. 

Following conversion to milligals, the gravity measurements were corrected for tidal 

effects calculated using the computer program et. com written in 1986 by R. Almond for 

the Geological Survey of Indonesia (Almond, 1986). 

Gravity meter drift was determined by plotting all of the tide-corrected values obtained at 

repeatedly read gravity stations within the survey area. A graph of these measurements 
is shown in Figure 5.5, which also shows the simplified drift curve used for the 

correction (represented by the solid black line) and the residual drift after correction. 
The variation of the drift-corrected repeated station measurements is of the order of 

0.05 mGal. Using this simple although not rigorously accurate correction procedure 

considerably reduced the time taken in processing. The results obtained are not 

considered to be significantly worse than those which would have been obtained using 
the more accurateday by day correction process. 

Gravity anomaly values were derived by subtracting the theoretical gravity value (gm) 

from the measured value (gobs) at each station. The theoretical gravity for a point on the 

sea level reference surface vertically below (or above) the point of observation was 

calculated using the equation: 

gm = 978031.8(1 + 0.0053024sin24 - 0.000005sin4(24)) (5.1) 

where 4 is the geographic latitude of the point of observation. 
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Free-air gravity anomaly values (gfaa) were obtained by applying the free-air correction 
(gfac): 

gfaa = gobs - 90 + grac (5.2) 

The free-air correction compensates for the decrease in gravity with increased distance 

from the centre of the Earth, and is equal to 0.3086h, where h is the elevation of the 

gravity station in metres. 

Corrections were then applied to obtain the simple Bouguer gravity anomaly values (gba) 

at each station. The correction (gb, ) is equal to the effect of an infinite horizontal slab 

with a thickness equal to the station elevation, and compensates approximately for the 

presence of topographic masses above the reference surface. The correction, which is 

subtracted from the free-air gravity to give the simple Bouguer gravity, is given by 

g=2rpGh (5.3) 

where p is the slab density, G is the universal gravitational constant, and h is the station 

elevation. The standard 2.67 Mg. m'3 crustal density was used to process the data. 

Terrain corrections, which compensate for deviations of the actual surface from the flat 

surface of the Bouguer plate, become significant in areas of rugged topography. All 

stations occupied in the 1995 survey were along motorable roads and, as a result, the 

majority were at low elevations where terrain corrections were small. To date, terrain 

corrections, obtained as educated guesses without the use of topographic maps, have 

been applied only to the gravity measurements in the Crocker Ranges (Table 5.2). More 

accurate corrections are desirable but can be made using topographic data available only 

in Malaysia. 
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Table 5.2. Terrain corrections (TC) applied over the Crocker Ranges. 

Station Altitude Simple Bouguer Anomaly TC Bouguer Anomaly 
(m) (mGal) (mGal) (mGal) 

0292 164.4 -14.79 10 -4.79 
0293 435.0 -41.98 20 -21.98 
0294 840.0 -80.41 30 -50.41 
0295 1262.8 -122.36 40 -82.36 
0296 1547.9 -150.76 50 -100.76 
0297 1696.9 -167.18 50 -117.18 
0298 1142.4 -121.42 40 -81.42 
0299 799.6 -94.56 30 -64.56 
0300 634.2 -86.44 25 -61.44 
0301 566.7 -78.05 20 -58.05 

5.2.7 Gravity Survey Errors 

Errors in the 1995 survey Bouguer gravity anomaly values arise from the following 

sources: 

" gravity meter reading uncertainty 

" drift correction 

" IGSN base value uncertainty 

" station height uncertainty 

" missing terrain correction 

On day 5 of the survey, a series of gravity measurements were taken at a fixed location 

over a period of about six hours with two aims - the first being to familiarise the author 

with the gravity meter, and the second being to determine the repeatability of the gravity 

measurements. Figure 5.6 shows the variation in these gravity measurements, after 

conversion from scale divisions to milligals. The standard deviation about the observed 

trend is 0.012 mGal. This ± 0.012 mGal error is a combination of meter error, meter 

reading error and the error in the tidal corrections. 
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Figure 5.6. Day 5 Gravity Measurements, Hotel Asia, Kota Kinabalu. 
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As discussed above, drift corrections were made to an accuracy of about ± 0.05 mGal. 

The error in absolute gravity due to the quoted uncertainty in the value of the Malaysian 

national IGSN71 base in Kuala Lumpur is ± 0.043 mGal. There is an additional error 

involved in the tie between Kuala Lumpur and Kota Kinabalu which is very hard to 

quantify because only a single ABA loop was completed. The difference between the 

two measurements of the gravity interval (i. e. between the AB and BA uncontrolled 

links) is less than 0.1 mGal and this level of error is therefore currently assumed. 

Combining these two errors suggests an overall uncertainty in the absolute value of the 

Kota Kinabalu base of ± 0.11 mGal. This error will not affect the validity of the relative 

gravity contouring within Sabah. The average station height uncertainty of ± 2.5 m 

corresponds to an error of ± 0.5 mGal in Bouguer gravity (Section A1.9, Appendix 1). 

The error caused by the lack of a terrain correction is more variable. A value of 

+0.5 mGal is a realistic average but the actual errors will range from a few hundredths of 

a milligal in low lying areas to possibly tens of milligals in the Crocker Ranges. 

The total error of the gravity stations in the 1995 survey, excluding the stations in the 

Crocker Ranges (Stations 0292-0301), is therefore estimated to be approximately 

± 0.7 mGal. The uncertainty in the gravity values of the stations in the Crocker Ranges 

is likely to be of the order of ± 10 mGal. 

5.2.8 Results 

The area covered by the 1995 Sabah gravity survey is shown in Figure 5.7. The main 

work was done in southeastern Sabah, in an area approximately between geographic 
latitudes 4°00' N and 5°30' N and between longitudes 117°00' E and 119°00' E. Other 

data were collected on the Klias Peninsula in southwestern Sabah and on a single 
traverse across the Crocker Ranges due east of Kota Kinabalu. In all, three hundred 

stations were occupied. The gravity data collected during the survey are listed in full in 

Appendix 4, and are summarised in Appendix 5. 
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Ten new gravity base stations were established during the course of the survey. Every 

effort was made to select sites which were describable, reoccupiable and had reasonable 

prospects of permanency. The station at the Geological Survey Offices in Kota Kinabalu 

will be protected in the future and should be regarded as the main gravity base for Sabah. 

These bases and a temporary base in Kuala Lumpur are described in Appendix 2. 
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5.3 Merger of the Sabah Gravity Data Sets 

There have been three land gravity surveys of different vintages in Sabah (as well as an 

unknown but possibly large number of commercial surveys). This section describes the 

methods used to integrate these surveys into a single consistent data set. 

5.3.1 Merger of the 1995 survey with the Darvel Bay survey 

Data in the Darvel Bay region were acquired by P. Ryall of Dalhousie University, 

Canada, in 1975 and were used in a B. Sc. honours thesis prepared by D. Beattie 

(Beattie, 1986) and published in a joint report, `A Gravity High in Darvel Bay' (Ryall & 

Beattie, 1989). 

The Darvel Bay survey was not originally tied to any datum. The first stage in its merger 

with the 1995 Sabah survey was to compare the map provided by Ryall & Beattie (1989) 

with the 1995 Bouguer gravity contour map (Figures 5.8 and 5.9 respectively). In 

general form the two contour maps are very similar, but the values from the Darvel Bay 

survey are approximately 40 to 50 mGal less than the IGSN71 values from the 1995 

survey. Detailed comparisons were then made, based on six gravity stations of the 

Darvel Bay survey which lay within 3.5 km of 1995 survey stations (the seventh station 

of the Darvel Bay survey satisfying this criterion was apparently read within a building 

and so has not been used). Differences between the two surveys at these six locations 

are shown in Figure 5.10; they increase systematically southwards by approximately 
10 mGal over 0.4 degrees of latitude. There are two possible explanations for this trend. 

Either latitude corrections were not applied to the Darvel Bay survey, or corrections 

were applied but in the wrong sense. 

The differences between the two surveys at the common locations are plotted in Figure 

5.10, together with the differences between the 1995 survey and values generated by 

adjusting the Darvel Bay data with both single latitude corrections and double latitude 

corrections. When the single latitude corrections are applied to the Darvel Bay data, the 

176 



" 
LLY0 

aTu 

5. 
40 

G, TG. SILýMC 
BO \70 

KO AMIK\ 

/ 

70 

DARVEL BAY 
P YKiWT 

eoHAY. � _neAUwnn 

ýý %psiLUwrT 

fi+ KUNf 

t 

rk, f 
GRAVITY STH. ; 

GABBRO ++ 

®ULTRABASIC +- 
®CHERT SPUTE A 

QUATERNARY VOLCANIC 
MOANOED AMPHIBOLITE 
CMS MAORI-BATUR NG LIMESTONE 

4.30' 
118.00' 

-50 

P. TIMBUN MATA 

a 

p0ý Qae 

4.30' 
30' 

Figure 5.8. Darvel Bay gravity map from Ryall & Beattie (1989). 

5tS xx 

40 1? 0 

43.62 Xx 
60 

IýCX 

40.04 X%x 

4 45.85 1 

46.00 

4"45,48.43 

: 
48.60 

80 

x\&0 51.25 
x 

x 

xx 

4'30 
119'00' 118'15 118'30' 

X 

© A. acra caNmnaDw d e. r dohblm&rm EMm 

x 1995 yP. wr, wbn 

® 
Im ihn rvMn owbw 
doeb DWwNFt&x" Pwm 
ISM 

GnK* Genbi (ffGA 

Cor1N 

»845' 

Figure 5.9. Darvel Bay gravity map from 1995 survey data. 

177 



55.0 

50.0 a) 
Z + 

0 -FU 
-0 E 

+ 
5-- 
2 co 

45.0 0 : 7: 7 : 777 ö D 
o 

c LU aC) .Q. -_ - - -ä --- 4C) 40.0 ý- _ 

U 
cD + Original Data 

a) 35.0 o1 Latitude Coriection Applied 
01 l0 2 Latitude Corrections Applied 

30.0 1+Iºi1i 

4.60 4.65 4.70 4.75 4.80 4.85 4.90 4.95 5.00 5.05 

Latitude of Test Stations (°N) 

Figure 5.10. Graph showing the effect of latitude correcti 'ns on the difference 
between the Darvel Bay survey and the 1995 survey data at six locations. 

178 



differences from the 1995 data are approximately independent of latitude. This suggests 

that the original Darvel Bay data were not corrected for latitude and these were therefore 

merged with the 1995 survey data set by applying a latitude correction and a suitable 

datum shift. The corrected Darvel Bay gravity data are listed in Appendix 6. 

5.3.2 USAMS(FE) Data Set Correction 

Inspection of the USAMS(FE) data set suggested that, although corrections had been 

made using the 1967 Gravity Formula, absolute gravity values were based on the older 

Potsdam reference system. Direct verification was obtained by approximate 

reoccupation of stations at the small cargo wharf in Kota Kinabalu and at the old 

"Jesselton" airport. A datum shift of -13.7 mGal was therefore applied to all values in 

this survey before they were incorporated in the data set. 

An error was also suspected in the Telupid region, where the original data set included a 

single station with a very large (+140 mGal) Bouguer anomaly. Plotting this station on a 

topographic map suggested that the elevation assigned was in error by some 200 m. 

Detailed survey work during the 1995 survey in the Telupid region confirmed this value 

as erroneous and also delineated the southern part of the real gravity high which exists in 

this area. 

The corrected USAMS(FE) data set is listed in Appendix 7. 

5.3.3 New Gravity Map of Sabah 

The Sabah gravity data set, made up of the 1995, corrected USAMS(FE) and corrected 

Darvel Bay surveys, has been plotted on a map which also includes satellite marine 

gravity data (Figure 5.11). This map is interpreted in Chapter 6. 
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5.4 Conclusions 

Three hundred new gravity stations were established during a gravity survey of Sabah, 

East Malaysia, carried out during July and August 1995 by Rob Holt and John Milsom of 

University College London in collaboration with the Geological Survey of Malaysia. 

Gravity station heights were established using the `single base' barometric levelling 

technique, giving an estimated accuracy of about ± 2.5 metres for the low-lying stations, 

and ± 1.2 % of station elevation for stations in the Crocker Ranges. Errors in simple 

Bouguer gravity, which are largely controlled by elevation accuracy, are estimated at 

± 0.7 mGal. Terrain corrections, which have not been applied, are generally expected to 

be less than 1 mGal. An exception is in the Crocker Ranges, where the corrections are 

very large and have been estimated very approximately. 

The data of the 1995 survey were merged with the previously existing data. Data 

acquired in about 1960 by the USAMS(FE) were found to have been processed using the 

Potsdam datum and were corrected by applying a -13.7 mGal datum shift. The existence 

of an error in the USAMS(FE) data in the Telupid area was confirmed and the error 

point was eliminated from the data file. Gravity data collected in the Darvel Bay region 
by Dalhousie University were also integrated into the data set by application of latitude 

corrections and an experimentally determined datum shift. 

Ten new gravity base stations were established during the course of the survey and were 

tied to the IGSN 1971 network via a single loop from the Malaysian national base in 

Kuala Lumpur. 
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CHAPTER 6 

Interpretation of the Southeast Asian Gravity Field 
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CHAPTER 6. INTERPRETATION OF THE SOUTHEAST ASIAN GRAVITY 

FIELD 

6.1 Introduction 

Gravity measurements contain the basic data for investigations of the shape of the Earth 

and the structure and composition of its outer layers. The gravity anomaly data over 

Sundaland and its adjacent areas constitute a fundamental data set for systematic 

geological mapping and interpretation, mineral and petroleum exploration and resource 

assessment. 

The two previously published regional interpretations of the gravity field of Sundaland 

(Angelich, 1986; Harder et al., 1993) concluded that quantitative interpretation was at 
best unreliable owing to the poor quality of their data. 

This chapter presents both qualitative and quantitative regional interpretations based on 

new high resolution gravity and bathymetry data. Section 6.2 discusses the modelling 

philosophy of this study. In Section 6.3, new free-air and Bouguer gravity maps are 

presented and discussed qualitatively. Section 6.4 presents a quantitative interpretation 

of the main features within the study area. Included in this section are models of the 

shelf edge anomaly, the gravity Moho, the South China Sea Oceanic Basin and Sabah. 

The principle conclusions drawn from this study and suggestions for future work are 
discussed in Section 6.5. 

A map showing the locations of the major features discussed in this chapter is given in 

Figure 6.1. 

I 
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discussed in this chapter. 
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6.2 Gravity Interpretation 

The calculation of the gravity effect of a body with a known shape and density is unique 

and can be made as accurately as the computer has time to spend. Unfortunately, the 

`inverse' problem, i. e., the determination of the mass distribution of a body from its 

gravity anomaly, is not unique. When the gravity effect of the model is matched with a 

measured gravity anomaly, we try to determine two unknowns, density and geometry, 

from one known, the gravity anomaly. There is an infinite number of possible solutions. 

This ambiguity is well illustrated in the classic paper of Skeels (1947), who showed a 

gravity profile that could be produced by a number of mass distributions. Geologic 

insight is necessary to choose a model that is reasonable. But what is plausible is itself 

uncertain, and very considerable freedom in the interpretation of the data remains. 

One of the main influences on the gravity field, and hence one of the main constraints on 

the modelling, is the shape of the seafloor. In order to define this effect for modelling 

purposes, it is necessary to first define a standard crustal model which produces a zero 

Bouguer anomaly at the surface of the Earth (Figure 6.2). In the present study, this 

background model is defined as a standard continental crust with a density, in its upper 

part, of 2.67 Mg. m 3, a thickness of 30 km and density contrast across its base (the Moho 

discontinuity) of 0.4 Mg. m'3. The pattern of the density variation between the Earth's 

surface and the Moho is undefined but it is assumed that most of the necessary increase 

takes place at mid crustal levels. This allows the 0.4 Mg. m'3 contrast across the Moho 

interface to be used even where the crust is considerably less than 30 km thick and also 

allows a sea water layer to be modelled with a density contrast of -1.64 Mg. m 3, 

regardless of water depth. Continental crust with these characteristics is in isostatic 

equilibrium with oceanic crust 6 km thick, with a mean density of 0.1 Mg. m 3 greater 

than continental crust and overlain by 5 km of water. This gross but convenient 

oversimplification places some limits on the reliability of the deductions which can be 

drawn from the model studies but these are not usually of critical geological importance. 
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The geological control data available for constraining the models of this study were 

limited to published sections (CCOP, 1991), the 5 minute x5 minute NGDC sediment 

isopach map (Section 1.3.3) and the TPI5.2 bathymetric data set (Section 1.3.2). No 

borehole data or seismic reflection sections were available. Thus the geological and 

geometrical information available for the sedimentary basins within the study area was 

very limited. A density contrast of -0.25 Mg. m 3 was assumed between sediments and 

crust, as suggested by Nettleton (1971) and Telford et al. (1990). This figure represents 

the average density contrast between the sediments within a basin and the surrounding 

crust. Without far more detailed geological and geometrical information, it was 

impossible to create a more realistic or accurate model of these sedimentary basins 

because, for example, the different sedimentary types within the basins have different 

compaction rates (Lankester, 1993). The geological models produced by this study were 

therefore kept as simple as possible whilst honouring the available control data. 

Geological models were developed in an iterative fashion using the GM-SYS computer 

program (Section 1.5.2). The gravity field of a model mass distribution was calculated 

and compared with the observed residual gravity anomaly to determine the effects for 

which the model could not account. The model was then changed and the calculations 

repeated until the differences became smaller than some value considered ̀close enough'. 

Use of the standard density model limited the number of possible changes. 
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6.3 Southeast Asia Gravity Maps 

The five gravity maps of Sundaland presented in this section cover an area of 

approximately 9.5 x 106 lane (99°E - 121°E, 10°S - 24°N). The maps were produced 

from the WGI7.2 and Sabah gravity data sets, and the TPI5.2 bathymetry data sett 

Whilst many other gravity surveys have been collected in the region, none of these data 

were used in this study. The maps presented here are (1) regional,, free"air gravity 

anomaly map (2) regional Bouguer gravity anomaly map; (3) long wavelength gravity 

anomaly map; (4) residualAfree-air gravity anomaly map; and (5) residual Bouguer gravity 
4. awa:.... A., wc"s 

anomaly map - Figures 6 :3 te 6 :7 respectively. On each of these maps, the coastline is 

marked by a black line, and areas with no data are coloured light grey. 
ia,., dO. A. &' -1 3 Iewt 146-P ý-meji.. 3r&z%kj . -&AAA 

6.3.1 Regional Free-Air Gravity Anomaly Map 

Figure 6.3 shows the regional free-air gravity anomaly field compiled from the free-air 

marine gravity anomalies of WGI7.2, and the Sabah Bouguer gravity data. As discussed 

in Chapters 4 and 5, the maximum half-wavelength resolution and accuracy of the marine 

gravity anomalies are of the order of 10 km and 6 mGal respectively, and the accuracy of 

the Sabah gravity anomalies are better than 5 mGal. 

The regional free-air gravity anomaly field is composed of gravity anomalies that arise 

from the water/crust interface, intra-crustal sources and deeper sources. The gravity 

field varies from -250 to +285 mGal. In general the map reflects the known tectonic 

trends of the area (Figure 2.1). Regions of low free-air gravity such as those southwest 

of Sumatra and Java, west of Luzon, and northwest of Sabah correspond to known 

bathymetric troughs. With the possible exception of the contentious Sabah-Palawan 

Trough, these troughs are generally accepted to correspond to former or active 

subduction zones. Other negative gravity anomalies are found over deep sedimentary 

basins, for example, the Southeast Hainan Basin and Maliau Basin (Figure 2.15). Other 

basins such as the Nam Conson Basin and the offshore Sandakan Basin show negligible 

gravity anomalies when anomalies in excess of -50 mGal would be expected, indicating 
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Figure 6.3. Regional Gravity Anomaly Map of Southeast Asia. Offshore: free-air 

gravity from WGI7.2. Onshore: Bouguer gravity. White line delineates boundary. 
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near complete local isostatic compensation of these basins. A widespread positive 

gravity anomaly, typically 20 - 60 mGal, dominates the Sunda Shelf west and south of 

Borneo. Other areas with positive gravity anomalies correlate with bathymetric features, 

such as Macclesfield Bank, Reed Bank, Palawan and the numerous reefs and islands of 

the Dangerous Grounds (Figure 6.1). The positive gravity anomalies enclosing the 

southeast Sulu Sea Basin arise from the dense material of oceanic origin forming the 

basement of the active or extinct volcanic arcs in these areas. 

6.3.2 Regional Bouguer Gravity Anomaly Map 

The regional Bouguer gravity anomaly map shown in Figure 6.4 includes marine 
Bouguer anomalies calculated from the WGI7.2 free-air gravity anomaly and TPI5.2 

bathymetry data sets (which are collocated on 2-minute grids), and the Sabah Bouguer 

gravity data. 

The marine Bouguer reduction involved `infilling' the sea layer with an equivalent 

volume of rock of mean upper crustal rock density, 2.67 Mg. m-3. The Bouguer anomaly 
(gBa) was calculated at each grid point using the Bouguer slab correction: 

gBQ = g10 + 0.04192. Ap. h (6. i) 

where gfa is the free-air anomaly, Op is the difference in density between the sea water 
(1.03 Mg. m 3) and the upper crust (2.67 Mg. m 3), and h is the water depth at the grid 

point in metres. 

eu,. ný. y h. Ns slimy No curvature correction was madekto take account of the infinite slab approximation 

used in the Bouguer reduction. The marine curvature correction applied by Fairhead 

(1992) was calculated using the empirical formula: 

-6.40427 x 104 h -1.54751 x 10'' h2 - 4.06303 x 10.14 h3 mGal (6.2) 
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Figure 6.4. Regional Bouguer Gravity Anomaly Map of Southeast Asia. 
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where h is negative and represents the water depth in metres. Corrections calculated 

from this formula are given in Table 6.1. This correction factor is negligible (< 1 mGal) 

for the water depths found within the South China Sea and on the Sunda Shelf when 

compared to the accuracy of the gravity data (± 6 mGal). 

Table 6.1. Magnitude of marine curvature correction (not applied in this study). 

Water Depth Magnitude of Correction 

0.00 0.00 

-1000.00 0.49 
-2000.00 0.66 { 

-3000.00 0.53 
-4000.00 0.09 
-5000.00 -0.66 
-6000.00 -1.72 
-7000.00 -3.09 
-8000.00 -4.76 
-9000.00 -6.74 
-10000.00 -9.03 

In addition to the errors in the gravity data summarised in Section 6.3.1, the Bouguer 

gravity anomaly data contain errors due to the uncertainty in bathymetry which are 

largely unknown and potentially highly variable. Bathymetric errors are more likely to 

occur in areas sparsely surveyed by ship surveys. Errors may also leak from the gravity 

data into the bathymetry data which is partly based on the gravity data. However, these 

errors are not expected to significantly affect the regional Bouguer anomaly map which 

has a range of approximately 600 mGal. A bathymetric error of ± 200 m corresponds to 

a Bouguer anomaly error of ± 13.75 mGal. 

Since the mass deficiency of the sea water is compensated wholly or in part by a rise in 

the level of the Moho, infilling of the sea with material of higher density results in 

Bouguer anomalies which are strongly positive. Within the study area, Figure 6.4, the 

Bouguer gravity anomaly field varies from -130 to +445 mGal (cf. the -250 to +285 

mGal range of the free-air anomaly map). Broadly speaking, areas of the map coloured 

dark blue to turquoise are interpreted as areas of thick, relatively unstretched continental 

crust. Areas coloured green to yellow are interpreted as areas of highly attenuated and 
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stretched continental crust. Areas coloured red correlate with areas underlain by oceanic 

crust. 

6.3.3 Long Wavelength Gravity Anomaly Map 

In general, the longest wavelengths of the gravity anomaly field are dominated by density 

distributions that are an aspect of the very large-scale convective processes not closely 

linked to present day plate tectonics. These density anomalies are both deep and old 

(Chase, 1985). Global comparisons of tectonic features with gravity anomalies for 

harmonics 6sns 16 show that positive anomalies mark trench and island arcs, as well 

as oceanic rises, while negative gravity is typical of both oceanic and continental basins. 

Oceanic spreading centers do not have a very conspicuous signature (Kaula, 1972). The 

gravity or geoidal anomaly that results from plate subduction will depend on a delicate 

balance between the driving density contrasts and the warping of density interfaces. The 

anomaly occurs in a wide strip surrounding the subduction zone and can be either 

positive or negative depending on the boundary conditions (McKenzie, 1977; Parsons & 

Daly, 1983). 

A long wavelength gravity anomaly map of Southeast Asia (A.. j, = 800 km), derived 

from the GEM-T3 model (Section 1.3.4), is shown in Figure 6.5. Within the study area 
(enclosed by the purple box on Figure 6.5), the long wavelength gravity anomaly field 

ranges from -22 to +50 mGal. The Sunda craton is characterised by a slightly negative 

to zero gravity anomaly. A large positive gravity anomaly lies beneath Borneo, the Java 

Sea, Sulawesi and the Celebes Sea. Elsewhere the gravity field is slightly positive. 

The long wavelength gravity field within the study area is dominated by the effects of the 

subduction of the. Australian and Philippine Sea Plates and the proto-South China Sea. 

Clear evidence for these subduction events can be seen in the tomographic inversion 

results of Widiyantoro & Van der Hilst (1996) for Indonesia, which are shown at three 

depth slices (the upper mantle, transition zone and lower mantle) in Figure 6.6. In Figure 

6.6, areas found to have anomalously high velocities are coloured blue. These areas are 
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interpreted as the traces of subducting crustal slabs. Thus downgoing crustal slabs are 

imaged in the upper mantle beneath Sumatra and Java, in the transition zone beneath the 

Java Sea, and in the lower mantle beneath the northwestern margin of Borneo. The 

gravitational effects of these relatively high density slabs (compared to the surrounding 

mantle) combine to give the positive gravity anomaly imaged beneath Borneo, Sumatra 

and Java (Figure 6.5). Strong evidence for this is given by the high degree of spatial 

correlation between the longwavelength positive gravity anomaly and the locations of the 

subducted crustal slabs. 

6.3.4 Regional-Residual Separation 

In the previous section, it was demonstrated that there is a high correlation between the 

GMT-T3 long wavelength gravity anomaly field and the mantle density anomalies arising. 

from the sunken slabs of the., Australian and Philippine Sea Plates and the proto-South 

China Sea. Visual comparison of the long wavelength gravity anomaly field (Figure 6.5) 

and the regional free-air gravity anomaly field (Figure 6.3) shows no correlation for 

crustal scale density anomalies such as the sedimentary basins, the Sunda Shelf edge or 

the South China Sea Oceanic Basin. It is therefore concluded that the long wavelength 

GEM-T3 gravity anomaly field arises fully from mass anomalies located beneath the 

Moho discontinuity. Subtraction of this long wavelength gravity anomaly field from the 

regional free-air and Bouguer gravity anomaly fields therefore enables a simple ̀ regional- 

residual' separation and the isolation of crustal-scale features. The resulting residual 

gravity anomaly fields are significantly different from the regional gravity anomaly fields 

in areas where the long wavelength gravity anomaly field is strongly positive or negative. 

Failure to subtract this regional component of the gravity field prior to interpretation 

would result in significantly different geological models in areas where the regional field 

is strong, for example, Sabah. The quantitative interpretations of this study (Section 6.4) 

are therefore based on the interpretation of the residual gravity anomaly field. 
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6.3.5 Residual Gravity Anomaly Maps 

The residual free-air gravity anomaly field, Figure 6.7, was obtained simply by 

subtracting the GEM-T3 long wavelength gravity anomaly field from the regional free-air 

gravity anomaly field. The residual free-air gravity anomaly map may be directly 

compared with the regional free-air gravity anomaly map (Figure 6.3) as both maps have 

the same colour scale. As with all colour gravity maps, the amount of detail visible in a 

particular area depends on the colour scale. Less detail over Sabah is discernible on 

Figure 6.7 than on Figure 6.3 purely as a result of the reduction in values of the Sabah 

gravity anomalies and their consequent saturation on the blue side of the spectrum. The 

residual gravity anomaly map is however significantly different from the regional free-air 

gravity anomaly map at the southern end of the Sunda Shelf, because the residual field is 

significantly lower there (by - 30 mGal). The South China Sea Oceanic Basin is also 

more clearly resolved and has a more uniform, smooth gravity signature. 

The residual Bouguer gravity anomaly field, Figure 6.8, was obtained simply by 

subtracting the GEM-T3 long wavelength gravity anomaly field from the regional 

Bouguer gravity anomaly field. Again the residual map may be directly compared with 

the regional map (Figure 6.4) as both maps have the same colour scale. The maps only 

significantly differ at the southern end of the Sunda shelf. The residual Bouguer anomaly 

map indicates that the entire Sunda Shelf is underlain by continental crust of a broadly 

uniform thickness. 
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6.4 Quantitative Interpretation 

Detailed interpretation of the Southeast Asian gravity field has focused on the Sunda 

Shelf edge anomaly, the gravity Moho, the South China Sea Oceanic Basin, and Sabah. 

Similar analyses could be applied to numerous other areas covered by the gravity maps 

presented in Section 6.3, time being the only constraint on the number of areas covered. 
These areas were selected owing to their regional geological and tectonic significance. 

6.4.1 Sunda Shelf Edge Anomaly 

One of the most prominent features on any free-air gravity anomaly map of Southeast 

Asia is the C-shaped positive gravity lineament that encircles the western side of the 

South China Sea. Previous suggestions for the cause of this lineament based on poorly- 

resolved gravity data include a volcanic chain (R. Murphy, pers. comm. ). 

Comparison of the location of this anomaly with a bathymetry map (Figure 6.9) shows 

that the lineament and the sea floor depth transition from - 200 m to - 1000 m coincide. 
This indicates that the primary cause of the lineament is the abrupt bathymetric change at 

the shelf edge. 

In order to investigate this anomaly further, five profiles of gravity and bathymetry were 

extracted across the shelf edge (Profiles SE1 to SE5 on Figure 6.9). These profiles are 

shown in Figure 6.10, along with the average gravity and bathymetry profiles. On this 

figure the gravity anomalies of each profile have been aligned on the lineament, and are 
displayed with successive -40 mGal offsets from the average profile. Similarly, the 

bathymetry profiles are displayed at successive -1500 in offsets from the average 
bathymetry profile. Moving from the Sunda Shelf towards the South China Sea, the 

average gravity profile increases from 0 to 30 mGal over a distance of 50 km, then falls 

to -30 mGal over the next 50 km. The anomaly then gradually increases back towards 
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Figure 6.10. Shelf edge profiles - A: free-air gravity, B: hathymetry. 
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0 mGal over a distance of 100 km. The bathymetry approaching the South China Sea 

gradually deepens to - 200 m below the peak of the gravity anomaly, then sharply 

deepens to - 1700 m over the next 50 km. Moving further into the South China Sea, the 

bathymetry steadily deepens at a rate of approximately 50 m per 10 km. Variations of 

the measured gravity profiles about the average gravity profile are of the order of 

±15mGal. 

A 2D GM-SYS gravity model of the shelf edge anomaly, based on the standard density 

model and using the average gravity and bathymetry profiles, is shown in Figure 6.11. 

2D modelling is suitable in this case as each profile was extracted in a direction 

perpendicular to the strike of the gravity lineament and of the shelf edge. The gravity 

anomaly arising solely from the sea bed interface is shown in Figure 6.11A. The change 

in water depth produces a negative gravity anomaly that mirrors the change in 

bathymetry and has a range of - 120 mGal. The only free parameter in the model was 

the depth of the Moho, which was altered to produce a good match between the 

modelled gravity and the observed gravity. This match was achieved by raising the 

Moho under areas of deeper water (Figure 6.11C). The gravity anomaly produced solely 

by the Moho density interface is also shown in Figure 6.11A. This anomaly smoothly 

increases over a range of - 120 mGal, mirroring the Moho topography. The resultant 

calculated anomaly (the sum of the sea bed and Moho anomalies) matches the observed 

anomaly well (within errors), as shown in Figure 6.11B. 

Thus the gravity lineament observed to be coincident with the Sunda shelf edge is found 

to arise from the superposition of the sudden change in the gravity anomaly arising from 

the sea water/upper crust density interface at the shelf edge and the gradually-increasing 

gravity anomaly that arises from a thinning of the crust from the Sunda Shelf towards the 

South China Sea. The average sediment layer was not included in this simple model 

since it represents a relatively minor density anomaly that, to a first approximation, has a 

constant thickness along the average profile. 
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This model, based on the average of five profiles spread over a distance of 1500 km at 

the western edge of the South China Sea, shows a gradual thinning of the continental 

crust at the shelf edge, rather than a sudden change. This indicates a certain degree of 

regional compensation and thus crustal strength across the shelf edge. 

It is likely that a similar anomaly exists within the Sulu Sea, obscuring, for example, the 

gravity low associated with the offshore extension of the Sandakan Basin (Figure 6.37). 

It should be noted that analysis of an averaged gravity profile over the South China Sea 

shelf edge yields results lacking in the geological detail that one would expect to derive 

from well-constrained interpretations of individual gravity profiles. Elsewhere, detailed 

analyses have been carried out over the Hatton Bank, South Africa, Nova Scotia, Gabon, 

East Coast, USA, Brazil (Campos basin), Goban Spur, Carolina and Valencia Trough 

(Western Mediterranean) margins (Watts & Fairhead, 1997). These analyses were based 

on gravity modelling, flexural backstripping and crustal balancing studies, and show that 

rifted margins can be divided into two main groups: wide (> 250 km) and narrow 

(< 75 km) rifts. Narrow margins are represented by Hatton Bank, Valencia Trough, 

Carolina and Goban Spur; wide margins by the East Coast, USA, Gabon, South Africa 

and Brazil. There is evidence from both the narrow (e. g. Carolina) and wide rifts 

(e. g. Gabon, Brazil and Nova Scotia) that the locus of crustal thinning is not necessarily 

confined to the continental/ocean boundary region but may occur some distance 

landward of the boundary. 

The reason why the pattern of crustal thinning varies so much along the strike of rifted 

margins is not well understood. According to the. model of Buck (1991), narrow rifts 

form when the lithosphere is initially cold; wide rifts form when it is warm. Bassi et al. 

(1993) have shown, however, that in the case of large amounts of extension the patterns 

of rifting are a complex function of continental geotherm, lithospheric composition and 

strain rate. Other factors such as the presence of significant amounts of magmatism may 

serve to focus rifting (Watts & Fairhead, 1997). If good control data (such as seismic 

sections) were to become available, then detailed modelling of the significant crustal 

variation observed along the South China Sea shelf edge may potentially help clarify this 

uncertainty. 
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6.4.2 Crustal Variations on the Northern Sunda Shelf and Within the South China 

Sea 

6.4.2.1 Overview 

Inversion of the WGI7.2 satellite gravity data set has resulted in maps of the depth to 

Moho, crustal thickness and ß (crustal extension) factor covering the northern Sunda 

Shelf and South China Sea (99°E - 124°E, 0° - 25°N). Prior to inversion, the effect of 

long-wavelength deep-sourced gravity anomalies (mainly sunken slabs) was removed 

from the gravity field by subtraction of the GEM-T3 long wavelength gravity anomaly 

field. Sedimrrnt isopach and bathymetry data provide the control data. The modelling 

was mainly concerned with the position of the Moho which was located by one- 

dimensional inversion of the gravity data assuming a 30 km thick reference crust and 

Airy isostasy. A comparison with seismic refraction depth to Moho estimates along the, 

south China margin shows excellent agreement. Comparison of ß values with 

independent unpublished ß values from basin subsidence analyses also showed good 

agreement. The Moho rises from an average depth of approximately 29 kin under the 

Sunda Shelf to a minimum of - 16 km below the South China Sea oceanic basin. An 

estimate has been made of the lateral extent of the proto-South China Sea which has 

since been destroyed by subduction. 

6.4.2.2 Introduction 

The northern Sunda Shelf and the South China Sea he at the heart of the collision zone 

between the Indian, Australian, Philippine Sea and Eurasian Plates. As described in 

Chapter 2, the region has experienced extensive deformation throughout the Cenozoic by 

compressional, extensional and rotational forces. Extensional and strike-slip sedimentary 

basins are found on the northern Sunda Shelf and margins of the South China Sea. The 

extensional South China Sea Oceanic Basin occupies the central part of the South China 

Sea. 'A subduction zone is located at the eastern margin of the South China Sea. It is 

postulated that subduction also occurred at the southern margin of the South China Sea 

(e. g. Milsom et al., 1997). 
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This study is based on one dimensional gravity modelling of the observed gravity 

anomaly field, where attention is focused on the topography of the Moho. The model is 

based on data extracted from the WGI7.2 gravity data set (Section 1.3.1), the GEM-T3 

long wavelength gravity model (Section 1.3.4), the NGDC sediment isopach map 

(Section 1.3.3) and the TPI5.2 bathymetry data set (Section 1.3.2). The study is 

confined to the offshore area (99°E -124°E, 00 - 25°N). 

Previous regional gravity modelling within this area has been very limited, owing to the 

poor quality of the gravity data available at the time. A map of the gravity Moho 

produced by the Chinese in 1987 will be discussed later. The accuracy of the depth to 

Moho estimates of this study was analysed quantitatively by comparison with expanding 

spread profile (ESP) seismic refraction data from the south China margin (Section 

6.4.2.9). 

6.4.2.3 Gravity Data 

The gravity interpretation presented here is based on the residual free-air gravity anomaly 

map discussed in Section 6.3.5. The residual free-air gravity anomaly field is generally 

observed to be near zero indicating a state of near-isostatic equilibrium. Because . there 

are considerable near surface density variations which require compensation, this 

provides evidence that significant Moho topographic variations should be found. 

6.4.2.4 Densities 

With no density data available, the standard density model discussed in Section 6.2 was 

used in this analysis. This is the simplest possible density model expected to yield 

sensible results, and assigns uniform density contrasts for the sea water (-1.64 Mg. m'3), 

sediments (-0.25 Mg. m'3), crystalline crust (0.00 Mg. m 3), raised upper mantle 

(+0.40 Mg. m'3), upper mantle (0.00 Mg. m 3) and crustal root (-0.40 Mg. m"3). The 

adopted density values are regarded as average values, and represent useful 

approximations, even in the case of density changes with depth. A deviation from the 

real average density will lead to an upward or downward shift of the whole Moho 
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topography, whereas the structural characteristics will be preserved. All densities were 

held constant throughout the area discussed in this study. 

6.4.2.5 Modelling Philosophy 

The main purpose of this study was to try to match the calculated with the observed 

gravity data, while keeping constant the sedimentary section as defined by the sediment 

isopach map (Figure 6.12), and using the Moho depth as the only free parameter. 

The actual 1D gravity modelling was carried out as follows. Water and sedimentary 

layers, with their appropriate densities, were imagined to be replaced by crustal material 

(density 2.67 Mg. m 3) using the infinite Bouguer slab correction (Equation 6.1). The 

corresponding gravity effect was calculated and used as a correction to the observed 

residual free-air gravity anomalies. This yields the `sediment-reduced residual Bouguer 

anomaly field' shown in Figure 6.13. These gravity anomalies were assumed to arise 

from the density contrast at the Moho and were modelled in terms of variations in Moho 

depth with respect to a 30 km thick reference crust. 

A comparison of a Moho depth profile extracted from the 1D gravity inversion is made 

with a 2D modelled GM-SYS profile in Figure 6.14. The two Moho estimates are highly 

correlated, giving confidence in the fidelity of the 1D modelling philosophy. 

208 



100 102 104 106 108 110 112 114 116 118 120 122 124 

24 

22 

20 

18 

16 

14 

12 

10 

8 

6 

4 

2 

A 

"ý 24 

22 

20 

r" 18 

16 

14 

10 12 

10 
08 

6 
oil 

4 

2 

0 

100 102 104 106 108 110 112 114 116 118 120 122 124'E 

Figure 6.12. NGDC Sediment Isopach Map, SE Asia. 
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Figure 6.13. Sediment-Reduced Residual Bouguer Gravity Anomaly Map. 
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6.4.2.6 Accuracy 

'I 

The gravity Moho was derived with two major assumptions - constant crustal density 

and local Airy isostatic compensation of all features observed in the gravity field. Errors 

arise when these assumptions are invalid, for example: 

9 When the crustal density differs significantly from 2.67 Mg. m"3. This is the case in 

the vicinity of the South China Sea oceanic basin, where the depth estimate for the 

Moho obtained using the initial set of assumptions is about 12 km. Modelling using a 

more realistic higher crustal density (+0.1 Mg. m-3) gives an average depth to Moho 

of about 16 km. Thus depth to Moho estimates over areas of oceanic crust are 

consistently underestimated by approximately 4 km. It should be noted, however, 

that a 16 km depth to Moho estimate beneath the South China Sea oceanic basin 

implies that the thickness of the oceanic crust in this region is of the order of 10 km, 

which is remarkable since it is significantly thicker than normal oceanic crust. Only 

by reducing the density assigned to the oceanic crust to that of standard continental 

crust would one get a `normal' oceanic crustal thickness estimate. Further modelling 

should be undertaken to determine whether or not the oceanic crust is indeed 

anomalously thick in the South China Sea. 

" When regionally-compensated features such as seamounts (e. g. Watts et al., 1975) 

are encountered. Inaccurate (too thick) sediment cover above the seamounts yield a 

larger-than-realistic crustal root with this modelling philosophy. 

Errors also arise because the 1D calculation of the Moho depth assumes infinite extent of 

the modelled anomalies. Thus gravity effects in the vicinity of narrow features are over 

compensated. This `edge effect' depends on the depth of the source, and is generally not 

significant at distances beyond approximately 10 km of the edge of features (Harrison, 

1991). 
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Quantifiable errors in the estimates for the depth to the gravity Moho arise from errors in 

the bathymetry, sedimentary thickness, gravity measurements and density estimates. The 

effects of these errors are given in Table 6.2. 

Table 6.2. Likely magnitude of errors in gravity Moho estimation. 

Error Source Potential Error Effect on Moho estimate 

Bathymetry ± 100 m ±410m 
Sediment Isopach ± 1000 m ± 625 m 
Sediment Density ± 0.15 Mg. m'3 ± 1875 m 
Gravity Data ±6 mGal ± 360 m 

*Assuming 5 km of sediments 

Less quantifiable errors arise from factors such as the omission from the model of lateral 

and vertical density changes within the sedimentary rocks. These uncertainties combine 
(by taking the square-root of the sum of the squared uncertainties) to give a probable 

error of ±2 km in the estimates for the depths to the gravity Moho. 

6.4.2.7 The ß (stretching) Factor 

The amount of crustal extension is often quantified by the (3 factor, which corresponds to 

the ratio of crustal thickness before and after extension in uniform stretching models 

(McKenzie, 1978). In this study the ß factor is calculated as the ratio of the thickness of 

the reference crust (30 km) to the basement thickness inferred from the gravity 

modelling. These calculated ß factors represent the combined effects of all phases of 

stretching. As discussed in Section 6.4.2.6, errors in basement thickness are of the order 

of ±2 km, which lead to uncertainties of +0.3 and -0.2 for a typical ß factor of 2.0. 

According to Le Pichon & Sibuet (1981) oceanic crust begins to form at ß values above 

3.0. Aß value of 3.0 is therefore used in this study to define the limits of the South 

China Sea oceanic crust. 
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6.4.2.8 Results 

Maps showing the depth to the gravity Moho, crustal thickness, and ß factor covering 

the area 99°E - 124°E, 0° - 25°N are shown in Figures 6.15 to 6.17 respectively. The 

resolution of these maps, limited by the resolution of the NGDC sedimentary isopach 

data set, is 5 minutes x5 minutes. 

6.4.2.9 Comparison of Moho Depth Predictions with Previous Estimates 

The depths to Moho derived in this study can be quantitatively compared to the two-ship 

expanding spread profile (ESP) seismic refraction data of Nissen et al. (1995) and the 

gravity Moho of Chen & Lei (1987) along the northern margin of the South China Sea 

(110°E - 120°E, 16°N - 23°N). No other published data were available for comparison 

within the project area. Figure 6.18 gives a location map for the points at which the 

present study was compared with the earlier studies, the results of which are given in 

Table 6.3. ESP data considered unreliable by Nissen et al. (1995) were omitted from 

this analysis (ESPs 7/7A, 22,23 and 24). 

Table 6.3. Depths to Moho from Sea Level (in km). 

Longitude Latitude ESP [A] Nissen et [B] This [C] Chen & A(A-B) A(A-C) A(B-C) 
°E °N al. 1995 Study--- 

--- 
Lei (1987 

_^ ___ = 118.4450 19.0100 1 11.11 11.97 9.00 -0.86 2.11 2.97 
118.2300 19.4880 2 15.56 14.18 11.50 1.38 4.06 2.68 
117.9575 19.8810 3 15.98 16.99 14.50 -1.01 1.48 2.49 
117.8525 20.2305 4A 17.13 18.94 15.50 -1.81 1.63 3.44 
117.8345 20.7290 5 22.46 22.21 17.50 0.25 4.96 4.71 
117.6765 21.0600 6 24.63 24.43 20.50 0.20 4.13 3.93 
117.2000 21.8900 8 30.55 28.02 24.50 2.53 6.05 3.52 
116.9760 22.2700 9 28.04 28.68 25.50 -0.64 2.54 3.18 
111.9675 20.7170 11 32.54 28.41 27.00 4.13 5.54 1.41 
112.4265 19.8785 12 23.70 25.74 25.50 -2.04 -1.80 0.24 
112.699 19.3635 13 27.80 27.23 24.00 0.57 3.80 3.23 
112.8715 19.0205 14 26.50 25.80 22.50 0.70 4.00 3.30 
113.0400 18.7400 15 25.53 24.07 21.00 1.46 4.53 3.07 
113.2580 18.3315 16 16.58 20.86 18.50 -4.28 -1.92 2.36 
113.3930 17.7170 17 23.80 21.35 16.00 2.45 7.80 5.35 
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Figure 6.15. Gravity Moho Map, South China Sea. 
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The seismic Moho is typically defined as the horizon below which P wave velocities are 

greater than 7.6 km/s (Steinhart, 1967). The material beneath the deepest reflector 

detected on the ESP data was characterised by velocities between 7.6 and 9.0 km/s and 

was thus identified as upper mantle. Nissen et al. (1995) ascribe an accuracy of ± 1.5 Ian 

to their Moho depth estimates. 

A comparison of this study with the ESP results of Nissen et al. (1995) shows a 

remarkably good agreement, when the errors and approximations used in the gravity 

Moho depth calculations are taken into consideration. The average difference is 

0.20 ± 2.03 km. The correlation between the two data sets is shown in Figure 6.19. 

Despite a certain amount of scatter, there is a high degree of correlation between the 

Moho depths derived gravimetrically and the Moho depths derived from the ESPs. The 

gravity Moho appears to be a smoothed version of the seismic Moho. 

The Moho map of Chen & Lei (1987) was derived primarily from gravity data, although 

the depths were constrained by seismic evidence at five points, one on the Chinese 

mainland at Guangzhou and four in the deep ocean (Liu et al., 1985). No information is 

available regarding the accuracy of this map. Figure 6.20 shows the gravity Moho maps 

of Chen & Lei (1987) and this study, for the area 104°E - 122°E, 14°N - 26°N. Both 

maps are contoured at 2 km intervals. Visual comparison reveals that the depth 

estimates of this study are consistently more than 2 km greater than those of Chen & Lei 

(1987). Significant differences also occur in localised regions, for example, south of 

Hainan Island (110°E, 19°N). 

The level of agreement found between this study and the ESP study is considerably 

higher than the level of agreement achieved by the previous gravity study of Chen & Lei 

(1987) and the ESP study. Although their study showed a general correlation with the 

ESP depths to Moho, the gravity Moho depths were consistently underestimated. The 

average difference between the two data sets was 3.3 ± 2.6 km. Therefore the previous 

gravity Moho also has a greater scatter about the ESP results than the current study 

(average difference 0.20 ± 2.03 km), indicating a less well determined Moho. 
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In conclusion, the gravity Moho defined in this study coincides with the seismic Moho of 

Nissen et al. (1995). This study gives a reliable (if perhaps slightly smoothed) estimate 

of the depth to Moho along the south China margin. This result is expected to hold over 

the remainder of the area covered by the Moho map, excluding areas underlain by denser 

crust, such as the South China Sea Oceanic Basin, where the depths to the Moho are 

underestimated by about 4 km (Section 6.4.2.6). 

6.4.2.10 Comparison of 0 Factor Estimates 

The ß factor estimates from this study are compatible within error with unpublished 

completely independent ß factor estimates derived from analysis of well log data in the 

Malay, Nam Conson, and Southeast Hainan Basins (P. Wheeler, pers. comm., 1997). 

These estimates were obtained by backstripping well log data to the give basin 

subsidence histories. Using a lithosphere stretching model, these subsidence data are 

inverted to give the temporal strain rate variation history for each basin (White, 1993). 

The ß estimate is simply the cumulative strain rate variation of the basin, which is derived 

with an estimated error of ± 0.2. 

6.4.2.11 Interpretation of Results 

There are four distinct crustal areas that can be identified on the northern Sunda Shelf 

and within the South China Sea, as characterised by crustal thickness - the Sunda Shelf, 

south China margin, South China Sea and South China Sea Oceanic Basin. Five crustal 

cross-sections (T1 to T5, Figures 6.22 to 6.26 respectively) were produced to illustrate 

the different characteristics of these regions. A location map for these cross-sections is 

given in Figure 6.21. The cross-sections are interpreted in terms of continental crust, 

highly attenuated continental crust and oceanic crust. As the cross-sections were 

produced using the 1D modelling technique discussed in Section 6.4.2.5, Moho depths 

beneath the South China Sea Oceanic Basin are underestimated by about 4 km (Section 

6.4.2.6). 
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Sunda Shelf 

The Sunda Shelf is characterised by a relatively deep Moho that lies between 28 and 30 

km below sea level (Figure 6.15). Cross-sections T4 and T5 show that the Moho is 

generally horizontal and smooth in this area, although up to 6 km of crustal thinning has 

occurred in a limited area beneath the Malay Basin. Other significant crustal thinning has 

occurred along the margin between the Sunda Shelf and the South China Sea, between 

Vietnam and Sarawak, along the line now occupied by the Mekong, Nam Conson, 

Sarawak-Zengmu and Sabah Basins. 

The result that a smooth, horizontal Moho lies beneath the Sunda Shelf contradicts 

previous predictions for the Moho in this area. Rangin et al. (1990c), for example, 

predicted a large degree of variation in crustal thickness on the Sunda Shelf from an 

indentor tectonics model for the evolution of Southeast Asia (Figure 6.27). This model 

is now shown to be incorrect. 

South China Sea 

The South China Sea is underlain by attenuated continental and oceanic crust. As shown 

on cross-sections T1 to T3, the crustal thickness decreases towards the central oceanic 

basin. This attenuated crust has a much more variable thickness than the crust on the 

Sunda Shelf (Figure 6.16), indicating the differential exploitation of pre-rift structures. 

There is also evidence for localised rafts of thicker crust (micro-continents? ) within the 

attenuated crust (e. g. Figure 6.16). Examples include Reed Bank and Macclesfield Bank 

which are cut by Profile T2. The crustal thickness in these areas lies somewhere between 

the thickness of the less attenuated continental margin and that of the highly attenuated 

crust that surrounds them, indicating that these blocks have undergone some attenuation 

and/or significant erosion since rifting from the south China margin. 

The average depth to the gravity Moho beneath the South China Sea is of the order of 

20 - 22 km. The gravity Moho is highest underneath the South China Sea Oceanic 

Basin. As discussed in Section 6.4.2.6, the crustal thickness and depth to gravity Moho 
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Figure 6.27. Present day crustal thickness variation within South China Sea and on 
the northern Sunda Shelf, according to Rangin et al. (1990c). 
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is underestimated in this area with the 1D modelling technique, and false variations in 

crustal thickness are produced by the axial valley and seamounts. 2D GM-SYS 

modelling (Section 6.4.3.4) indicates that the gravity Moho lies approximately 16 km 

below sea level beneath the oceanic basin. The cross-sections (Ti, T2, T3 and T5) show 

that the crust has a relatively even thickness as one would expect from relatively recent 

oceanic crust. These cross-sections also indicate that the oceanic crust may be slightly 

thicker in the southwestern subbasin. 

6.4.2.12 Implications for Tectonic Reconstructions 

According to Taylor & Hayes (1983), southwards extension of south China margin 

started at 65 ± 10 Ma. Formation of oceanic crust within the South China Sea occurred 

between c. 32 Ma and c. 15.5 Ma (Briais et al., 1993). Some authors (e. g. Hall, 1996; 

Milsom et al., 1997) believe that this extension was driven by the slab-pull of the 

subducting ̀ proto-South China Sea' (which has since been totally consumed) at the 

southern and eastern margins of this sea (at or near the present day Sabah-Palawan and 

Manila Troughs). Other authors (e. g. Briais et al., 1993; Fournier, 1994) believe that 

this extension occurred for other reasons, and that the `accretionary prism' which runs 

along the northwest margin of Borneo is a collisional feature resulting from the 

northwestward collision of the Australian Plate with the Eurasian Plate. Critical to the 

divergence of these tectonic syntheses are assumptions regarding the paleolatitude of 

Borneo during the Eocene. Briais et al. (1993) put `Borneo' much closer to the south 
China margin than Hall (1996) who leaves the N-S separation between south China 

margin and `Borneo' virtually at its present distance (Figures 2.18 and 2.21A 

respectively). By `rewinding' the South China Sea crust to its pre-rift thickness (30 km), 

it is possible to quantify the maximum separation between ̀Borneo' and the south China 

margin before space balancing makes the existence of the proto-South China Sea 

mandatory. 

Figure 6.28 shows a map of the South China Sea ̀ rewound' northwards towards the 

south China coastline to a constant crustal thickness of 30 km. This `rewinding' was 

performed at 40 points within the South China Sea. The northward distance that each 
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reconstruction point had to move relative to the south China coastline was calculated 

from ß factor map (Figure 6.17). The oceanic crust was not included in this calculation. 

Furthermore, the south China coastline was fixed and no `rewinding' was performed 

north of this line. One critical assumption of this reconstruction was that all the 

extension of the South China Sea took place in the N-S direction, which is justified by 

the W-E orientation of the magnetic lineations in the northwestern and eastern subbasins 

of the South China Sea Oceanic Basin (Figure 2.11). 

The reconstruction of the south China margin (Figure 6.28) shows that the maximum 

N-S separation between the continental core of `Borneo' and the south China margin 

during the Eocene before a proto-South China Sea is required for space balancing is of 

the order of 8- 11 degrees, depending on longitude. If `Borneo' had the same 

separation from China during the Eocene as it does presently, then approximately 1100 

km of oceanic crust has been subducted beneath the northwest margin of Borneo during 

this period. 

6.4.2.13 Summary 

New maps of the gravity Moho, crustal thickness and ß factor have been produced for 

the South China Sea and northern Sunda Shelf. These maps are in excellent agreement 

with the previous sparsely-distributed Moho and ß factor data, and therefore represent 

an important new source of regional geological information. 
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6.4.3 South China Sea Oceanic Basin 

6.4.3.1 Introduction 

The South China Sea Oceanic Basin is located equidistant between Sabah to the south, 

China to the north, Vietnam to the west and Luzon to the east (Figure 2.9). The basin 

covers an area of approximately 410,000 lane, and is presently subducting at the Manila 

trench (Pautot & Rangin, 1989). The basin may be divided into three subbasins - the 

northwestern, eastern and southwestern subbasins. The most prominent features within 

the basin are the deep valley of the relict spreading axis in the southwest, and the chain of 

seamounts (the Scarborough Seamounts) that runs along the relict spreading axis in the 

east. 

Analysis of the satellite gravity data over the South China Sea Oceanic Basin is, 

somewhat limited owing to the intrinsic uncertainties associated with gravity data 

interpretation. In the absence of good control data (e. g. seismic depth constraints and 

ocean drilling results), it is difficult to distinguish the effects of crustal thickness 

variations from those of crustal and upper mantle density variations (e. g. Minshull et al., 

1995; Pariso et al., 1995; Minshull, 1996). 

The WGI7.2 gravity data set is used in this section to map features within the oceanic 
basin, and also to analyse the relict spreading axis of the southwestern subbasin. 
Comparison of the free-air gravity anomaly at this fossil spreading ridge with present day 

spreading ridge gravity anomalies enabled an estimate of the spreading rate of the ridge 

to be made. 

6.4.3.2 Oceanic Basin Spreading Ridges 

The world's mid-ocean ridges can be divided into two classes, namely ̀ slow-spreading' 

and ̀ fast-spreading' (Wang & Cochran, 1995). Slow-spreading ridges are characterised 
by a rift valley (typically 1-2 km deep and 30 - 50 km wide) at the crest and rugged 

topography along the flanks. The depth of a slow-spreading axial valley frequently varies 
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along axis by 1000 m or more (Lin & Phipps-Morgan, 1992) and decreases rapidly with 

increasing spreading rate (Malinverno, 1993; Small, 1994), whilst the width reduces only 

slowly (Owens & Parsons, 1994). In contrast, fast-spreading ridges are marked by a 

triangular-shaped axial peak (several hundred metres high and M 20 km wide) and have 

more subdued topographic relief along their flanks (Hu & Rabinowitz, 1996). Fast- 

spreading ridges are much less variable than slow-spreading ridges (Wang & Cochran, 

1993). The transition from slow- to fast-spreading is an abrupt one with respect to 

spreading rate (Small & Sandwell, 1989; Chen & Morgan, 1990; Owens & Parsons, 

1994), occurring at rates of approximately 60 - 65 mm/yr. The exact spreading rate at 

which this transition occurs is affected by the crustal thickness (Chen & Morgan, 1990; 

Phipps-Morgan & Chen, 1993; Detrick et al., 1995; Cannat, 1996). 

A recent high resolution study of slow-spreading mid-ocean ridges by Smith et al. (1997) 

found that the ridges are composed of individual accretionary segments that are tens of 

kilometres long. The overall shape of the axial zone is that of a major graben composed 

of an inner valley floor and bordered by valley walls in which large normal faults displace 

the crust upwards to form the crestal mountains. The inner valley floor is the primary 

site of crustal construction, and most, but not all, segments contain large axial volcanic 

ridges within their valley floors that are the principal sites of lava extrusion. 

The South China Sea Oceanic Basin relict spreading ridge is an example of an abandoned 

slow-spreading centre. Abandoned centres can be found in many locations, including the 

Labrador, Coral and Scotia seas, the Pacific Ocean, the Indian Ocean and on the African 

Plate east of the Mid-Atlantic Ridge near latitudes 40°S - 50°S (Freed et al., 1995). 

Modelling of mid-ocean ridges by Freed et al. (1995) suggests that the axial valley 

topography created at active slow-spreading centres may be preserved for tens of 

millions of years after cessation of spreading. The axial valley associated with an active 

spreading centre could potentially be removed by either of two mechanisms: (1) ductile 

relaxation of the lithosphere itself; or (2) reversal of motion on rift-bounding faults. The 

temperature distribution that would be required to allow significant ductile flow of the 

crust may only be found near a fast-spreading centre, where low viscosities prevent the 
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formation of an axial valley (Chen & Morgan, 1990). Extinction of a spreading centre 

could lead to additional normal faulting either during the relaxation process or due to an 

increase in the regional extensional strain rate if the extinction process is gradual. The 

only way that the faults could be reversed would be to introduce a compressional strain 

rate to the region immediately upon cessation of active spreading. Because conductive 

cooling increases lithospheric strength with time after extinction, a high level of 

compressional stress would be required to reverse the existing normal faults or to create 

new thrust faults. These results therefore suggest that the topography of the axial valley 

of the South China Sea Oceanic Basin has been ̀ frozen' since spreading ceased c. 15.5 

Ma. 

6.4.3.3 The Gravity Signature'of the South China Sea Oceanic Basin 

Figure 6.29 shows the interpreted residual free-air gravity anomaly field over the South 

China Sea Oceanic Basin. The continental-oceanic boundary is delineated by the 3.0 ß 

factor contour (Le Pichon & Sibuet, 1981). 

In general, the South China Sea Oceanic Basin has a near zero gravity signature 
indicating isostatic equilibrium. A prominent gravity low runs along the relict spreading 

axis of the southwestern subbasin, indicating the presence of a bathymetric depression at 

the spreading ridge. The relict spreading axis is modelled in Section 6.4.3.4. The 

southwestern extension of this axis mapped to 110°15'E, 9°N by Coulon et al. (1995) is 

not clearly visible on the residual free-air gravity map beyond about 111°30'E, 10°45'N. 

In the east, the Scarborough Seamounts are located by their 50 - 100 mGal positive 

gravity anomalies. These seamounts run along the relict spreading axis (Pautot et al., 
1990). It is not possible, however, to say whether there is an axial trough in the eastern 

subbasin from the gravity data alone. Without detailed modelling not undertaken during 

this study, it was not possible to differentiate between the cause of the negative 

anomalies surrounding the seamounts as being due to an axial trough or to flexural 

downbending of the crust under the load of the seamounts (Watts et al., 1975). 
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Figure 6.29. Interpreted free-air residual gravity map of South China Sea Oceanic 
Basin. White line delineates 3.0 ß contour. SP = Spratley Platform; FSA = Fossil 
Spreading Axis; MB = Macclesfield Bank; PI = Paracel Islands; RB = Reed Bank. 
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Elsewhere in the oceanic basin, there is a prominent NNW-SSE lineament at 

approximately 116°E, which is interpreted as the trace of the transform fault between the 

faster-spreading eastern subbasin and the slower-spreading southwestern subbasin (Table 

2.3). The positive gravity anomaly marking this fault results from the injection of 

alkaline lavas along the fault (Pautot et al., 1990). 

It was not possible to identify the fossil spreading ridge of the northwestern subbasin in 

the gravity map. This spreading ridge is presently buried by more than 2 km of 

sediments (Taylor & Hayes, 1983). 

6.4.3.4 Modelling of the Southwestern Subbasin Relict Spreading Ridge 

According to Owens & Parsons (1994), the axial ridge topography and therefore the 

gravity signature across an ocean spreading axis is highly sensitive to spreading rate. 
Analysis of the fossil spreading ridge gravity anomalies is here used to infer the paleo- 

spreading rate of the southwestern subbasin. 

The fossil spreading ridge in the southwestern subbasin is shown in Figure 6.30. The 

axis is clearly defined by a linear negative free-air gravity anomaly of approximately 

-30 mGal. In order to determine the average variation of gravity with distance from the 

ridge axis, profiles were constructed from the residual free-air gravity field perpendicular 
to the strike of the axis. Following the methodology of Owens & Parsons (1994), these 

profiles were taken at intervals of approximately 10 km along the axis, Figure 6.31. 

Seventeen such profiles and the average profile are shown in Figure 6.32. The average 

profile was reflected about the axis and the two sides averaged, to give an effective 

average over 34 half-profiles; this significantly reduces the variability about the mean. 

A 2D GM-SYS computer model of the axial ridge was constructed to fit the average 
free-air gravity profile over the fossil spreading axis (Figure 6.33), using the standard 
density model. The axial ridge is modelled to have a median valley, approximately 
1100 m deep, bounded by steep valley walls. 500 m of post-spreading sediments 
(< 15.5 Ma) half-fill this valley (Pautot et at., 1990). Crestal mountains on either side of 
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the median valley are raised above the surrounding seafloor, which is covered by a layer 

of recent sediments that thickens away from the axial ridge. This model fits with recent 

descriptions of slow-spreading oceanic ridges (Section 6.4.3.2), the description given by 

Pautot et al. (1990) of the southwestern subbasin fossil ridge, and implicity assumes the 

result of Freed et al. (1995) that the topography of the median valley was preserved after 

spreading ceased c. 15.5 Ma. The gravity signature of the model gives a good match 

with the average gravity profile across the ridge, as illustrated in Figure 6.33. To ensure 

a good dc match between the model and the observed gravity, the horizontal crust- 

mantle boundary was set at a depth of 16.24 km below sea level (not shown on figure). 

Again assuming that the topography of the fossil spreading ridge was preserved after 

spreading stopped, it was possible to remove the gravity effect of the post-spreading 

sediments, and therefore to predict the gravity signature across the ridge at the time of 

final spreading. No account was taken for possible changes in crustal or mantle, 

densities. This predicted gravity anomaly was thus simply obtained by replacing the 

sediment layers in the first model of the axial ridge (Figure 6.33) by water, as illustrated 

in Figure 6.34. 

Owens & Parsons (1994) established a relationship between features of gravity anomaly 

profiles (anomaly width and height) measured across mid-ocean spreading ridges with 

different spreading rates, as shown in Figures 6.35 and 6.36. Also shown on these 

figures are the data predicted for the South China Sea axial ridge. The predicted data 

lies on the trends of the results of Owens & Parsons (1994). This comparison therefore 

suggests that the average full spreading rate of 35 ±5 mm/yr (Section 2.2.4) predicted 

by Briais et al. (1993) from interpretation of magnetic lineation data is correct, and that 

the technique used by Owens & Parsons (1994) is, in fact, widely applicable. 

6.43.5 Conclusions 

The South China Sea Oceanic Basin has been mapped to a higher resolution than 

previously possible using the new high resolution satellite gravity data. Analysis of the 

fossil spreading ridge in the southwestern subbasin has proved fruitful. An average 
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gravity profile across the ridge in the direction of paleo-spreading was obtained by 

averaging 17 profiles and modelled. The model was then altered by the removal of the 

post-spreading sediments, and the corresponding gravity anomaly was calculated. This 

anomaly is believed to represent the ridge gravity anomaly at the time when spreading 

stopped in the South China Sea owing to the stability of axial valleys for tens of millions 

of years after cessation of extension. A comparison of this gravity anomaly with average 

gravity anomalies measured over a series of modern spreading ridges of different 

spreading rates yields a good match for a spreading rate of - 34 mm/yr. This predicted 

value of spreading rate is in excellent agreement with the average full spreading rate of 

35 ±5 mm/yr given by Briais et al. (1993) on the basis of interpretation of magnetic 

lineaments, and therefore independently confirms the accuracy of the magnetic lineation 

interpretation. 

The gravity anomaly measured over the fossil spreading axis in the southwestern 

subbasin of the South China Sea oceanic basin may also be compared with gravity 

anomalies measured at other extinct spreading centres. Comparison of the free-air 

gravity lows over the extinct spreading centres of the Coral, Labrador and South China 

Seas reveal a similar spreading rate dependency to that observed at active spreading 

ridges, Table 6.4. In each case, however, the free-air gravity anomalies measured at the 

extinct spreading centres are - 15 mGal less negative than those found at active 

spreading centres, possibly as a result of post-extinction sedimentary infill (Figure 6.34). 

Since the gravity anomalies in the Coral and Labrador Seas were derived from single ship 

gravity profiles, there is considerable scope for additional research using the average 

satellite-derived gravity profiles over these extinct spreading centres and detailed 

comparison with the results of this study. 

Table 6.4. Free-air gravity anomalies measured at extinct spreading centres. 

Location Spreading Time of Amplitude Amplitude of Free-Air Difference 
Rate Extinction of Free-air Anomaly at Active [B]-[A] 

(mm/yr) (Ma B. P. ) anomaly Spreading Centres with (mGal) 
(mGal) [A] Equivalent Spreading 

Rates 2 (mGal) [B] 
Coral Sea' 48 56 20* 35* 15 

Labrador Sea' 7 40 55* 70* 15 
SCSOB 35 15.5 40` 55* 15 

'From Jonas et al. (1991) 'From Owens & Parsons (1994) - Accurate to ±5 meal 
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6.4.4 Sabah 

6.4.4.1 Introduction 

Sabah lies at the geological junction between the cratonic core of Sundaland, the Sulu, 

Celebes and South China Sea marginal basins, and the volcanic arc systems of the 

Philippines (Chapter 2). Several regional tectonic events have occurred in this area since 

the Early Tertiary, producing well-developed compressional and extensional structures of 

considerable geological complexity. Although the number of field geological 

measurements has increased significantly in the last few years, there are still major 

geological questions to be answered, such as: 

" Is Sabah underlain by continental or oceanic crust? 

" Do the Darvel Bay and Telupid ophiolites form part of a NW-SE trending suture. 

zone? 

" What is the depth of the crustal root beneath the Crocker Ranges? 

" What is the thickness of sediment within the Maliau Basin? 

This study has produced a new gravity anomaly map of Sabah which is complete at a 

regional reconaissance level and is a major improvement on the previous gravity map 

which only covered western Sabah (Chapter 5). The qualitative and quantitative 

interpretations of this new map presented in this section have specifically addressed the 

geological questions outlined above. 

6.4.4.2 Qualitative Interpretation of the Sabah Gravity Field 

An interpreted residual gravity anomaly map of Sabah is shown in Figure 6.37. The map 

was formed by the subtraction of the long wavelength GEM-T3 gravity anomaly field 

from the onshore Bouguer and offshore free-air gravity anomaly fields, as discussed in 

Section 6.3. This regional-residual separation has the effect of reducing the gravity 

anomaly field of Sabah by approximately 35 mGal and is therefore a very significant 

correction. Offshore, the residual free-air anomalies tend to follow bathymetry, while the 
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Bouguer anomalies onshore bear an inverse relationship to topography. Over low lying 

areas, such as those found near the coastline, the free-air and Bouguer anomalies are 

approximately equal. 

The general level of Bouguer anomaly on Sabah indicates underlying crust of near- 

normal continental thickness. This is confirmed by the forward modelling discussed in 

Section 6.4.4.3 (Profile SAB3) which predicts a crustal thickness in excess of 30 km. 

Statements in the literature to the effect that Sabah is underlain by oceanic crust (e. g. 
Tongkul, 1991) must therefore be rejected. 

Gravity lows are found in the vicinity of the Crocker Ranges, the Dent Peninsula and the 

Maliau Basin. The deep Bouguer gravity low beneath the Crocker Ranges indicates 

complete or almost complete local isostatic support for the Crocker Ranges by means of 

a significant crustal root, and suggests low levels of lithospheric strength in western 

Sabah. A gravity model across the Crocker Ranges is given in Section 6.4.4.3 (Profile 

SAB1). 

The Bouguer gravity low on the Dent peninsula suggests the presence of thick and 

relatively light crust. The very strong Bouguer anomaly low associated with the Maliau 

Basin can in part be attributed to isostatic compensation of the 500 metres of 

topographic relief in the area, but a major part must be due to the effect of the thick, low 

density sediments deposited in the basin. A gravity model of the Maliau Basin is 

discussed in Section 6.4.4.3 (Profile SAB2). 

In eastern Sabah, there is a prominent gravity high associated with outcrop of the Darvel 

Bay ophiolite. The direct correlation between the margins of this high and the coastline 

of the bay strongly suggest that the bay has been formed by subsidence of the crust under 
the load imposed by the mass of the ophiolite. A model of the Darvel Bay gravity 

anomaly is discussed in Section 6.4.4.3 (Profile SAB3). Because the gravity high in 

Darvel Bay is continuous with the gravity high over the Sulu Archipelago, it seems likely 

that these areas are part of the same geological feature. 
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The gravity high in the Telupid region of central Sabah is associated with the outcrops of 

ma is and ultramafic rocks. Several authors (e. g. Tjia, 1988; Ryall & Beattie, 1989) 

have been tempted to link the ophiolite outcrops in Darvel Bay to those in Telupid and to 

those running north from Telupid to Banggi Island, forming the `Kinabalu Suture zone', 

as illustrated in Figure 6.38. However the new gravity anomaly map shows that the 

gravity highs in Darvel Bay and Telupid are divided by a deep gravity low, which is 

interpreted as a NE-SW trending belt of thick continental crust (Section 6.4.4.3, Profile 
SAB3). There is no evidence for a link between the Darvel Bay and Telupid ophiolites in 

the gravity data, and therefore the existence of the ̀ Kinabalu Suture zone' is rejected. 

It is the author's opinion that there are two plausible theories for the origin of the 
Telupid ophiolite - either the ophiolite was obducted onto Sabah during the subduction 
of the proto-South China Sea, or it represents a fragment of Sulu Sea oceanic crust 

which became trapped during the Sabah Orogeny. The new gravity map does not 
however provide any clues favouring either theory. 

Offshore, prominent positive gravity lineaments caused by the shelf-edge effect (Section 
6.4.1) dominate the nearshore gravity fields of both the South China Sea and the Sulu 
Sea. Other gravity highs are associated with the Cagayan Volcanic Ridge and the 
bathymetric variations (mainly reefs) on the highly attenuated continental crust of the 
Dangerous Grounds (microcontinental? ) block. The deep gravity low associated with 
the Sabah-Palawan Trough is largely caused by the bathymetry of the trough (Milsom et 
al., 1997). Other deep gravity lows are found over the thick sedimentary sequences of 
the northwest and southeast Sulu Sea Basins (Section 2.2.6). 
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6.4.4.3 Quantitative Interpretation of the Sabah Gravity Field 

The locations of the three gravity profiles extracted from the residual gravity anomaly 

map for modelling (SAB1, SAB2 and SAB3) are shown in Figure 6.39. Profiles SAB1 

and SAB2 are relatively short (-. 150 km) and traverse the Crocker Ranges and Maliau 

Basin respectively. Profile SAB3 is - 850 km long and runs NW-SE across Sabah. The 

21 D GM-SYS geological models produced from the profiles are discussed below. The 

models were constrained using the TPI5.2 bathymetry data set (Section 1.3.2) and the 

NGDC sediment isopach data set (Section 1.3.3). 

Profile SAB1 

Profile SAB1 runs perpendicular to the strike of the Crocker Ranges south of Kota 

Kinabalu in an area of good gravity control (Figure 5.7). This profile was modelled to 

provide information about the depth of the crustal root beneath the Crocker Ranges. 

The gravity model of Profile SAB1 is shown in Figure 6.40. The model, derived using 

the standard density model, predicts that the crustal root of the Crocker Ranges extends 

to a depth of - 49 km below sea level. 

Today, the Crocker Ranges reach a typical height of 1-2 km above sea level. They 

were uplifted during the Sabah Orogeny (Middle to Upper Miocene) from a marine/deep 

marine environment (Section 2.2.3.3) in which crustal thicknesses are typically of the 

order of 20 - 25 km. In order to reach the present day crustal thickness of - 50 km, the 

sediments forming the Crocker Ranges must have been compressed to less than half of 

their original lateral extent during the Sabah Orogeny. 
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Profile SAB2 

Profile SAB2 was selected to run through the centre of the gravity anomaly low defined 

in the Maliau basin area (Figure 6.39) in an area of good gravity control (Figure 5.7). 

The profile was modelled in order to provide an estimate for the thickness of sediment 

within the Maliau Basin. 

The Tertiary Maliau Basin is located in the remote interior of Sabah. The region is 

largely uninhabited, covered by dense rain forest and has a rugged topography. Hence 

geological information is scant. The Maliau Basin sensu stricto is roughly circular in 

shape covering an area of 550 km2 and forms the southern part of the Greater Maliau 

Basin which is elongated and extends for about 60 km in a northeasterly direction. The 

basin is bounded by the Pinangah Fault in the west and is separated from the Malibau 

Basin to the east by the Lonod Fault. The only published reports on this basin are the, 

surface geological mapping results of Collenette (1965) and Lim & Tungah-Surat 

(1989), and the Synthetic Aperture Radar (SAR) structural mapping of Lai (1990). The 

Greater Maliau Basin is underlain by mudstone and sandstone with coal seams and minor 

limestone of the Lower to Middle Miocene Tanjong Formation, and was estimated by 

Collenette (1965) to be 12 km thick. 

The SAB2 gravity profile was found to have a long wavelength trend caused by a 

regional change in crustal thickness. When the trend is removed, the residual gravity low 

over the basin is found to have a minimum value of -72 mGal (Figure 6.41). Modelling 

this residual gravity low (Figure 6.42A) using the standard density model gives an 

estimate for the sediment thickness of -8 km. This estimate assumes that no crustal 

thinning has taken place beneath the basin. It is impossible to give a definitive estimate 

for the sedimentary thickness within the Maliau Basin as there is no control on the Moho 

depth beneath the basin. If the Moho is raised by 5 km beneath the basin, then 12 km of 

sediments are required to give the observed gravity anomaly (Figure 6.42C). 

Conversely, if the crust is thicker beneath the basin than it is around the surrounding 

area, less sediment will be required within the basin to give the observed gravity anomaly 
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(not shown on figure). This is less likely. Hence this gravity modelling suggests that 

there is a minimum thickness of 8 km of sediment within the Maliau Basin. 

The most realistic model for the Maliau Basin from the SAB2 gravity profile is given in 

Figure 6.42C. This model assumes the 12 Ian sedimentary thickness predicted by 

Collenette (1965), and a density contrast of -0.25 Mg. m 3 between the sediment and the 

surrounding crust. The model shows that the Maliau Basin is approaching a state of 

isostatic equilibrium although it does not completely achieve it, and therefore suggests 

that the isostatic compensation of the basin is more widely distributed than the basin 

itself. 

It is interesting to note that the gravity minimum interpreted as being positioned over the 

deepest part of the Maliau Basin is located to the south of Maliau Basin according to 

published maps (e. g. Lim & Tungah-Surat, 1989), as shown in Figure 6.43. Points X 

and Y on Figure"6.43 mark the outer edges of the basin as determined from this gravity 

interpretation. It is entirely possible that a southern extension of the basin was missed 

during the original mapping of the basin (Collenette, 1965) owing to the inaccessibility of 

the region and the fact that this mapping was most likely confined to river sections. 

Indeed the region is still virtually inaccessible with only two recently constructed logging 

roads penetrating the dense rainforest. This new gravity data therefore provides 

evidence of a more extensive Maliau Basin than has previously been mapped. 

Profile SAB3 

Profile SAB3 runs for a distance of - 850 km from the Dangerous Grounds northwest of 

Sabah to the Celebes Sea southeast of Sabah (Figure 6.39), cutting through key 

geological features on Sabah such as the Sabah-Palawan Trough, the Crocker Ranges, 

the Telupid ophiolite, central Sabah, and the Darvel Bay ophiolite (Figure 6.37). SAB3 

was selected to run in the same directions as published geological sections (e. g. Figure 

2.8) and hypothetical geological interpretations (e. g. Figure 6.44E). Figure 6.44 shows a 

previous hypothetical tectonic reconstruction of Sabah based on the geological 

interpretation of surface outcrop data (Tongkul, 1991) unconstrained by either seismic 
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sections or gravity data. A new geological cross-section of Sabah, obtained by GM-SYS 

forward modelling of the SAB3 residual gravity anomaly profile, is presented in Figure 

6.45. 

Visual comparison of the model of SAB3 (Figure 6.45) and the model of Tongkul 

(Figure 6.44E) shows that these models of Sabah are quite different. Perhaps the most 

significant difference is the interpretation of the basement of Sabah. Gravity modelling 

of the typical -50 mGal Bouguer anomaly observed in central Sabah strongly implies that 

this area is underlain by continental crust with a thickness in excess of the 30 km isostatic 

compensation depth. If central Sabah was underlain by a thick sedimentary sequence 

overlying oceanic crust as predicted by Tongkul (1991), then this sediment would need 

to have a thickness in excess of 15 km in order to produced the observed Bouguer 

anomaly. However, surface geological studies indicate that the average sediment 

thickness in central Sabah is very much less than 15 km (J. Noad, pers. comm. ). It is 

therefore concluded that Sabah is underlain by thick continental crust. 

The northwest margin of Sabah is modelled offshore by continental crust approximately 

16 km thick abutting against the much thicker continental crust onshore of the Crocker 

Ranges. The thin crust bows down at the margin under the load imposed by the thick 

sediment of the Sabah Basin, suggesting weak lithosphere in this area. This crust is 

interpreted as highly attenuated and stretched continental crust rifted from the south 

China margin and driven southwards by the slab-pull of the subducting oceanic proto- 

South China Sea beneath the northwest margin of `Borneo'. Subduction ended at this 

margin when the buoyant continental crust arrived at the subduction trench. There is no 

evidence in the gravity data for any remaining fragments of oceanic crust at this margin. 

The crust underlying the Crocker Ranges is modelled as extending to a depth of - 46 

km, which is in close agreement with the more detailed model of the Crocker Ranges 

obtained from Profile SAB1 which shows this crustal root extending to a depth of 49 km 

(Figure 6.40). 
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The gravity high at Telupid is modelled by a block of material of higher density than the 

surrounding continental crust (Ap = +0.3 Mg. rri 3) located just below the surface. This 

body corresponds geologically to the Telupid ophiolite. The regional gravity trend was 

modelled by a total crustal thickness in excess of the standard crustal thickness (thickness 

32 km). 

The gravity low separating the Telupid gravity high from the Darvel Bay gravity high is 

modelled by continental crust - 39 km thick. There is no geological evidence for a 

sedimentary basin at the surface near this profile, which would have had the effect of 

reducing the modelled crustal thickness. This interpretation of central Sabah is totally 

different to that of previous authors (e. g Tongkul, 1991; Clennell, 1996) who interpreted 

a large degree of NW-SE crustal extension in central Sabah resulting from the NW-SE 

spreading of the Sulu Sea, as shown in Figure 6.4. The implication of this new result is 

that a transform margin separates the thick continental crust of central Sabah from the, 

oceanic crust of the Sulu Sea. It seems likely that AM this margin runs parallel to the 

northeastern coastline of Sabah. 

The Darvel Bay ophiolite is modelled (in 21 D) by two separate bodies having density 

contrasts of +0.3 Mg-m" with the surrounding crust. The ophiolite is divided into two 

parts for 21hD modelling purposes since the onland fragment of ophiolite has a very 

limited strike (- 20 km), whilst the remnant in Darvel Bay has a larger strike (z 40 km). 

These ophiolite bodies are interpreted as obducted oceanic crust which were emplaced 

on the continental margin of `Sabah' when the Sulu Archipelago collided with Sabah. 

The new evidence for this is the continuity of the Darvel Bay gravity high and the Sulu 

Archipelago gravity high (Figure 6.37). Geological evidence for the link between these 

features lies in the similarity of the descriptions of ophiolites on islands in the western 

part of the Sulu Archipelago and the Darvel Bay ophiolite (Leong, 1974; Rangin & 

Silver, 1990). 

The ophiolite body located beneath Darvel Bay outcrops on the numerous islands in the 

bay (Ryall & Beattie, 1989). The direct correlation between the margins of the gravity 

high (associated with this ophiolite) and the coastline of the bay strongly suggests that 
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the bay was formed by the subsidence of the crust under the load imposed by the mass of 

the ophiolite. The smaller onshore ophiolite body appears to be supported by the 

strength of the crust. 

Southeast of Darvel Bay the gravity field decreases rapidly as the continental crust 

underlying the ophiolite body thins towards its (unmodelled) boundary with the Celebes 

Sea oceanic crust. 

6.4.4.4 Conclusions 

The new results given by this study show that Sabah is underlain by crust of continental 

density of thickness in excess of 30 km. This contradicts previous theories (e. g. 

Tongkul, 1991) which suggested that Sabah is underlain by oceanic crust, and has 

significant implications for regional tectonic syntheses. The crustal root of the Crocker 

Ranges reaches a maximum depth of about 49 km below sea level. Assuming that the 

original thickness of this crust was 20 - 25 km, this present day depth estimate indicates 

that the compression that occurred during the Sabah Orogeny at least doubled the crustal 

thickness. 

The Telupid and Darvel Bay gravity highs appear to have different geological origins. 

The Darvel Bay ophiolite is interpreted as the landward extension of the Sulu 

Archipelago which was obducted onto Sabah. The Telupid ophiolite either represents an 

obducted fragment of the proto-South China Sea or a trapped fragment of the Sulu Sea 

oceanic crust. There is no evidence that the Darvel Bay ophiolite and the Telupid 

ophiolite form a continuous suture zone. These ophiolitic bodies are separated by thick 

continental crust which runs NE-SW along a trend previously known at the Central 

Sabah Basin (Clennell, 1996). A transform fault is postulated to separate the thick 

compressed crust of central Sabah and the nearby extensional Sulu Sea oceanic basin. 

A minimum estimate of 8 km is obtained for sediments within the Maliau Basin. This 

study suggests that this basin extends for a significant distance south of the previously 
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mapped southern limit. This is perhaps unsurprising given the logistical mapping 

difficulties experienced during the 1960s in this very remote and rugged region. 
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6.5 Interpretation Summary 

This chapter has presented a detailed qualitative and quantitative interpretation of the 

gravity field of Sundaland, the South China Sea and Sabah. The principal results of this 

study are new maps of residual free-air and Bouguer gravity anomaly, ß (stretching) 

factor, crustal thickness and depth to the gravity Moho. Quantitative interpretation 

focussed on the the Sunda Shelf edge, the fossil spreading ridge of the South China Sea 

Oceanic Basin and Sabah. 

The task of unravelling the complexities of the tectonic evolution of the northwest 

Borneo margin are largely beyond the scope of this project. A lively geological debate 

rages within even a relatively small area such as that occupied by present-day Sabah (e. g. 

Hutchison, 1991; Rangin, 1991). Highly contentious issues are the existence of the 

proto-South China Sea and the amount (and even direction) of rotation undergone by 
, 

Borneo. Major problems arise due to factors such as limited and even erroneous 

published formation ages, confusing formation nomeclature, paucity of accessible 

outcrops, not to mention the highly complex local and regional geology. Offshore, 

numerous different, often contradictory and even erroneous maps have been published, 

caused by the extrapolation of known features away from ship tracks. 

Despite the fundamental limitations of the gravity anomaly data such as low resolution of 

surficial geological bodies, this study has yielded a number of results that will contribute 
to a better understanding of the tectonic evolution of Southeast Asia, namely: 

1. It is estimated that approximately 1100 km of oceanic crust of the proto-South China 

Sea was subducted at the northwest Borneo margin. Strong evidence for the 

existence of the proto-South China Sea is found in the tomographic inversion results 

of Widiyantoro & Van der Hilst (1996), Figure 6.6C. The slab imaged between 1130 

and 1250 km is interpreted as sunken proto-South China Sea oceanic crust. 
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2. Gravity modelling independently confirms the full spreading rate prediction of 

35 mm/yr for the southwestern subbasin of the South China Sea Oceanic Basin 

made by Briais et al. (1993) on the basis of intepretation of magnetic lineation data. 

3. Interpretation of the gravity anomaly field of Sabah shows that Sabah is underlain by 

thick continental crust. This contradicts previous interpretations which show Sabah 

underlain by oceanic crust. 
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BAROMETRIC LEVELLING OF THE 1995 SABAH GRAVITY SURVEY 

Al.! Introduction 

The single base barometric levelling technique used during the 1995 Sabah gravity survey 

has been used for many years on gravity surveys in Southeast Asia (e. g. St. John, 1967; 

Milsom, 1970; Milsom, 1988; Harrison, 1991). The basis for this technique is as 

follows. It is assumed that atmospheric pressure variations occur uniformly across the 

survey area, and that temperature and humidity remain constant throughout the survey. 

By continually recording atmospheric pressure at a fixed location (base station), the 

background pressure variation may be removed from pressure measurements taken at 

field stations leaving the pressure difference between the field station and the base 

station. As an approximately linear inverse relationship exists between pressure and 

altitude, the observed pressure difference between the base station and the field station 

can be directly converted into a height difference. By determining the height of the base 

station above mean sea level, the elevations of the field stations may finally be deduced. 

A1.2 Theory 

When pressure is measured in a dry atmosphere in which temperature decreases with 
height at a uniform rate, it is possible to derive height estimates directly from pressure 

measurements using Equation (A1.1) - 

H=r. O (x - x2/2 + x3/3 - x4/4) /g (Al. 1) 

where H is the height difference between two points having pressures po and pl, 

x= (pjpo)/po, g is the acceleration due to gravity, e is the mean temperature of the air 

column between the two points, and r is the gas constant (per gram). The exact value of 

r for air varies somewhat, but the international standard value of 287.03 Joules. °K. gm' 
has been found generally satisfactory for levelling work (Milsom, 1970). 

1 

r 
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When Equation (A1.1) is used directly for height estimation, additional temperature and 

humidity measurements are required. Very humid conditions, such as prevailed on 

Sabah, have the effect of increasing the height difference predicted by Equation (A1.1) 

by between 0.6 and 1.2 % (Crone, 1948). A humidity of 80 - 90 % would account for a 

1% increase in estimated height. According to Crone (1960), "the temperature required 

is the temperature of the (fictitious) air column, the length of which represents the 

difference in height. The observer on the ground is unfavourably placed to determine 

this, and there is some evidence that temperature corrections may do more harm than 

good. " This conclusion was drawn from the radiosonde and wireline balloon 

observations of Haurwitz (1955) and Crone (1948), which showed that diurnal 

temperature variations in the first 100 metres above ground level may be as much as 

three to four times greater than those in the air column as a whole. 

A1.3 Instrumentation 

Two Wallace & Tiernan Type 6 (Model FA-1 12) barometric altimeters, on loan from the 

Department of Photogrammetry and Remote Sensing, University College London, were 

used throughout the 1995 Sabah gravity survey. They were probably manufactured in 

the later stages of the Second World War for the US Corps of Engineers but, despite 

their considerable age, are still excellent instruments for regional gravity surveys. They 

proved extremely robust and reliable, and no instrument deterioration was detected 

during the survey. Figure A1.1 shows a typical Wallace & Tiernan Type 6 barometric 

altimeter. 

Readings with the Type 6 altimeter are obtained directly from a circular scale backed by 

a mirror against which the pointer can be read with low parallax error. With the aid of 

the mirror (and good eyesight) it is possible to estimate readings to the nearest foot. The 

instrument is compensated for changes in temperature in so far as they affect the 

mechanical parts but not, of course, for the effect of the temperature of the air column. 

The scale is graduated directly in feet and may be corrected using a scale card for the 

standard atmosphere specified in the Smithsonian Meteorological Table 51, the most 
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Figure A1.1. A Wallace & Tiernan Type 6 barometric levelling altimeter. 
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important characteristic of which is the constant temperature of 10 °C assumed for the 

air column. According to the makers' handbook, each scale card is printed individually 

and is adjusted at the time of printing to the instrument concerned. No comment is made 

as to the variation to be expected in this calibration over a period of years. The 

instrument dial is based on a false ̀ zero' to avoid the inconvenience of negative heights. 

Since in altimetry it is, to a first approximation, only differences in readings which are 

significant, this zero shift is not important. 

In the discussion that follows, heights or height differences expressed in feet are values 

obtained directly from the altimeter readings, and may therefore appear anomalously 
large. For example, the ̀ zero' of Barometer 8 was set at - 1050 ft. Values in metres are 
final corrected height differences or absolute elevations. Direct calibration of the 

altimeters in terms of height implies that an increase in reading corresponds to a decrease 

in atmospheric pressure. An altimetric increase of 100 ft corresponds to a pressure 
decrease of about 3.6 millibars. 

Recommendations for optimum instrument use include that whilst reading the altimeters, 

they should be level and should not be "tapped" to free the needle; forceful tapping can 

even be harmful. It would be clearly unwise to place the instruments in a pressure 

environment far outside their 7000 ft operating range, thus if transported by air they 

should be carried only in a pressurised compartment. Ideally, base and field instruments 

should be observed under similar conditions, i. e. outdoors but protected from harsh 

sunlight and strong wind. The instruments should be protected against sudden shock and 

should be well cushioned during transport. Finally, thunderstorm, whirlwind or storm 

conditions should be avoided as data acquired under these conditions are of poor to very 

poor quality. On two occasions, storms occurred whilst the background barometric 

variation was being measured. Graphs showing the effects of the storms on the 

background variation are given in Figure A1.2. The main feature is the sudden large 

pressure change that accompanies the onset of the storm. On day 3, for example, the 

pressure was observed to fall by the equivalent of 40 ft in about 15 minutes 
(approximately 1/3 of the total diurnal variation). 
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Figure A 1.2. Graphs showing the effect of storms on base barometer readings. 
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Prior to the 1995 gravity survey, the four available barometers (Barometers 1,8,9 and 

10) were tested in order to determine the optimum pair for the survey. The conclusion 

was that Barometers 1 and 8 (serial numbers 6-1570 & 6-1708 respectively) performed 

best under the test conditions, with a repeatability estimated as ± 1.6 ft. These 

barometers were accordingly selected for use in the survey. 

A1.4 Barometric Pressure Changes 

Barometric pressure changes depend on both time and location. In tropical 

environments, diurnal (daily) pressure changes are in a very general way predictable, as 

curves recorded on successive days are very similar (Figure A1.3). The causes of this 

phenomenon are rather complex. It is mainly due to expansion and contraction of the 

air, caused by the thermal capacity difference between land and sea and affected by solar 

radiation, and to the tides. This air movement leads to sea breezes during the day and 

the corresponding but much weaker land breezes at night. As the land heats up quicker 

than the sea in the morning, the corresponding pressure gradient causes offshore breezes 

to develop. After approximately 6 hours this process is reversed as the system has 

passed equilibrium and a low-level wind blows from sea to land. At night the land cools 

quicker than the sea, resulting in an onshore breeze. Again the system is reversed after 

several hours having passed equilibrium. The diurnal pressure changes will thus usually 

tend to follow a sinusoidal curve with two maxima and two minima during a 24 hour 

period. According to Milsom (1988), it is likely that the pressure distribution in the 

atmosphere over the land and sea is approximately the same Lt 0900. A diurnal curve 

measured over a 24 hour period at the base at Luasong Resthouse (an inland station), is 

shown in Figure A1.4. 

In detail, the shape of the diurnal pressure variation curve will vary from day to day and 

from station to station. In particular, elevation above sea level will influence its 

amplitude, which decreases with increasing elevation. Given the uncertainties connected 

with the temperature and humidity of the air column, the magnitude of these changes is 

best determined experimentally at points within the survey area at the time of the survey. 
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Figure A1.3. A selection of base barometer pressure variations 
as observed on Sabah at different locations, July 1995. 
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Figure A1.4. Barometric Pressure Variation, 21" - 22 July 1995, Sabah. The 
atmospheric pressure variation has been recored in units of feet - an altimetric 

increase of 100 ft corresponds to a pressure decrease of - 3.6 millibars. 
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Local pressure changes arise because the air is in motion. There will often be a 

succession of gusts and lulls, sometimes with rapid and irregular alterations in direction. 

Even when wind is steady, natural or artificial obstructions may produce local pockets of 

air with high or low pressure. A sheltered barometer will tend to record a lower 

pressure, and pressure may therefore be anomalously low in a car or inside a building. In 

the evenings, cooler, denser air may collect in the bottom of a narrow valley, causing a 
high pressure pocket, but no readings were taken under these conditions during the 1995 

survey. 

A1.5 Field Procedure 

A flow chart of the method used to determine station heights for the 1995 Sabah gravity 

survey is given in Figure A1.5. The first stage was the pre-survey barometer test which 

was carried out to determine the most reliable pair of barometers for the survey. In 

Sabah, the single base method of observation was used, the field and base barometers 

being read simultaneously at the base station at the start and finish of each set of field 

observations and the base barometer being read at intervals of fifteen or twenty minutes 

throughout the intervening period. When possible, field stations were reoccupied and an 

additional barometer measurement taken to improve the final height estimate of the field 

station. This was the case for 56% of the station height estimates made during the 

survey. 

According to Milsom (1970), this method is normally satisfactory provided that field 

observations are not made at more than 30 kilometres from the base station, that there is 

not a significant pressure gradient between the field station and base, that a number of 

points of known height are occupied, and that not more than two hours elapse between 

repeat readings at base with the field barometer. Because of the difficulties associated 

with Sabah operations all these rules were broken, the most serious obstacle being the 
lack of usable known heights within the survey area. Only one such point could be 

occupied, a trig point just outside Lahad Datu. The inland heights are thus built up on 
height differences from `sea-level' stations. 
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After returning to London, pressure variations were converted to height estimates using 

a number of processing stages. The two barometers were first calibrated, in so far as this 

was possible, on the basis of data extracted from the field readings. Then initial height 

estimates were obtained for all of the field stations. The height errors were assessed by 

comparing all the available repeated station height estimates. The final height estimates 

were obtained after an improvement in the method used to correct for the effect of the 

background barometric variation in the reduction of field barometric readings, here 

termed the ̀ 15 km rule'. 

A1.6 Barometer Calibration 

Barometer calibration was a two stage process, the first stage accounting for factors 

such as mechanical and material imperfections in the barometers, and the second stage 

accounting for the temperature and humidity conditions encountered in the field. 

The first calibration stage was to determine the degree of linearity between the responses 

of the two barometers' readings to height changes. This was necessary because there 

was not a 1: 1 relationship between these height responses, and because the false ̀ zero' 

of each barometer was different. To establish the relationship between the responses of 

the two barometers, all simultaneous barometer readings throughout the survey were 

plotted, with the results shown in Figure A1.6. A linear relationship was found to exist 
between the responses of Barometer 1 and Barometer 8 to elevation changes, of the 

form: 

(Barometer 8 reading) =m. (Barometer 1 reading) +c (Al. 2) 

where m=0.9630 ± 0.0017, and c= 468.35 ± 1.60. The fact that m does not equal 
1.00 indicates that at least one of the barometers' altitude calibrations is inaccurate. It is 

worth noting that the linear relationship between the responses of Barometer 1 and 
Barometer 8 has only been demonstrated over a range of 800 ft, and therefore some 

caution should be used when extrapolating the relationship outside this range. However, 

I 

292 



000 4- 

600 7DO B00 900 1000 1100 r10 1400 

X 

Barometer I Reading (ft) 
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with no additional data available, it was assumed that this linear relationship held over 

the full 5700 ft range encountered during the survey. 

Having developed this relationship between the height responses of the two barometers, 

all barometer height readings obtained with Barometer 1 were converted into their 

equivalent reading on Barometer 8 using Equation (A1.2). 

The second stage of the barometer calibration was to calibrate the barometer readings 

against a known height within the survey area. This was done to compensate for the fact 

that the original calibration was made some 50 years earlier under different temperature 

and humidity conditions (the Smithsonian Standard Atmosphere) to those experienced in 

Sabah. The trig point just outside Lahad Datu was the only suitable point in the survey 

area for this calibration. Several benchmarks were also encountered in the field (and 

readings were taken at them), but unfortunately none were later found to have been 

levelled. 

On day 15 of the survey, barometer readings were collected simultaneously at the Lahad 

Datu trig point (station 0133) and at base station 0029. The elevation of station 0029 

was found to be 18 ±2 ft above sea level via a direct sea level tie. The height difference 

between station 0029 and the Lahad Datu trig point was determined to be 245 ±2 ft. 

Thus the elevation of the Lahad Datu trig point was estimated to be 263 ±3 ft. The 

1: 50,000 scale map of Sabah gives an elevation of 291 ft for the Lahad Datu trig point. 
A correction factor of 1.106 was applied to height estimates made using Barometer 8 to 

account for this discrepancy. 

A1.7 Height Estimation 
r 

Since the barometers gave readings directly in feet, the first stage in the data processing 

was to plot the diurnal curves measured at the base stations and the values obtained at 

the field stations, and to determine the height differences in feet by direct subtraction of 
the base diurnal curve. A smoothed background curve was obtained by fitting a third- 

294 



order polynomial to the base barometer variation (using the Microsoft Excel least- 

squares program), which, as demonstrated in Figure A1.7, gives a good fit to the data. 

Two initial height estimates for each station were obtained by (1) subtracting the field 

barometer readings from the observed base barometer variation, and (2) subtracting the 

field barometer readings from the smoothed version of the base barometer variation. It is 

assumed that the high frequency deviations from the smoothed background variation 

result from localised pressure variations. Thus field station heights obtained from a 

smoothed background variation should not be affected by the effect of localised pressure 

changes only experienced in the vicinity of the base barometer. 

By subtracting the base barometer variation from the field barometer reading, a height 

estimate was made for each station. Over the course of the survey, sixteen stations were 

reoccupied on different days. These stations were used to determine whether more 

repeatable height estimates were obtained using the observed base barometer variation or 

using the smoothed base barometer variation. A comparison of the results suggests that 

the observed base barometer variation gives more repeatable results when the distance 

between the base and field stations is small than when this distance is large, as shown in 

Figure A1.8. This result led to the development of the `15 km rule' which states that 

"the optimum height estimates for field stations within 15 km of the base station are 

obtained using the observed base station variation, whilst outside a 15 km radius of the 

base station the smoothed base barometer variation gives more repeatable height 

estimates". This result, based on sixteen data points, tentatively suggests that the range 

of the correlatable local pressure variations is of the order of 15 km. 

Final height differences were calculated following the `15 km rule'. Final height 

estimates were obtained by correcting these height differences to sea level, and then 

scaling by a factor of 1.106 as determined from the Lahad Datu trig point calibration. 
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Figure A 1.7. Graph showing the good match between the observed base 
barometer variation and a third-order polynomial on day 7 of the survey. 
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A1.8 Results 

A .s discussed earlier, station height estimates are built up as height differences from base 

stations. In all, 25 stations were used as base stations, of which only six had their heights 

determined from direct ties to sea level. The other base stations' elevations relied 

on addition of height differences. This relationship is illustrated in Figure A1.9. 

During the survey, a number of field stations were located close to the sea shore or by 

tidal rivers. This enabled sea level estimates to be made. The following rules were 

observed in the estimation of sea level: 

" the observed sea level is the mean sea level 

" the high water mark lies 1 metre above mean sea level 

Although these rules are coarse approximations, analysis of sea level estimates can give 

an indication of the accuracy of the height estimation results of the single base 

barometric levelling technique. The results of the sea level estimation are shown in Table 

ALL Ideally, this will average 0.0 ft. 

Table ALL Sea Level Estimate Results 

Base Station Sea Level Estimate Distance from Base Station 

-- ._5 _... -_-_. 0003 2.75 8.5 
0003 -0.3 16.6 
0003 -2.8 23.9 
0014 -6.6 26.8 
0029 -3.05 28.9 
0169 -7.0 46.0 
0029 1.25 59.4 
0029 -0.35 59.7 
0029 4.7 61.1 
0029 -11.0 62.6 
0029 -12.1 67.8 
0029 -13.25 72.8 
0029 -10.5 73.7 
0029 -3.05 84.3 

.e 
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The average sea level estimate was -4.9 ± 5.4 ft. This was obtained at an average 

distance of 49 ± 23 km from the base station. This is a highly satisfactory result given 

the average estimation distance, and the crude nature of the initial approximations. 

A1.9 Error Analysis and Assumptions 

A1.9.1 Introduction 

The two main error groups are (1) measurement and calibration errors, and (2) errors 

due to pressure variations. Measurement errors arise from the material and mechanical 

defects within the barometers which result in meter inaccuracies, and from barometer 

reading errors. Calibration errors are caused by temperature and humidity variations in 

the field. Errors also arise from the underlying assumption that the atmospheric variation 

is exactly the same in the field as it is at the base station, because this ignores: 

" the effects of local pressure variations 

" the pressure gradient created by the sea breeze effect, which causes the barometric 

pressure variation measured inland to have a different phase and amplitude to the 

barometric pressure variations measured at coastal sites 

" the decrease in amplitude of the sea breeze effect with altitude 

It is assumed that the background barometric variation was recorded faithfully by the 

base barometer at all times, even though on occasions the bas. barometer was housed 

inside a sheltered hotel room. 

The validity of the extrapolation of the pressure variation measured at the base station 

out to the field station is expected to decrease as this distance increases. Thus the 

accuracy of height estimate obtained as a consequence of this extrapolation is also 

expected to decrease as the estimation distance increases. 
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A final error source is caused by the fact that the height estimates for many of the 

stations depend on height estimates obtained for other survey stations, as shown in 

Figure A1.9. Each station's height has an inherent inaccuracy. Thus as a station's height 

estimate becomes dependent on an increasing number of other height estimates, the 

estimate becomes less and less accurate. 

A1.9.2 Measurement and Calibration Errors 

The errors associated with the measurement of the atmospheric pressure have two 

causes, namely the barometer reading error (parallax error), and the error associated with 

the inaccuracy of the meter. The parallax error is judged to have a magnitude of ± 1.6 ft. 

This figure is the intercept error on the barometer calibration graph (Figure A1.6), and 

also matches exactly the error determined in the pre-survey barometer test. The meter 

accuracy can be assessed by examining the variation about the linear fit between 

responses of the two barometers to height changes. The standard deviation of this 

variation is 3.298. Therefore, the meter accuracy is assessed as being ± 3.3 ft. The total 

measurement error, a combination of the parallax error and the meter accuracy error, is 

estimated to be ± 3.7 ft. 

The calibration error is the error associated with the calibration factor 1.106. This error 
is estimated to be ± 0.013 (i. e. ± 1.2 %), due to the ±3 ft uncertainty in the measured 
height of the Lahad Datu trig point (263 ±3 ft). It is assumed that no additional 

calibration errors arise outside the range over which the calibration has been proved. 

Temperature and humidity changes in the field will alter the barometer calibration. A 

humidity change of ± 10 % will change height estimates by ± 0.1 % (Crone, 1948). 

Humidity variations of the order of ± 10 % were probably encountered during the 

survey. This will result in a±0.1 % height uncertainty. The effect of temperature 

changes is less well understood, and associated errors are assumed to be insignificant. It 

is assumed that the Lahad Datu trig point calibration took place under average 
temperature and humidity conditions. 

J 

i 
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A1.9.3 Amplitude and Phase Effects 
6 

Amplitude variations between the base and field pressure recordings arise from elevation 

differences between the base and field stations. During the Lahad Datu trig point 

calibration (day 15), barometric pressure variations were measured at two locations 

(Stations 0133 and 0029) at 15 minute intervals throughout the whole day. The 

observed pressure variations are plotted in Figure A1.10. Figure A1.11 shows the 

smoothed pressure variation at each station, after correction for the height difference 

between the two stations. Although the height difference between the two stations is 

245 ft, the smoothed barometric variations are remarkably similar. It is clear from Figure 

A1.11 that the amplitude of the variation of the elevated station (0133) is slightly less 

than that of the lower station, by about 4.5 ft (- 5 %). This supports the idea that the 

amplitude of the diurnal pressure variation falls with increasing elevation. However, this 

one result was not thought to be accurate enough to establish a correction factor for the 

amplitude effect. Errors arising from the failure to correct for the amplitude effect are 

expected to increase as the height difference between the base station and field station 

increases. This effect is only expected to be significant during the survey on day 27 over 

the Crocker Ranges, as on most other occasions the height difference between the base 

barometer and the field barometer was small. 

Barometric levelling errors can be introduced when either the base station or the field 

station (but not both) is close to the sea, because of the pressure gradient that exists 
between land and sea. This would result in a phase difference between the base and field 

pressure recordings. The results of Lahad Datu trig point calibration of day 15 (Figures 

A1.10 and A1.11) could not provide evidence of a phase change caused by the difference 

between the distance of the two stations from the sea, as both stations were sited less 

than one kilometre from the sea. No other suitable measurements were available to 

analyse the effect of the pressure gradient, which is assumed to be negligible. 

It is recommended that if amplitude and phase effects are thought likely to produce 

significant errors during a future survey, then some time should be spent in the field with 
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4 

a network of barometers at different locations (having both different altitudes and 

distances from the sea) so that these effects can be quantified. 

A1.9.4 Significance of Extrapolation Distance 

During single base barometric levelling, it is assumed that the diurnal atmospheric 

pressure variations occur uniformly across the survey area. When station elevations are 

estimated using this assumption, the elevation accuracy can be expected to decrease as 

the distance from the base station increases and the approximation becomes less and less 

valid. Analysis of the sixteen repeat station errors did not, however, support an increase 

in error with distance (Figure A1.12). It appears that station height estimates are 

repeatable to an accuracy of ± 3.7 ft out to a distance of 75 km (after application of the 

`15 km rule'). As this error is of the same magnitude as the measurement error, it is 

concluded that the distance error is negligible and that the diurnal pressure variations 

were uniform over distances of at least 75 km. 

A1.9.5 Effect of Local Pressure Changes 

The local pressure variation is here defined as the variation of the observed pressure 

measurements about the smoothed fit to the observed pressure measurements. Analysis 

of the local pressure changes (here also called the turbulence effect) has been carried out 

for most days of the survey. The results are shown in Table A1.2. The turbulence effect 

has an average value of ± 3.0 ft over the survey. Whilst of a random nature, the local 

pressure variations are more pronounced around pressure maxima and minima, 

suggesting that barometric levelling at these times is less reliable than when the observed 

diurnal curve is linear (approximately 1030 - 1430). Larger local pressure variations are 

expected to occur in extreme weather conditions, or during sudden storms. Sudden local 

climatic changes, such as may have occurred on day 27 of the survey over the 

mountainous Crocker Ranges, may also decrease the accuracy of the results. 

303 



9 

C8 
v. 
aý 

7 

- 'l. 
LC 

uC 5 
y. 

r 
yJ 

_C4 
.. v 
c ;: 3 V3 
vy 
L2 
V 

O 

0 
0 10 20 30 40 50 60 

Interpdatön distance (knm) 

70 80 
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Figure Al. 13. Histogram of 1995 Sabah gravity survey station heights. 
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Table A1.2. Analysis of Local Pressure Variations. 

Day Turbulence Effect Day Turbulence Effect 

1 2.6476 13 2.8020 
3 2.3264 14 1.9622 
5 4.1604 15 3.5632 
6 3.1184 17 2.6325 
7 2.7491 18 4.6402 
8 2.6082 19 2.7433 
9 2.9037 20 3.2152 
10 2.6442 21 2.9525 
11 4.6252 27 2.9593 

A1.9.6 Error Summary 

The magnitude of the errors associated with the single base barometric levelling 

technique used in the 1995 Sabah Gravity Survey are summarised in Table A1.3. The 

height distribution of the 1995 survey stations is shown in Figure A1.13. The median 

station height is 74.2 m. The predicted error for the median height station is ± 1.7 m. In 

mountainous terrains, the errors are dominated by the ± 1.2 % calibration error. 

Table A1.3. Significant Error Magnitudes. 

Error_ t Magnitude 
Measurement 3.7 ft 
Calibration ± 1.2 % 
Humidity ± 0.1 % 

Turbulence ± 3.0 ft 
Storm Effect ± 25 ft 

Amplitude Effect negligible* 

'For all but the highest stations, where this error is uncertain 

r 

The hierarchical nature of station height determination (Figure A1.9) means that many of 

the station height estimates are dependent on one or more other station height estimates. 

As the length of this dependency chain increases, so the error associated with the height 

estimate increases (Table A1.4). The magnitude of this error is determined from an 
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estimated ± 0.6 m sea level tie error, and a±1.7 in barometric levelling error per single 

barometric height estimate (assuming normal weather conditions). 

Table A1.4. Station Height Estimate Error 

Predicted Station Position in Hierarchy Number of Stations 
Height Error (m) Affected 

±0.6 Station height determined from 7 
direct tie to sea level 

±1.7 Station height estimate dependent 179 
on 1 previous height estimate 

± 2.5 Station height estimate dependent 87 
on 2 previous height estimates 

± 3.0 Station height estimate dependent 14 
on 3 previous height estimates 

± 3.5 Station height estimate dependent 15 
on 4 previous height estimates 

± 3.8 Station height estimate dependent 8 
on 5 previous height estimates 

0 See Figure A1.9 to determine individual station height errors 

Confidence in the magnitude of the predicted errors is given by the sea level estimates 

(standard deviation ± 5.4 ft), and the sixteen repeated stations (standard deviation 

± 3.7 ft). 

A final error estimate of ± 2.5 m is judged to be reasonable for stations of the 1995 

Sabah gravity survey, excluding the stations over the Crocker Ranges (Stations 

0292 - 0301) where the error is given by ± 1.2 % of station elevation. This result can be 

compared favourably to those found by previous workers. St. John (1967) regarded 

± 10 m as a reasonable level of accuracy, with a maximum error of ± 25 M. Milsom 

(1970) claimed a maximum error of ± 20 m, and a standard deviation between the true 

and measured values of ±5m. Both these earlier surveys however used helicopters to ', 

cover the much greater distances between stations. 

306 



A1.10 Conclusions 

1995 Sabah gravity survey station heights were established using the single base 

barometric levelling technique, giving an estimated accuracy of about ± 2.5 metres for 

the low-lying stations, and ± 1.2 % of station elevation for stations in the Crocker 

Ranges. A station elevation accuracy of ±5m equates to an accuracy of ±1 mGal in the 

Bouguer anomaly values. Unfortunately, none of the benchmarks found during the 

survey had been levelled, so the height errors could not be more accurately determined, 

and the heights better constrained (especially over the Crocker Ranges). 

Barometric pressure variations observed in the coastal regions of Sabah followed similar 

patterns on successive days. The diurnal pressure variation has been shown to be 

roughly constant out to a distance of - 75 km from the base station under the conditions 

prevailing in Sabah in July - August 1995. Local turbulence effects could be expected to 

extend over areas less than about 30 km across, and beyond 15 km from a base station 

the best results are obtained by using a smoothed base pressure variation curve. 

It is the author's opinion that the optimum time for data collection using the ̀ single base' 

barometric levelling technique is from about 1030 to 1430 when the atmospheric 

pressure variation is approximately linear and local pressure variations are not too 

significant. 

/i 
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APPENDIX 2 

Gravity base station descriptions 
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GRAVITY STATION Station number and name 
DESCRIPTION q. rn2 anno ,. -.. 

Nearest City 

Kota Kinabalu 

ý"ýýýý uc; u, uyll, dl purvey of Malaysia, Sabah 
State / Province Country 
/ County 

Sabah 

Source Latitude Longitude 

5° 57.53' N 116° 4.43' E 

Elevation 

3.4m 

Observed gravity (IGSN 71) 

978112.19 mGal 16.11 

Free-air gravity 

25.55 mGal 

DESCRIPTION 

Malaysia 

Magellan GPS Fix 

Barometer tie to sea level 

Boilguer gravity (p= 2. (67 N! g. m º 

24.89 mGal 

The station is at the top of the steps leading in to Block A of the offices in south Kota Kinabalu occupied by the Geological Survey of Malaysia. It can be located either by measuring from the walls a distance of 50 cm in both directions or on the basis of the pattern of floor tiles. Access to the station may not be possible outside normal office hours without prior arrangement. 

Described by John Milsom 

GENERAL, DIAGRAM 

To To Kota Jabatan Ka)ibumi Museum Kinabalu (Geological Survey 
of Malaysia) Block A 

Gravity Fence Station 
9002 \, 

-_ 
ýýýyeway 

Overhanging 
Roof 

Gana\ 

N 
Main ""a'8 

'Na`! ) 

Dýaý ca 
"yW 

l 
Queen 

Elizabeth Hospital 

Date 2 August 1995 

1)ETA IL 

Entrance (4 glass doors) 

attern ' Tiling p 
ýf"" --on upper step 

GravitY 
Station 
9002 

Tiled area 
beneath 

overhanging 
root 

4_- 4m- -ý-, 

Inner pair of concrreterhang 
posts supporting 
over driveway 

Driveway 

Diagram by John Milsom 1 Date 8 May 1996 
STATION HISTORY 

The station was established in the course of the 1995 Geological Survey of Malaysia / University College London Sabah gravity survey. It is linked to the main Malaysian gravity base station in the Physics Department, University of Malaya in Kuala Lumpur by a single A-B-C-B-A tie through intermediate station 'B' at the Hotel Sungei Wang in KL. The reference value at the University base (G4/76) has been taken as 978034.45 mGal. 

Source organisation(s) Geological Survey of Malaysia / University College London 

Source 
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GRAVITY STATION 
DESCRIPTION 

Station number and name 

9502.9028 Telupid, Sabah 

Nearest City State / Province Countrp 
/ County 

Ranau Sabah Malaysia 

Latitude Longitude Source 

5" 37.68' N 117° 07.86' E Magellan GPS Fix 

Elevation Source 

100.7m 
ý 

Barometer tie to sea level 

Observed gravity (IGSN 71) Free-air gravity Bout; uer gravity (1)= 2.67 1N1t;. m ') 

978151.66 mGal _o"nýi 101.06 mGal 81.26 mGal 

DESCRIPTION 

In the shopping complex at the eastern end of Telupid Airstrip, between two mirror-image 
buildings housing shops, west of a large car park. The station is on the concrete floor, 
0.5 m SE of the rear corner of the northernmost building, underneath the overhanging 
roof. A fire hydrant is located approximately 20 m south of this location, embedded in the 
concrete surround of the eastern of a pair of large decorative flower beds. 

Described by 

N 

Air 
Strip 

-------------- 

Rob Holt I Date 12 November 1996 
DIAGRANI 

GENERAL DETAIL 

Car 
Park 

IE 
Gravity 

N 
ýb Station 

9028 
by 

\ shý° 
Kota Sandakan 
ibalu 

Main Road 
-00. 

Overhanging 
Roof 

Gravity Station 9028 

'Flower beds' in 
concrete surround 

Fire hydrant 

Diagram by Rob Holt Date 26 June 1996 
STATION HISTORY 

Established in the course of the 1995 Geological Survey of Malaysia / University College 
London Sabah gravity survey. Linked to the Geological Survey of Malaysia gravity base 
station in Kota Kinabalu (9502.9002), and to the Hotel Permaisaba gravity base station in 
Lahad Datu (9502.9029). 

Source organisation(s) Geological Survey of Malaysia / University College London 
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GRAVITY STATION Station number and name 

DESCRIPTION 9502.9029 Hotel Permaisaba, Sabah 

Nearest City I State / Province ('ountr} 
/ County 

Lahad Datu Sabah Malaysia 

Latitude Longitude Source 

5" 01.58'N 118" 20.01' E Magellan GPS Fix 

Elevation 

6.1 m 

Observed gravity (1GSN 71) Free-air gravity 

978156.53 mGal 86.81 mGal 

DESCRIPTION 

Bouguer grau its (1) = 2.67 N1g. m 

85.61 mGal 

The station lies on the broad covered walkway directly in front of the main entrance to 
the Hotel Permaisaba, Lahad Datu. The station is positioned in line with the northern 
edge of the reception doors, 50 cm out onto the walkway from the upper flight of steps 
leading to the reception area. 

Described by Rob HOIt 

DIAGRAM 
GENERAL DH; TA 11, 

To Sea Shops and Flats . 
Bä) l/ 1% 

Canal 
Bay) 

Gravity 
Station 
929 

Cap 'ark 

ti 
ýnýraýýe ý5 mi 
Na P to ejmaýsBba 

ý 

_/ýýi 
Entrance Covered 

walkway 
To Jalan Bypass 

Not to Scale and Airport 
Ir 

Diagram by Rob Holt 

Date 7 May 1997 

kyotel 
Re 

Phon 
COK°e 

y01 

Date 

STATION HISTORY 

7 May 1997 

Established in the course of the 1995 Geological Survey of Malaysia / University College 
London Sabah gravity survey. It is tied by road and air links to the Geological Survey of 
Malaysia gravity base station in Kota Kinabalu (9502.9002). 

Source organisation(s) 

Source 

Barometer tie to sea level 

Geological Survey of Malaysia / University College London 

Gravity Car 
Station Park 

9029 

C 
N® 

5 

oV ereil walk Steps 

Ste 

DOO 
seppOn 

ar0 

a 
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GRAVITY STATION Station number(s) and name(s) 

DESCRIPTION 9502.9059 & 9502.9060 Danum Valley, Sabah 

Nearest City State / Province Country 
/ 

Lahad Datu County 
Sabah Malaysia 

Latitude Longitude Source 
4ý 57.83' N (9059) 117" 48.17' E (9059) Magellan GPS Fix 
4' 57.83' N (9060) 117° 48.16' E (9060) 

Elevation 
154.5 m (9059) 
162.9 m (9060) 

Observed gravity (IGSN 71) 

978064.12 mGaI (9059)fo" 
978062.75 mGaI (9060)! o. 

Source 

Barometer tie to sea level 

Free-air gravity BBouguer gravity (p= 2.67 NIg. m' ) 
41.16 mGal (9059) 10.78 mGal (9059) 
42.40 mGal (9060) 10.35 mGal (9060) 

DESCRIPTION 

Gravity stations 9059 and 9060 are both located near the administrative centre of the 
Danum Valley Field Centre. Station 9059 is sited at the centre of the helipad. Station 
9060 is located at the centre of the octagonal picnic hut. 

Described by Rob Holt Date 8 May 1997 
DIAGRAM 

GENERAL 

N 

To 
Lahad E- 

Gravity 
Up Station 

steep 
1 

nK 9060 
hill DVFC icnic but ýý Reception 

I)I: '1'AI1. 

A Gravity 
E Station 

9060 
V 

ctagonal cement 
ase of picnic hut 

Gravity 
Station 
9059 

E 

Concrete 
helipad 

E Station 
9060 

v 

Octagonal cement 
base of picnic hut 

Diagram by Rob Holt Date 8 May 1997 

STATION HISTORY 

Both stations were established during the 1995 Geological Survey of Malaysia / 
University College London Sabah gravity survey. Stations linked to the Hotel 
Permaisaba gravity base station in Lahad Datu (9502.9029). 

Source organisation(s) Geological Survey of Malaysia / University College London 
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GRAVITY STATION Station number and name 

DESCRIPTION 9502.9169 Hotel Emas, Sabah 

Nearest City State / Province Country 
/ County 

Tawau Sabah Malaysia 

Latitude Longitude Source 

4° 14.80' N 117° 52.93' E Magellan GPS Fix 

Elevation 

1.! )m Barometer tie to sea level 

Observed gravity (IGSN 71) Free-air gravity ßouguer gravity (p= 2.67 Mlg. m' ) 

978112.93 mGal :ýo4 53.27 mGal 52.90 mGal 

DESCRIPTION 

The station lies to the right of the front entrance to Hotel Emas, Tawau, approximately 
1m from the corner of the building, 25 cm from the hotel wall. The station is positioned 
in relation to the pattern in the granite on the hotel wall. 

Described by Rob Holt I Date 11 November 1996 

DIAGRAM 
GENERAL. 

To Sea 

Offices/ 
ý- 

Shops Hotel 
Emas 

Garage/ 

FI 

Hotel 
Petrol -ý Entrance 

Station 

Gravity 
Car Park ̀  Station 

9169 

Not to Scale 

Diagram by Rob Holt 

STATION HISTORY 

1)E'1': A11. 

Irate 26 June 1996 

Established in the course of the 1995 Geological Survey of Malaysia / University College 
London Sabah gravity survey. Linked to the Hotel Parmaisaba gravity base station in 
Lahad Datu (9502.9029) and to the Luasong gravity base station (9502.9243). 

Source organisation(s) Geological Survey of Malaysia / University College London 

Source 

Gravity 
Station 9169 
(25 cm 
from wall) 

Side View 

Red 10. 
granite Rittern 

on wall 
4ý 

f-Pavement 
White granite (; i, ivity Meter 
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GRAVITY STATION Station number and name 

DESCRIPTION 9502.9170 Tawau Airport, Sabah 

Nearest City State/ Province (wont v i, 

Tawau 
County 

Sabah Malaysia 

Latitude Longitude Source 

4° 15.72' N 117° 53.04' E Magellan GPS Fix 

Elevation Source 

14.3m Barometer tie to sea level 

Observed gravity (IGSN 71) Free-air gravity Kouguer gravity (1) = 2.67 NIg. m ') 

978110.89 mGal 'o. uu 54.87 mGal 52.05 mGal 

DESCRIPTION 

The station is sited outside Tawau Airport, Tawau, in the centre of a roundabout, beneath 
the "Selamat Datang ke Tawau" monument. The station lies in the centre of the plinth 
directly below the monument. 

Described by Rob Holt 

GENERAL 
DIAGRAM 

Date 

Roundabout 

Airport 
Terminal 

Concrete legs of 
monument "Selamat 
Datang ke Tawau" 

JJ 

<l 

Gravity 
Station 
9170 

Plinth in 
Flower Bed 

Gravity 
Station - 
9170 

Stepped 
plinth 

Diagram by Rob Holt Date 18 November 1996 
STATION HISTORY 

The station was established in the course of 1995 Geological Survey of Malaysia / 
University College London Sabah gravity survey. Linked to the Hotel Parmaisaba gravity 
base station in Lahad Datu (9502.9029) and to the Luasong gravity base station 
(9502.9243). 

Source organisation(s) Geological Survey of Malaysia / University College London 

18 November 1996 
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GRAVITY STATION Station number(s) and name(s) 

DESCRIPTION 9502.9185 & 9502.9243 Luasong, Sabah 

Nearest City 1 State / Province Country 
/ County 

Tawau Sabah Malaysia 

Latitude Longitude Source 
4" 36.60' N (9185) 117° 23.71' E (9185) 
4° 36.60' N (9243) 117° 23.68' E (9243) 

Elevation Source 
134.1 m (9185) 
134.1 m (9243) 

Observed gravity (IGSN 71) Free-air gravity 
978042.45 mGal (9185): o. v 18.52 mGal (9185) 
978042.48 mGal (9243) ±o . ril 18.55 mGal (9243) 

DESCRIPTION 

Bougucr gra%ity (I) = 2.07 \lg. m' ) 

-7.85 mGal (9185) 

-7.82 mGal (9243) 

The stations are located beneath the covered walkway and on the helipad at Luasong 
Rest House, Luasong. Station 9185 is at the base of the righthand post supporting the 
walkway roof leading to the Rest House nearest the covered car park, 9m north of the 
front steps. Station 9243 is at the centre of the helipad which is 25 m west of the western 
corner of the Rest House. 

Described by Rob Holt 

DIAGRAM 
GENERAL DETAIL 

Helipad 
Swimming 
Pool 25m to Gravity 

centre Station 
of H 9243 

1 Luasong Rest House 

22 m 
Gravity 
Station Covered 
9185 Car Park N 

Not to Scale 

Diagram by Rob Holt 

STATION HISTORY 

1 Date 26 June 1996 

Both stations were established during the 1995 Geological Survey of Malaysia / 
University College London Sabah gravity survey. Stations linked to the Tawau and 
Telupid gravity base stations (9502.9169 and 9502.9028 respectively). 

Source organisation(s) Geological Survey of Malaysia / University College London 

Magellan GPS Fix 

Barometer tie to sea level 

Helipad 

Gravity 
Station 

Steps up into 
9243 

Rest House 4-, n 

white posts 

Gravity 
IQ Station 9185 

Covered 
walkway Covered 

Car Park 

Date 12 November 1996 
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GRAVITY STATION Station number and name 

DESCRIPTION 9502.9301 Tambunan, Sabah 

Nearest City State/ Province Country 
/ County 

Tambunan Sabah Malaysia 

Latitude Longitude Source 

5' 40.17' N 116° 21.93' E Magellan GPS Fix 

Elevation Source 

575.3m Barometer tie to sea level 

Observed gravity (I(', SN 71) Free-air gravity 

977939.97 mGal -! o"it 35.12 mGal 

DESCRIPTION 

Bouguer gravity (1)= 2.67 1N1g. m' ) 

-78.05 mGal 

On tiled pavement on south side of shopping complex south of the centre of Tambunan 
and west of the main road between Ranau and Keningau. The station is equidistant from 
the SE and SW corners of the western building of the complex, immediately outside the 
Sabah Bank Berhad branch and equidistant from the wall and the edge of the pavement. 

STATION HISTORY 

The station was established in the course of the 1995 Geological Survey of Malaysia / 
University College London Sabah gravity survey, and is linked directly to the Geological 
Survey of Malaysia gravity base station in Kota Kinabalu (9502.9002). 

Source organisation(s) Geological Survey of Malaysia / University College London 
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GRAVITY STATION Station number and name 

DESCRIPTION SWBO Hotel Sungei Wang, Kuala Lumpur 
Nearest City State / Province Country 

County Selangor Malaysia Kuala Lumpur 

Latitude Longitude Source 

3'00.6'N 101° 40.8' E Magellan GPS Fix 

Elevation Source 

Observed gravity (IGSN 71) Free-air gravity Bouguer gravity (p = 2.67 Mg. m') 

978026.00 mGal -- 
DESCRIPTION 

The station is located in the foyer of the Hotel Sungei Wang, Kuala Lumpur. The station 
lies 1m from the rear, right-hand corner of the hotel foyer when entered from Jalan Bukit 
Bintang, approximately 4m from the hotel lift door. 

Described by Rob Holt i Date 23 November 1996 

DIAGRAM 
GENERAL, DETAIL 

5m Table and Door to 

yy C Benches W. C. 5m Ta ble 

Gravity 
Bflnf 

E 

® 
Station 'm 
SWBO 

ä 
Lift 

Gravity L, N ö Station 
° SWBO 

Hotel 
Sungei 
Wang Hotel Sungei 
Foyer Wang Foyer 

Hotel Sungei To hotel 
8 

Lift 

Hotel Main 
Entrance 

Wang 
Restaurant 

entrance 
on Jalan 

° 

e 
kit Bi t B 2 

n 77777777 
n ang u i 

cc J2 an Bukii 6 ang aq 1 

Diagram by Rob Holt J Date 23 November 1996 
STATION HISTORY 

The station was established in the course of the 1995 Geological Survey of Malaysia / 
University College London Sabah gravity survey. It is linked to the main Malaysian 
gravity base station in the Physics Department, University of Malaya in Kuala Lumpur 
by three A-B-A ties. The reference value at the University base (G4/76) has been taken 
as 978034.45 mGal. 

Source organisation(s) Geological Survey of Malaysia / University College London 
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APPENDIX 3 

Gravity meter G-90 calibration table 
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COPY OF GRAVITY METER CALIBRATION TABLE 

Mi higal values for LaCoste & Romberg, Inc. Model G Gravity Meter #G-90 

Counter Value in Factor for Counter Value in Factor for 
Reading Milligals Interval Reading Milligals Interval 
000 000.00 1.03148 
100 103.15 1.03134 3600 3715.43 1.03403 
200 206.28 1.03125 3700 3818.84 1.03415 
300 309.41 1.03121 3800 3922.25 1.03427 
400 412.53 1.03119 3900 4025.68 1.03439 
500 515.65 1.03117 4000 4129.12 1.03448 
600 618.76 1.03116 4100 4232.56 1.03459 
700 721.88 1.03117 4200 4336.02 1.03470 
800 825.00 1.03118 4300 4439.49 1.03480 
900 928.12 1.03120 4400 4542.97 1.03488 
1000 1031.24 1.03123 4500 4646.46 1.03496 
1100 1134.36 1.03128 4600 4749.96 1.03501 
1200 1237.49 1.03134 4700 4853.46 1.03507 
1300 1340.62 1.03139 4800 4956.97 1.03512 
1400 1443.76 1.03145 4900 5060.48 1.03518 
1500 1546.90 1.03151 5000 5164.00 1.03523 

, 1600 1650.06 1.03158 5100 5267.52 1.03525 
1700 1753.21 1.03167 5200 5371.04 1.03526 
1800 1856.38 1.03176 5300 5474.57 1.03524 
1900 1959.56 1.03186 5400 5578.09 1.03521 
2000 2062.74 1.03196 5500 5631.61 1.03516 
2100 2165.94 1.03207 5600 5785.13 1.03510 
2200 2269.15 1.03217 5700 5888.64 1.03503 
2300 2372.36 1.03228 5800 5992.14 1.03495 
2400 2475.59 1.03242 5900 6095.64 1.03485 
2500 2578.83 1.03256 6000 6199.12 1.03471 
2600 2682.09 1.03271 6100 6302.59 1.03453 
2700 2785.36 1.03288 6200 6406.05 1.03435 
2800 2888.65 1.03301 6300 6509.48 1.03414 
2900 2991.95 1.03316 6400 6612.90 1.03393 
3000 3095.26 1.03330 6500 6716.29 1.03369 
3100 319859 1.03344 6600 6819.66 1.03345 
3200 3301.94 1.03357 6700 6923.00 1.03316 
3300 3405.30 1.03368 6800 7026.32 1.03282 
3400 3508.66 1.03379 6900 7129.60 1.03197 
3500 3612.04 1.03390 7000 7232.80 

Note: Right-hand wheel on counter indicates approximately 0.1 milligal. 

1-25-82 f 

4 
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APPENDIX 4 

1995 Sabah Gravity Survey Full Results Listing 

!. 
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1995 SABAH GRAVITY SURVEY RESULTS SUMMARY 

STATION LATITUDE LONGITUDE ELEVATION FAA A 1'(' Inc ' 

(°N) (°E) (m) (rGal) i. (m(; al) ('. 

SWBO 3.0100 101.6800 50.0 -4.67 -14.5() (1 -14.5() 
G4/76 3.0100 101.6800 50.0 3.78 -6.05 Il -6.05 

1 5.9775 116.0758 16.9 30.51 27.20 0 27.20 
2 5.9588 116.0723 3.4 25.55 24.89 0 24.89 
3 5.4718 115.7962 9.6 18.98 17.09 0 17.09 
4 5.4088 115.7505 11.3 18.59 16.36 0 10.36 
5 5.5058 115.7795 3.5 9.89 9.19 0 9.19 
6 5.5298 115.7447 4.2 1.64 0.82 0 0.82 
7 5.5328 115.7005 2.5 -4.53 -5.03 0 -5.03 
8 5.5370 115.6605 1.0 -6.65 -6.85 0 -6.85 
9 5.5685 115.6012 0.2 3.73 3.70 0 3.70 
10 5.5458 115.6242 1.9 1.62 1.25 0 1.25 
11 5.3320 115.5912 6.7 -1.25 -2.58 0 -2.58 
12 5.3595 115.6095 6.9 -4.43 -5.79 0 -5.79 
13 5.3590 115.6473 9.1 -1.62 -3.41 0 -3.41 
14 5.3722 115.6985 10.8 5.50 3.38 0 3.38 
15 5.3533 115.7267 10.1 18.05 16.06 0 16.06 
16 5.6662 115.8935 0.6 22.74 22.63 0 22.63 
17 5.9843 116.0732 2.2 27.36 26.92 0 26.92 
18 5.4067 115.6842 7.4 0.73 -0.73 () -0.73 
19 5.4260 115.6533 6.9 -3.58 -4.94 0 -4.94 
20 5.4503 115.6237 4.4 -4.31 -5.17 0 -5.17 
21 5.4607 115.5863 2.4 -4.53 -4.99 0 -4.99 
22 5.4972 115.5548 2.4 0.40 -0.06 O -0.06 
23 5.5423 115.5808 0.7 2.73 2.60 O 2.60 
24 5.4908 115.4857 0.0 5.31 5.31 0 5.31 
25 5.2842 115.6822 4.7 15.66 14.73 (1 14.73 
26 5.3165 115.7083 7.6 17.95 16.46 (l 16.46 
27 5.3430 115.7460 3.0 13.34 12.74 0 12.74 
28 5.6280 117.1310 100.7 101.06 81.26 0 81.26 
29 5.0263 118.3335 6.1 86.81 85.61 0 85.61 
30 5.0527 118.2795 36.6 93.48 86.28 0 86.28 
31 5.0897 118.2505 41.8 72.79 64.56 0 64.56 
32 5.1260 118.2218 31.7 50.58 44.34 0 44.34 
33 5.1542 118.1848 45.2 49.94 41.06 (l 41.06 
33 5.1542 118.1848 45.2 50.01 41.12 (1 41.12 
34 5.1702 118.1360 49.9 52.79 42.98 0 42.98 
35 5.2053 118.0980 40.0 31.01 23.15 0 23.15 
36 5.2463 118.0607 36.8 18.69 11.46 0 11.46 
37 5.2807 118.0243 31.2 3.97 -2.17 0 -2.17 
38 5.3210 117.9913 31.5 -6.84 -13.04 0 -13.04 
39 5.3577 117.9565 17.2 -9.87 -13.25 0 -13.25 
40 5.4067 117.9500 7.8 -18.45 -19.98 0 -19.98 
41 5.4058 117.9537 16.2 -17.03 -20.21 0 -20.21 
42 5.3243 118.0107 85.3 -2.05 -18.84 0 -18.84 
43 5.3312 118.0292 23.3 -10.43 -15.01 0 -15.01 
44 5.3013 118.0327 22.9 -4.79 -9.30 0 -9.30 
45 5.3240 118.0470 15.2 -10.26 -13.24 0 -13.24 

W. 9.6 "%Ue " "" -4AIV z" COUAJ4. k J w,,: ý y-o" I9 61 %, w, rc. rf n- - o. %% %tti, 
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46 5.1537 118.1953 57.5 48.26 36.95 11 0. 
47 5.1653 118.2287 91.1 32.77 14.86 0 14.86 

48 5.0105 118.2552 30.0 103.75 97.84 0 97.84 

49 4.9812 118.2148 128.7 120.79 95.46 1) 95.46 

50 4.9938 118.1648 109.1 117.47 96.01 O 96.01 

51 4.9813 118.1162 143.5 121.08 92.86 (1 92.86 

52 4.9925 118.0710 162.0 115.49 83.61 0 83.61 

52 4.9925 118.0710 162.0 115.50 83.63 1) 83.63 
53 5.0050 118.0210 253.6 124.03 74.14 (1 74.14 
54 4.9980 117.9800 188.2 114.32 77.31 (1 77.31 
55 4.9575 117.9363 229.7 91.47 46.29 () 46.29 
56 4.9587 117.9188 159.9 77.62 46.17 (1 46.17 
57 4.9817 117.9018 128.5 78.68 53.40 O 53.40 
58 4.9825 117.8735 125.5 61.04 36.36 (1 36.36 
59 4.9638 117.8028 154.5 41.16 10.78 O 10.78 
60 4.9639 117.8027 162.9 42.40 10.35 0 10.35 
61 4.9668 117.8360 300.5 63.26 4.16 O 4.16 
62 5.0372 118.3790 5.6 64.71 63.61 0 63.61 
63 5.0283 118.4277 11.1 65.17 62.98 0 62.98 
64 5.0082 118.4877 8.7 70.03 68.32 0 68.32 
65 4.9978 118.5568 28.8 71.31 65.64 0 65.64 
66 4.9782 118.6225 143.8 90.89 62.60 (1 62.60 
67 4.9733 118.6805 234.9 103.50 57.30 0 57.30 
68 4.9572 118.7453 11.3 81.57 79.35 0 79.35 
69 4.9927 118.8092 18.7 62.10 58.42 (1 58.42 
70 5.0222 118.8738 16.2 45.20 42.01 0 42.01 
71 5.0650 118.9265 8.1 33.35 31.76 0 31.76 
72 5.1127 118.9740 10.3 24.37 22.35 () 22.35 
73 5.1578 119.0142 32.2 24.87 18.52 0 18.52 
74 5.0197 118.8893 3.4 43.67 43. (X) 0 43.00 
75 4.9567 118.5865 0.2 87.51 87.47 O 87.47 
76 5.0210 118.6015 27.3 57.93 52.56 (1 52.56 
77 5.0542 118.6222 45.9 45.19 36.17 0 36.17 
78 5.0483 118.4860 32.6 49.84 43.43 0 43.43 
79 5.0792 118.4655 100.4 40.26 20.52 (1 20.52 
80 4.9118 118.1472 11.5 102.14 99.88 (l 99.88 
81 4.8647 118.0980 11.0 75.02 72.86 0 72.86 
82 4.7477 118.1192 31.4 55.39 49.21 (1 49.21 
83 4.7340 118.1997 4.0 79.64 78.84 0 78.84 
84 4.6747 118.2155 53.5 75.60 65.08 (1 65.08 
85 4.6115 118.1952 93.3 67.51 49.16 0 49.16 
86 4.5468 118.1918 58.5 69.70 58.20 0 58.20 
87 4.4775 118.1902 36.0 76.59 69.50 0 69.50 
88 4.4255 118.1840 35.6 82.19 75.19 0 75.19 
89 4.4437 118.2525 3.2 71.73 71.10 (1 71.10 
90 4.4140 118.3208 12.8 74.94 72.42 0 72.42 
91 4.3783 118.3643 40.1 92.20 84.31 0 84.31 
92 4.3925 118.4260 41.8 93.56 85.33 O 85.33 
93 4.4228 118.4860 31.2 90.99 84.85 0 84.85 
94 4.4455 118.5500 32.0 84.47 78.16 (1 78.16 
95 4.4782 118.6147 -1.9 68.00 68.37 0 68.37 
96 4.4795 118.6157 -0.5 67.83 67.93 0 67.93 
97 4.4192 118.6172 0.8 91.39 91.22 (1 91.22 
98 4.4230 118.6048 1.0 90.29 90.09 0 90.09 
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99 4.5210 118.5323 2.7 67.27 66.74 0 (, 6.74 
100 4.5147 118.5828 -3.7 66.82 67.55 0 67.55 
101 5.0853 118.4675 44.0 31.68 23.03 0 23.03 
102 5.1182 118.4823 35.7 18.88 11.85 O 11.85 
103 5.1513 118.4943 71.8 18.23 4.10 0 4.10 
104 5.1897 118.5003 40.3 6.94 -0.99 (1 -11.99 
105 5.2160 118.5050 128.3 14.13 -11.11 (1 -11.11 
106 5.2463 118.5122 17.0 8.70 5.35 0 5.35 
107 5.2813 118.5162 14.3 13.59 10.77 0 10.77 
108 5.3337 118.5273 8.1 20.58 18.99 0 18.99 
109 5.3130 118.5315 100.8 28.25 8.41 0 8.41 
vo 5.0928 118.4367 39.5 27.66 19.90 0 19.90 
111 5.1407 119.0678 54.1 24.63 13.98 0 13.98 
112 5.1610 119.1303 29.8 20.06 14.19 0 14.19 
113 5.1990 119.1863 15.3 18.78 15.76 0 15.76 
114 5.2723 119.2093 18.4 18.68 15.06 0 15.06 
115 5.3338 119.1935 38.8 30.66 23.03 0 23.03 
116 5.3440 119.1233 28.7 37.53 31.89 0 31.89 
117 5.3640 119.0920 32.4 45.83 39.46 (1 39.46 
118 5.3942 119.0803 4.2 49.40 48.57 0 48.57 
119 5.3283 119.0742 20.1 37.57 33.62 0 33.62 
120 5.0817 119.0690 10.3 26.16 24.14 0 24.14 
121 5.0823 119.0980 0.2 28.33 28.30 0 28.30 
122 4.7255 118.0743 81.3 50.35 34.37 0 34.37 
123 4.7450 118.0240 96.1 47.37 28.47 0 28.47 
124 4.7210 117.9898 94.3 49.22 30.67 0 30.67 
125 4.7252 117.9552 99.8 48.56 28.92 0 28.92 
126 4.7218 117.9100 293.7 67.84 10.06 0 10.06 
127 4.6975 117.8820 417.7 74.31 -7.85 0 -7.85 
128 4.6948 117.9200 113.1 43.79 21.53 0 21.53 
129 4.6723 117.9403 118.7 42.98 19.63 0 19.63 
130 4.6313 117.8977 257.2 56.88 6.30 0 6.30 
131 4.7078 117.9382 113.1 46.50 24.24 0 24.24 
132 4.8700 118.0725 15.0 69.66 66.71 0 66.71 
133 5.0350 118.3690 88.7 86.78 69.33 0 69.33 
134 5.0023 118.1728 83.8 113.14 96.66 0 96.66 
135 4.9865 117.9623 162.4 70.84 38.90 0 38.90 
136 5.0098 117.9595 170.1 95.52 62.05 0 62.05 
137 4.9892 117.9438 217.7 99.84 57.01 0 57.01 
138 4.9793 117.8637 173.5 60.57 26.45 0 26.45 
139 4.9502 117.8508 254.3 62.84 12.82 0 12.82 
140 4.9227 117.8475 314.3 79.13 17.30 0 17.30 
141 4.9342 117.8750 246.2 70.63 22.21 0 22.21 
142 4.9545 117.8932 163.1 68.83 36.75 0 36.75 
143 4.9567 117.8707 174.2 60.86 26.60 0 26.60 
144 4.9120 117.8255 396.8 96.81 18.77 0 18.77 
145 4.9967 117.8303 256.3 58.36 7.94 0 7.94 
146 5.0078 117.7915 177.2 47.47 12.61 0 12.61 
147 5.0413 117.7828 216.3 54.47 11.91 0 11.91 
148 5.0590 117.7445 203.5 42.16 2.12 0 2.12 
149 5.0728 117.7135 144.8 26.23 -2.27 0 -2.27 
150 5.0935 117.6815 297.1 32.81 -25.63 0 -25.63 
151 5.0908 117.6432 125.0 13.43 -11.15 0 -11.15 
152 5.0733 117.6072 136.8 14.82 -12.08 0 -12.08 
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153 5.0415 117.5687 207.7 28.22 -12.64 O -12.64 
154 5.0135 117.5395 184.0 26.67 -9.52 I) -9.52 
155 4.9905 117.5382 352.6 45.32 -24.03 (1 -24.03 
156 4.9695 117.5087 676.7 76.63 -56.47 0 -56.47 
157 4.9712 117.4775 577.4 64.54 -49.03 0 -49.03 
158 4.9740 117.4538 299.8 30.75 -28.22 0 -28.22 
159 4.9590 117.4692 293.2 26.11 -31.57 0 -31.57 
160 5.0147 117.5187 276.7 37.03 -17.40 0 -17.40 
161 5.0217 117.6700 148.2 37.59 8.43 O 8.43 
162 5.0072 118.1977 37.9 109.91 102.46 0 102.46 
163 5.0117 118.1775 121.1 127.15 103.33 0 103.33 
1163 4.9217 118.1200 30.4 101.21 95.24 0 95.24 
164 5.0283 118.3283 14.3 83.91 81.09 0 81.09 
165 5.0238 118.2050 80.1 115.78 10(). 02 0 100.02 
166 4.9292 118.1095 66.4 98.42 85.36 0 85.36 
167 4.9278 118.1157 37.1 98.60 91.30 (1 91.30 
168 4.6277 118.2068 127.3 70.76 45.72 0 45.72 
169 4.2467 117.8822 1.9 53.27 52.90 0 52.90 
170 4.2620 117.8840 14.3 54.87 52.05 0 52.05 
171 4.3075 117.8842 17.4 52.52 49.11 0 49.11 
172 4.3320 117.8465 21.2 48.51 44.33 0 44.33 
173 4.3782 117.8183 16.7 39.03 35.75 0 35.75 
174 4.4140 117.7790 16.5 33.34 30.09 0 30.09 
175 4.4625 117.7665 27.1 35.65 30.31 0 30.31 
176 4.4883 117.7307 24.8 31.44 26.56 0 26.56 
177 4.5185 117.7013 22.3 28.58 24.20 0 24.20 
178 4.5132 117.6495 92.4 35.18 17.00 0 17.00 
179 4.5025 117.6063 43.2 29.20 20.71 0 20.71 
180 4.5203 117.5703 13.0 25.39 22.84 0 22.84 
181 4.5175 117.5135 124.3 36.33 11.88 0 11.88 
182 4.5578 117.4895 132.7 31.94 5.83 0 5.83 
183 4.6068 117.4548 150.6 24.26 -5.36 0 -5.36 
184 4.6122 117.4105 207.2 27.56 -13.21 0 -13.21 
185 4.6100 117.3952 134.1 18.52 -7.85 0 -7.85 
186 4.4820 117.4910 122.3 36.90 12.85 0 12.85 
187 4.3975 117.4922 3.4 28.00 27.34 0 27.34 
188 4.4838 117.5890 11.6 27.54 25.25 0 25.25 
189 4.4538 117.7787 13.8 33.85 31.13 0 31.13 
190 4.4655 117.8022 176.9 50.82 16.12 0 16.02 
191 4.4578 117.7955 125.6 44.69 19.98 0 19.98 
192 4.2552 117.9438 12.8 54.45 51.93 0 51.93 
193 4.2702 117.9972 55.3 70.87 59.99 0 59.99 
194 4.2743 118.0542 39.6 67.47 59.67 0 59.67 
195 4.3233 118.0930 40.3 64.15 56.22 0 56.22 
196 4.3778 118.1313 7.3 67.46 66.04 0 66.04 
197 4.4032 118.1778 53.6 83.00 72.45 0 72.45 
198 4.5825 118.2287 77.6 68.81 53.56 0 53.56 
199 4.5898 118.2812 51.6 67.52 57.37 0 57.37 
200 4.6110 118.2550 120.1 78.45 54.84 0 54.84 
201 4.6167 118.2987 46.2 72.12 63.03 0 63.03 
202 4.5465 118.2853 50.9 66.24 56.22 0 56.22 
203 4.4943 118.2737 79.1 71.61 56.05 0 56.05 
204 4.4435 118.2708 42.3 72.61 64.28 0 64.28 
205 4.3590 118.1868 0.0 77.12 77.12 0 77.12 
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206 4.3677 118.2060 8.4 77.84 76.18 (1 76.19 
207 4.3187 118.1993 6.6 75.04 73.75 0 73.75 
208 4.3145 118.2143 3.2 75.87 75.24 () 75.24 
209 4.5681 117.7384 171.3 42.0) 8.30 O 8.30 
210 4.6017 117.7212 155.1 38.17 7.65 O 7.65 
211 4.6244 117.7267 114.7 32.37 9.82 0 9.82 
212 4.4300 117.4393 24.3 29.43 24.65 0 24.65 
213 4.4622 117.3840 65.3 29.39 16.56 1) 16.56 
214 4.5025 117.3347 42.8 17.57 9.14 0 9.14 
215 4.5060 117.2793 51.3 9.62 -0.46 0 -0.46 
216 4.5230 117.2200 96.1 11.91 -7. (X) O -7. (X) 
217 4.5330 117.1617 53.1 -65.68 -76.13 0 -76.13 
218 4.5950 117.1708 163.2 7.38 -24.72 0 -24.72 
219 4.6055 117.2278 138.4 9.36 -17.87 0 -17.87 
220 4.5993 117.2638 120.9 10.07 -13.71 0 -13.71 
221 4.5882 117.3043 108.8 9.55 -11.84 0 -11.84 
222 4.6282 117.3423 109.0 8.01 -13.42 0 -13.42 
223 4.3979 117.5582 2.5 23.98 23.48 0 23.48 
224 4.6715 117.3058 114.3 4.21 -18.28 0 -18.28 
225 4.7138 117.2828 265.9 12.64 -39.67 0 -39.67 
226 4.7708 117.2622 294.9 2.56 -55.45 0 -55.45 
227 4.8245 117.2365 170.6 -5.59 -39.16 O -39.16 
228 4.8832 117.2210 211.5 6.92 -34.67 0 -34.67 
229 4.9203 117.1920 138.8 1.14 -26.16 0 -26.16 
230 4.9695 117.1528 171.3 6.70 -27.00 0 -27.00 
231 5.0127 117.1075 283.1 22.34 -33.35 0 -33.35 
232 5.0318 117.1060 207.7 14.66 -26.20 0 -26.20 
233 5.0837 117.0930 135.6 8.55 -18.12 0 -18.12 
234 5.1408 117.0747 90.7 7.11 -10.73 0 -10.73 
235 5.1647 117.1000 75.4 9.15 -5.67 0 -5.67 
236 5.2205 117.0930 51.3 19.24 9.16 0 9.16 
237 5.2770 117.0885 41.8 23.17 14.95 0 14.95 
238 5.3050 117.0723 73.0 31.28 16.91 0 16.91 
239 5.2202 117.0357 83.5 9.61 -6.81 0 -6.81 
240 5.2173 117.0442 140.8 16.78 -10.91 0 -10.91 
241 5.1385 117.0982 298.3 32.31 -26.36 O -26.36 
242 5.1163 117.0788 279.6 27.20 -27.79 () -27.79 
243 4.6100 117.3946 134.1 18.55 -7.82 0 -7.82 
245 4.6003 117.1727 160.7 6.03 -25.58 0 -25.58 
246 4.5712 117.1290 535.4 43.73 -61.58 0 -61.58 
247 4.5527 117.0662 448.4 23.21 -64.99 0 -64.99 
248 4.5500 117.0678 305.0 7.77 -52.23 0 -52.23 
249 4.5822 116.9662 352.1 7.56 -61.69 0 -61.69 
250 4.5800 116.9015 482.6 15.31 -79.62 0 -79.62 
251 4.5917 116.8440 450.1 16.45 -72.07 0 -72.07 
252 4.6145 116.7923 412.1 9.67 -71.39 0 -71.39 
253 4.6118 116.7512 407.9 6.70 -73.54 0 -73.54 
254 4.6043 116.6973 412.1 7.37 -73.69 0 -73.69 
255 4.6020 116.6488 355.8 -2.85 -72.83 0 -72.83 
256 4.6107 116.7233 372.7 3.08 -70.22 0 -70.22 
257 4.6263 116.7795 404.9 7.27 -72.37 0 -72.37 
258 4.6657 116.7772 572.1 22.45 -90.09 0 -90.09 
259 4.5902 116.8777 535.6 21.79 -83.55 0 -83.55 
260 4.5532 116.8407 487.0 20.77 -75.02 0 -75.02 
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261 4.5270 116.8065 519.7 29.65 -72.58 11 -72.58 
262 4.5117 116.7577 488.2 25.68 -70.34 ll -70.34 
263 4.5743 116.9947 298.5 6.40 -52.31 (1 -52.31 
264 4.9315 117.2258 421.6 35.85 -47.07 0 -47.07 
265 4.9555 117.2427 189.0 11.76 -25.42 0 -25.42 
266 4.9603 117.2720 232.2 18.33 -27.35 0 -27.35 
267 5.3220 117.1022 221.1 54.35 10.87 0 10.87 
268 5.3352 117.1603 64.4 38.81 26.14 0 26.14 
269 5.3905 117.1773 61.5 69.67 57.57 0 57.57 
270 5.4297 117.2067 61.7 72.49 60.35 0 60.35 
271 5.4652 117.2352 75.4 70.70 55.87 0 55.87 
272 5.5043 117.2273 90.0 74.83 57.12 0 57.12 
273 5.5677 117.2212 96.6 66.53 47.52 0 47.52 
274 5.6102 117.2250 105.9 63.38 42.55 0 42.55 
275 5.6503 117.2472 80.3 55.13 39.34 0 39.34 
276 5.6422 117.1840 92.6 86.44 68.23 0 68.23 
277 5.6208 117.1433 98.6 94.98 75.57 0 75.57 
278 5.6208 117.1063 78.1 99.73 84.38 0 84.38 
279 5.6137 117.1720 120.2 91.61 67.96 0 67.96 
280 5.6130 117.2170 102.9 66.44 46.20 0 46.20 
281 5.6087 117.1045 117.4 105.60 82.52 0 82.52 
282 5.5978 117.0783 134.2 108.04 81.64 0 81.64 
283 5.5745 117.0613 138.1 109.59 82.43 0 82.43 
284 5.6170 117.0595 148.1 111.16 82.04 0 82.04 
285 5.6227 117.0760 120.1 106.04 82.43 0 82.43 
286 5.6562 117.0703 116.5 107.17 84.25 0 84.25 
287 5.6640 117.0380 128.8 93.06 67.72 0 67.72 
288 5.9425 116.0508 4.6 27.25 26.35 0 26.35 
289 5.9160 116.0988 8.4 21.22 19.57 0 19.57 
290 5.9087 116.1375 16.5 15.97 12.72 0 12.72 
291 5.9082 116.1782 55.1 13.31 2.46 0 2.46 
292 5.8998 116.2167 166.9 18.05 -14.79 10 -4.79 
293 5.8793 116.2410 441.6 44.89 -41.98 20 -21.98 
294 5.8647 116.2597 852.7 87.33 -80.41 30 -50.41 
295 5.8552 116.2978 1282.1 129.82 -122.36 40 -82.36 
296 5.8390 116.3243 1571.4 158.34 -150.76 50 -100.76 
297 5.8130 116.3385 1722.7 171.67 -167.18 50 -117.18 
298 5.7643 116.3580 1159.8 106.71 -121.42 40 -81.42 
299 5.7393 116.3728 811.8 65.11 -94.56 30 -64.56 
300 5.7193 116.4077 643.8 40.20 -86.44 25 -61.44 
301 5.6695 116.3655 575.3 35.12 -78.05 20 -58.05 

Key 

FAA = Free-Air Anomaly, BA = Bouguer Anomaly (excluding' Terrai n Correction), 
TC = Terrain Correction, BA inc TC = Bouguer Anomaly including Terrain Correction 
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CORRECTED DARVEL BAY GRAVITY DATA 

Station Latitude 
(°N) 

Longitude 
(°E) 

Elevation 
(m) 

Bouguer Anomaly 

--m(; 
al) 

Darvel Bay 
1 4.9788 118.3437 2.4 116.46 
2 4.9925 118.3467 1.1 108.80 
3 4.9920 118.3583 1.8 107.39 
4 4.9758 118.3810 0.4 108.19 
5 4.9628 118.3475 0.6 115.08 
6 4.9540 118.3180 0.7 121.00 
7 4.9618 118.3008 1.2 116.32 
8 4.9670 118.3223 0.9 116.82 
9 4.9250 118.2628 1.8 109.27 
10 4.9475 118.2502 1.8 108.55 
11 4.9523 118.2928 1.5 119.07 
12 4.9428 118.2348 1.6 106.94 
13 4.9250 118.1988 1.7 108.24 
14 4.9410 118.2143 1.8 103.00 
15 4.9647 118.2135 0.9 109.50 
16 4.9307 118.2320 1.5 107.85 
17 4.8142 118.2862 1.8 106.42 
18 4.8105 118.3070 1.5 108.01 
19 4.7902 118.2848 1.8 108.41 
20 4.8228 118.2728 1.8 103.82 
21 4.8785 118.1535 0.6 90.10 
22 4.9003 118.2040 0.4 102.75 
23 4.9085 118.2387 0.6 108.30 
24 4.9377 118.2722 0.3 116.32 
25 4.9847 118.3165 1.7 111.11 
26 5.0220 118.3278 2.7 85.87 
27 4.6868 118.2503 2.5 71.37 
28 4.7705 118.2338 1.6 100.02 
29 4.8015 118.3240 1.8 109.64 
30 4.8067 118.3558 2.0 108.93 
31 4.7892 118.3683 1.0 111.55 
32 4.7665 118.3065 1.3 105.66 
33 4.7573 118.3840 1.7 110.75 
34 4.7748 118.3787 1.8 112.25 
35 4.7963 118.3783 1.7 109.59 
36 4.8062 118.3747 1.8 107.82 
37 4.7915 118.4048 1.4 112.40 
38 4.7833 118.4132 1.4 113.03 
39 4.7617 118.4743 - 109.00 
40 4.7467 118.5123 1.8 110.37 
41 ; 4.7263 118.4575 1.5 102.01 
42 4.7097 118.3960 1.4 98.67 
43 4.7283 118.2280 0.9 82.44 
44 4.6572 118.3190 1.5 67.76 
45 4.6708 118.3510 1.8 76.62 
46 4.6727 118.3747 1.7 80.24 
47 4.6263 118.3290 3.6 66.94 
48 4.6462 118.3730 3.0 74.40 
49 4.6308 118.4090 1.6 75.07 
50 4.6015 118.4202 1.6 74.08 
51 4.6072 118.4630 1.5 79.35 
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52 4.5945 118.4830 0.7 77.77 
53 4.6262 118.3680 1.5 71.36 
54 4.9353 118.4315 0.4 117.38 
55 4.9260 118.4668 1.0 113.79 
56 4.9497 118.4648 1.8 101.22 
57 4.9565 118.4465 1.7 103.77 
58 4.9512 118.3225 1.2 121.31 
59 4.9972 118.4123 4.8 87.61 
60 5.0098 118.4175 1.5 77.86 
61 5.0280 118.3757 1.5 71.80 
62 5.0117 118.3175 1.6 90.04 

Lahad Datu - Kunak 
0 5.0297 118.3233 14 80.69 

101 5.0283 118.2967 13 86.57 
102 5.0137 118.2788 7 96.23 
103 5.0083 118.2467 6 98.75 
104 4.9835 118.2320 126 103.33 
105 4.9445 118.1800 39 99.41 
106 4.9122 118.1433 12 98.63 
107 4.8878 118.1010 8 82.67 
108 4.8645 118.0922 9 71.47 
109 4.8312 118.0978 8 59.29 
110 4.8188 118.1000 155 56.91 
111 4.7888 118.0895 36 <54.00 
112 4.7488 118.1145 31 <53.6 
113 4.7305 118.1620 8 70.5 
114 4.7223 118.1888 7 73.02 
115 4.6895 118.2102 29 70.77 
116 4.7383 118.1218 64 <60.42 
117 5.0608 118.2937 23 <55.41 
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CORRECTED USAMS(FE) SABAH GRAVITY DATA SET 

Original 
Longitude Latitude, Height Bouguer Gravity 

°E m mGal 

Corrected 
Bouguer Gravity 

mGal 
115.7432 5.3448 9.1 29.1 15.4 
115.7898 5.3427 13.7 20.6 6.9 
115.7960 5.2865 15.2 11.5 -2.2 
115.8498 " 5.2387 45.7 6.2 -7.5 
115.8750 5.1352 115.8 -11.6 -25.3 
115.8765 5.1882 57.9 -16.0 -29.7 
115.9065 4.8882 355.4 -52.8 -66.5 
115.9082 4.9415 233.1 -50.8 -64.5 
115.9178 5.0192 220.1 -46.3 -60.0 
115.9413 5.1232 182.0 -32.7 -46.4 
115.9677 5.1832 214.3 -32.0 -45.7 
115.9893 5.7088 100.0 30.3 16.6 
115.9955 5.2427 195.4 -21.8 -355 
116.0288 5.2873 353.9 -16.6 -30.3 
116.0602 5.2915 518.2 -24.5 -38.2 
116.0723 5.9693 2.1 39.9 26.2 
116.0740 5.3165 426.7 -25.5 -39.2 
116.0748 5.9873 2.7 41.7 28.0 
116.0832 , 5.9748 2.7 40.2 26.5 
116.0915 5.9618 74.1 36.0 22.3 
116.0943 5.9027 113.4 29.8 16.1 
116.1165. 5.9915 2.1 36.8 23.1 
116.1332. 5.9943 2.7 35.0 21.3 
116.1443 6.0178 3.0 35.7 22.0 
116.1538 6.0282 6.7 35.2 21.5 
116.1577 5.3090 337.1 -20.8 -34.5 
116.1653 6.0538 7.9 36.2 225 
116.1720 5.3623 314.9 -23.1 -36.8 
116.1720 5.9822 76.8 27.3 13.6 
116.1832 5.1998 308.5 -24.8 -38.5 
116.1832 5.2482 455.1 -25.5 -39.2 
116.1943 6.0943 11.0 35.9 22.2 
116.2053 6.1165 3.4 36.8 23.1 
116.2138 6.1512 31.1 38.6 24.9 
116.2165 1 5.4165 326.7 -26.7 -40.4 
116.2165 6.1415 2.4 38.3 24.6 
116.2193 1 6.1498 3.0 38.4 24.7 
116.2193 6.1638 I 3.0 39.2 25.5 
116.2365 5.1648 3755 -17.0 -30.7 
116.2633 6.1348 5.8 30.9 17.2 
116.2725 1 5.5000 1 609.6 -26.0 -39.7 
116.2763 6.1307 29.6 31.5 17.8 
116.2778 5.5748 773.0 -16.2 -29.9 
116.29001 6.1720 153.3 30.1 16.4 
116.2922, 5.1393 342.0 -13.9 { -27.6 
116.2943 6.1237 213.4 27.7 14.0 
116.3027 1 6.1217 401.1 ; 18.4 4.7 
116.30271 6.1238 304.8 19.4 5.7 

i 
1 
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116.3107 ? 6.2182 97.2 34.6 20.9 
116.3110 6.1165 426.7 17.6 3.9 
116.3162: 5.6157 602.9 -17.4 -31.1 
116.3220 6.1117 487.7 14.9 1.2 
116.3302 6.1160 552.6 7.5 -6.2 
116.3410 6.1098 697.7 10.6 -3.1 
116.3415 6.2693 82.3 36.8 23.1 
1163482: 5.6898 778.2 -18.3 -32.0 
116.3527 6.1090 759.6 10.5 -3.2 
116.3595 5.2310 355.4 -5.5 -19.2 
116.3695 5.1347 360.9 -2.5 -16.2 
116.3760 5.2815 361.5 -5.8 -19.5 
116.3823 6.1087 855.6 11.8 -1.9 
116.3887 6.1185 762.0 7.6 -6.1 
116.4180 6.3553 9.1 38.6 24.9 
116.4182 5.3265 389.2 -2.7 -16.4 
116.4193 6.1090 670.6 8.5 -5.2 
116.4265 ; 6.3553 9.7 41.1 27.4 
116.4332: 5.0990 464.2 -0.2 -13.9 
116.4332 ° 6.0915 823.0 9.0 -4.7 
116.4535 5.0232 447.8 -1.8 -15.5 
116.4582 4.7118 259.7 -18.7 -32.4 
116.4647 6.0322 944.9 -6.0 -19.7 
116.4700 6.4153 119.2 43.8 30.1 
116.4712 = 4.9448 443.9 -6.8 -20.5 
116.4753 6.0138 1074.1 -10.1 -23.8 
116.4828 4.8832 448.1 -4.7 -18.4 
116.4858 4.7498 350.5 -21.6 -35.3 
116.5015 5.3273 356.3 7.5 -6.2 
116.5135 4.7982 457.2 -8.7 -22.4 
116.5165 5.8405 998.5 -25.4 -39.1 
116.5527 5.9860 1359.4 -16.7 -30.4 
116.5557 ' 5.8782 1332.9 -34.3 -48.0 
116.58321 5.9882 : 1218.9 -14.3 

1 
-28.0 116.6498 5.9465 793.1 -16.4 -30.1 

116.6665 5.9553 518.2 -13.2 -26.9 
116.6762 5.9582 502.9 -10.9 -24.6 
116.6822 6.5423 420.3 37.4 23.7 
116.6898 1 6.7493 404.8 41.1 27.4 
116.6937 6.6415 476.1 40.2 26.5 
116.7053 16.0335 548.0 -7.8 -21.5 
116.7053 6.9375 155.1 47.8 34.1 
116.7178 5.9595 832.7 -8.5 -22.2 
116.7270 5.3212 899.8 4.4 -9.3 
116.7363 6.9202 57.3 52.7 39.0 
116.7435 6.6327 15.2 45.0 31.3 
116.7500 1 6.8332 15.2 32.5 18.8 
116.7500 6.9248 3.0 56.2 42.5 
116.7612 6.0532 274.3 -5.1 -18.8 
116.7647 6.9073 93.9 43.8 30.1 
116.7778 6.7110 389.5 49.4 35.7 
116.7953 6.0715 233.8 6.8 -6.9 
116.7960 1 5.9627 692.5 -2.4 -16.1 
116.8007 , 5.8695 1 240.5 16.3 2.6 

ý'ý°,. 

ýý \ 
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116.8080 1 5.7527 1 410.0 1.7 -12.0 
116.8168 5.7665 222.5 12.7 -1.0 
116.8193 6.9657 18.3 56.7 43.0 
116.8315 5.2097 65.5 -2.0 -15.7 
116.8457 6.8807 1.5 58.5 44.8 
116.8535 6.5815 0.9 46.9 33.2 
116.8715 6.1378 139.3 4.0 -9.7 
116.8818 5.2893 45.7 6.4 -7.3 
116.8832 7.2215 0.3 61.2 47.5 
116.8873 5.7420 156.4 27.2 13.5 
116.9190 6.6582 6.1 50.1 36.4 
116.9353 6.1582 102.4 20.0 6.3 
116.9452 5.4028 97.8 29.4 15.7 
116.9607 5.3750 97.5 29.3 15.6 
116.9655 5.7340 130.1 60.4 46.7 
116.9670 5.2655 45.7 11.3 -2.4 
116.9720 5.2698 125.6 9.6 -4.1 
116.9720 6.0927 79.9 27.2 13.5 
116.9832 7.2432 0.1 45.9 32.2 
116.9862: 5.3190 94.8 24.1 10.4 
116.9865 5.4862 146.0 56.3 42.6 
116.9918 6.7612 0.1 63.7 50.0 
117.0228 7.0748 24.4 87.1 73.4 
117.0315 6.8932 0.1 78.2 64.5 
117.0403 6.1072 48.5 40.6 26.9 
117.0452 5.5540 89.9 103.6 89.9 
177.0455 7.3425 0.3 60.7 47.0 
117.0555 7.0865 3.7 95.1 81.4 
117.0565 7.2090 6.7 95.8 82.1 
117.0682 6.9870 ° 1.5 100.4 86.7 
117.0693 5.2822 30.5 27.7 14.0 
117.0745 5.7203 91.1 101.6 87.9 
117.0957 6.1082 50.9 51.1 37.4 
117.1332: 5.6443 71.0 100.2 86.5 
117.1485 5.3082 821.1 19.3 5.6 
117.1528 6.1323 29.3 61.7 48.0 
177.1582 7.3427 0.3 94.4 80.7 
117.1602 5.2678 33.8 41.5 27.8 
117.1665 7.1498 0.1 107.3 93.6 
117.1927 5.6648 49.7 74.7 61.0 
117.1965 6.1652 23.5 63.8 50.1 
117.2005 6.9815 0.1 93.3 79.6 
117.22201 5.8395 20.4 91.1 77.4 
117.2353 6.8740 123.4 87.9 74.2 
117.24421 6.7905 2.4 82.7 69.0 
117.2472 5.8998 36.0 99.8 86.1 
117.2485 6.2027 0.9 63.5 49.8 
117.2738 7.2215 0.1 87.6 73.9 
117.2840 5.3068 31.7 30.5 16.8 
177.2855 7.3348 3.7 91.7 78.0 
117.2915 7.0328 0.3 82.3 68.6 
117.2927 6.6682 1 18.6 71.3 57.6 
117.29981 1 5.9503 9.1 92.3 78.6 
117.3110 5.6528 66.9 50.2 36.5 

/ 

340 



117.3177 6.2323 1 0.9 63.4 j 49.7 
117.3282 6.9405 0.1 88.4 74.7 
117.3448' 6.8232 0.9 83.0 69.3 
117.3565 5.9193 159.1 75.7 62.0 
117.3687 6.2490 3.4 61.8 48.1 
117.3707 5.2682 10.4 2.7 -11.0 
117.3882 6.5782 0.1 68.0 54.3 
117.3888 6.7352 110.3 69.2 55.5 
117.3910 6.2442 88.1 59.9 46.2 
117.3915 5.6680 135.0 41.1 27.4 
117.3952 5.9798 3.0 52.3 38.6 
117.4185 6.2873 1.8 63.1 49.4 
117.4262 5.2218 19.5 -10.6 -24.3 
117.4345 5.8265 1.5 50.5 36.8 
117.4482 5.9653 2.1 45.1 31.4 
117.4515 5.6857 30.1 31.8 18.1 
117.4632 5.2832 328.9 -6.6 -20.3 
117.4692 6.7582 0.1 72.0 58.3 
117.4717 6.8865 45.1 73.6 59.9 
117.4732 5.8668 0.6 41.3 27.6 
117.4760 5.2232 35.7 -9.4 -23.1 
117.4805 5.2553 18.3 -6.0 -19.7 
117.4877 6.2712 ' 0.9 60.1 46.4 
117.4965 5.6893 25.1 23.0 9.3 
117.5190 6.6298 0.1 63.9 50.2 
117.5360 6.2732 2.7 56.4 42.7 
117.5480 5.2842 14.6 -1.8 -15.5 
117.5532 5.8980 51.2 23.5 9.8 
117.5548 6.5537 0.1 60.5 46.8 
117.5757 5.6977 81.6 16.5 2.8 
117.5887 6.2802 179.2 42.5 28.8 
117.6323 5.3307 14.9 -5.7 

{ 
-19.4 

117.6343 6.1035 0.3 39.9 26.2 
117.6440 6.2327 0.9 45.8 32.1 
117.6445 5.7170 82.2 13.0 -0.7 
117.6457 6.2073 0.1 43.9 30.2 
117.6498 5.9220 0.1 22.0 8.3 
117.6815 5.3623 5.5 -0.8 -14.5 
117.6867 6.5315 0.1 51.0 37.3 
117.7015 5.7382 108.4 9.8 -3.9 
117.7140 6.0327 j 0.1 21.7 8.0 
117.71731 5.4287 8.2 2.7 -11 0 . 117.72401 6.2912 0.3 36.7 23.0 
117.7318 6.4337 0.3 37.4 23.7 
117.7545 5.9330 0.1 13.2 -0.5 
117.7698 5.7777 82.1 3.4 -10.3 
117.7840 5.4170 2.4 4.9 -8.8 
117.7905 5.4907 88.7 10.1 -3.6 
117.81121 6.0365 0.1 5.5 -8.2 
117.8252 5.8368 1 45.5 2.4 -11.3 
117.89771 5.7437 0.9 -2.9 -16.6 
117.8980 5.9743 0.3 0.3 -13.4 
117.9045 5.8845 6.5 -5.4 -19.1 
117.9073 5.7915 0.6 -6.6 -20.3 
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117.9102 5.4977 3.4 -4.3 -18.0 
117.9165 5.3877 245.7 -14.6 -28.3 
117.9253 5.6898 0.1 -13.4 -27.1 
117.9612 6.0708 45.7 9.5 -4.2 
117.9723 5.8498 169.8 -14.0 -27.7 
117.9920 5.8078 0.1 -1.2 -14.9 
117.9980 5.6827 0.3 -10.7 -24.4 
118.0348 6.0368 5.4 16.5 2.8 
118.0515 6.1518 0.1 23.5 9.8 
118.0573 6.1775 0.6 24.7 11.0 
118.0632 5.7198 21.6 -9.7 -23.4 
118.0668 5.9602 0.1 15.5 1.8 
118.0682 5.5282 1 221.3 -20.1 -33.8 
118.0748 ' 5.8110 3.0 -15.8 -29.5 
118.1077 5.7818 0.9 0.6 -13.1 
118.1138 5.8387 3.0 2.7 -11.0 
118.1343 5.6073 1.2 -10.2 -23.9 
118.1378 5.7128 15.2 4.0 -9.7 
118.1385 5.6403 0.3 -6.5 -20.2 
118.1465 5.8698 179.5 1.0 -12.7 
118.1853 5.8177 0.1 17.8 4.1 
118.1870 5.7465 4.9 13.3 -0.4 
118.2027 5.5082 162.5 -18.7 -32.4 
118.2337 ; 5.8420 0.3 31.5 17.8 
118.2873 5.5077 1.8 4.4 -9.3 
118.3440 5.5927 1.5 25.3 11.6 
118.3465 5.7305 0.1 43.3 29.6 
118.3663 5.6562 1.2 40.7 27.0 
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