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ABSTRACT .

An island-wide gravity survey in Taiwan was conducted by the In-
stitute of Earth Sciences, Academia Sinica, between 1980 and 1987.
The 603 stations at which the gravity values were determined included
308 points in the 500 m or higher mountain range where few readings
were available previously. The average spacing of the stations in the
present survey is about 7 km apart. A new Free-air gravity anomaly
map has been constructed based on these values. The map is dominated
by a NNE-SSW gravity high trend with a maximum value of 300 mgal,
that follows closely the Central Range, a folded and faulted mountain
belt with many peaks 3000 m or higher. The magnitude of the Free-air
anomaly in the Taiwan area is quite large compared to that elsewhere
in the world. The good correlation between the Free-air anomaly and
elevation suggests that the Taiwan area is not in isostatic equilibrium.
An average surface rock density of 2.57 ¢ em ™3 is estimated from the
Free-air gravity data by using the least-squares method. This value can
be used for both terrain and Bouguer corrections. The undulation of
the geoid and the deflections of the vertical in the Taiwan area are also
calculated by using the Free-air anomaly data. The geoid undulation
is not rugged over the Taiwan area. The maximum difference is about
5 m. And the deflection of the vertical seems mainly to be affected by
both land and submarine topographies.

1. INTRODUCTION

As shown in the topographic map (Fig. 1) which is prepared by the au-
thors, (the map is essentially made from 1:50000 scale topographic maps by a
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digitizing procedure with a 1 km grid size), large parts of Taiwan are occupied
by mountainous areas. In the mountain ranges, there were very few available
gravity data (Chang and Hu, 1981). In order to have complete gravity data
for the Taiwan area, a comprehensive gravity survey, especially in the moun-
tain ranges, has been conducted by the Institute of Earth Sciences, Academia
Sinica from 1980 to 1987. Gravity measurements had been done mainly at
geodetic stations. In this study, a new Free-air gravity anomaly map has been
constructed. Its tectonic implications are also discussed. In addition, an aver-
age surface rock density, the undulation of the geoid and the deflections of the
vertical for the Taiwan area are also estimated by using these data.

2. GRAVITY SURVEY

A LaCoste-Romberg Model D-47 microgal gravimeter was used for the island-
wide gravity survey in Taiwan iu this study. This meter has a range of 200 mgal
with a reset for worldwide operations, and a reading accuracy of 5 ugal. Its in-
strumental drift is about 450 pgal per month and can be considered as a linear
function of time (Yeh et al., 1982). Since between two stations in the field, the
meter was clamped, the drift effect can be neglected for the island-wide survey.
From the study on the tidal variation of gravity in Taiwan done by Yeh et al.
(1982), we found that the maximum amplitude of the tidal effect in Taiwan is
about 0.4 mgal. This magnitude is less than the accuracy we expected. Thus,
the tidal effect is also neglected in our work.

The reference base gravity station we used is at the Taipei Military Air
Transport Service Terminal (TMATST). Its absolute gravity value is 978959.15
mgal which is tied to the International Gravity Standardization Net 1971 (IGSN
T1). For the convenience of measurements, we selected seven suitable sub-
base stations throughout the Taiwan area which were established by Yeh et
al. (1979). All these sub-base stations are tied to the TMATST base station.
The locations of base and sub-base stations are shown in Fig. 2. Gravity
measurements were made at benchmarks of the first order levelling network, at
triangulation points and at spot heights which are shown on 1:10000 scale topo-
graphic maps. In this case, we can save the labor of determining the locations
and elevations of stations. In the field, we did not use the traditional chain-
loops procedure which can be used for the drift and tidal corrections. In order
to have the measurement reliability, a closed-loop method was adopted. This
means that in a survey area, at least two measurements were made at a certain
sub-base station at different times. If the variation of these two measurements
were less than 0.5 mgal, all measuremants within this loop were considered
to be acceptable. In total, 603 gravity stations had been established over the
Taiwan area (as shown in Fig. 2). Among them, 308 stations were located in
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Fig. 1. Topographic map of Taiwan.

the 500 m or higher where few readings were available previously. The average

spacing between the stations is about 7 km.
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Fig. 2. Gravity stations in Taiwan ( ® : TMATST base-station; * : sub-base
stations).

3. FREE-AIR GRAVITY ANOMALY

In order to obtain the Free-air anomaly, corrections of latitude and Free-air
are made. The latitude correction is based on the theoretical gravity formula

of GRS-67, which is
G = 978031.85(1 + 0.005278895sin¢ + 0.000023467sin'¢) mgal, (1)

where ¢ is the geographic latitude of the gravity station. For simplicity, the
vertical gravity gradient of 0.3086 mgal m™~" is used for Free-air correction any-
where on the earth surface. However, the vertical gravity gradient is correlated
with topography and latitude (Hagiwara, 1967). Since a large number of grav-
ity stations in Taiwan are in mountainous areas, it is clear that this vertical
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gradient is not appropriate for this study. For obtaining sufficient accuracy, the
Free-air correction Ag is taken as

Ag =2G(h/r)[1 - 3(h/r)/2+...] (Dehlinger, 1978), (2)

where G is the theoretical gravity value at sea level on a spherical earth, r is
the radius of the earth and h is the elevation of station . The second term of
equation (2) can not be neglected for stations at higher elevations. In practice,
gravity data are reduced to the surface of the geoid. The radius of the geoid
(r) at the station can be obtained by using the equation

r = all +(2f ~ fH)sin2p/(1~ f)]7F
(Heiskanen and Vening-Meinesz, 1958), (3)

where a is the equatorial radius and f is the flattening. In this study, a of
6378139 m and f of 1/298.256 are used for defining a reference geoid. Based on
equations (2) and (3), the average vertical gradient at sea level in the Taiwan
area is about 0:3071 mgal m~'. After reductions of latitude and Free-air, the
Free-air gravity anomalies are obtained. The magnitude of the anomaly in
the Taiwan area is quite large compared to that anywhere else in the world.
Their contour map is shown in Fig. 3. This map indicates that the Free-
air anomaly largely mimics topography. A high gradient contour is shown
in the mountain area. A conspicuous gravity high, trending NNE-SSW with
a maximum value of 300 mgal, extends along the Central Range from Ilan
through Lishan, Hsiukuluanshan and Kuanshan to Peitawushan. An anomaly
high in the Hsueshan Range is also shown. The maximum value is up to 275
mgal. Three gravity lows are located in the Western Coastal Plain, the Ilan
Plain and the Pingtung Plain respectively. Obviously, these lows are associated
with thick sediments.

One can think of the Free-air anomaly as retaining all the mass of topography
by reducing it to a density film at sea level. If a Free-air anomaly is small over a
large topographic high, there must be a mass deficiency at depth to compensate
for the mass excess that forms the topography at the surface. In other words,
highly positive Free-air anomalies are generally found over topographic highs
which are not locally compensated (Verma, 1985). Consequently, the existence
- of strong correlation between the Free-air anomaly and elevation suggests that
the Taiwan area is not in isostatic equilibrium. The study of this isostasy
problem is being undertaken by the authors.

4. SURFACE ROCK DENSITY

It is important to estimate an appropriate average density of surface rocks
for both terrain and Bouguer corrections. Usually, this estimation is not easy
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Fig. 3. Free-air gravity anomaly map of Taiwan (contour interval: 25 mgal).

to make. A good method to estimate the density based on the real gravity data
has been developed by Fukao ef al. (1981). The basic concept of this method is
to find a density which may minimize the dorrelation of the Bouguer anomaly
with the topography. This concept is similar to that of the Nettleton’s method
(1939) which is used for a profile gravity data. In this study, the Fukao et al.
method is used for determining an average density of surface rocks over the
Taiwan area. This method is described briefly as follows.
A Bouguer anomaly value B(p) is determined for a certain density p by

B(p)=F - H x p, (4)

where F is the Free-air anomaly and H is the topographic factor. This factor is
defined as the difference between the Bouguer and terrain corrections, assuming
p equals 1 ¢ em™3, In this method, the survey area is divided into meshes of
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equal size in order to get a set of mesh-averaged Bouguer anomalies B;(j =
1,2,....,J). An optimum average density of po and a set of B; can be obtained
by minimizing in a least-squares sense of the difference between B(p) and B;.

That is
J Kj

> [Bjr(p) — Bj]* — MINIMUM, (5)

Jj=1k=1

where Bji(p) = Fjr — Hji X p is the value of B(p) at the k-th observation point
(k=1,2,....., K;) in the j-th mesh. Kj is the total of the observation points in
the j-th mesh. The average density can be calculated by the equation as

J K; Enl Ir
D=1 kit (Fik — Fi)(Hjx — Hj)
172 — 2
i oriy (Hik — Hj)

—."B-J'Z?j--HjXpo, (7)

(6)

where
. K; _ Kj
Fj=) Fu/K;, Hj=) Hu/K; (8)
k=1 k=1

The density so estimated is in general dependent on the mesh size. A larger
mesh size is associated with a lower estimate of density and vice versa.

In this study, the mesh sizes are given from 1’x1’ to 210°x210°. The density
is calculated as a function of the mesh size according to equation (6) in which
the meshes with less than two data points are excluded. Fig. 4 is a plot
of the set of estimated densities as a function of different mesh sizes in the
semilog chart. The densities for the mesh sizes from 1’x1’ to 10’x 10’ show an
approximately constant value of 2.57 ¢ ern™3. This constancy indicates that
the Bouguer anomaly is least correlated with topography in a mesh dimension
of less than 10°x10’. Thus, it may be concluded that an optimum average
density of 2.57 ¢ em ™2 is obtained for surface rocks in the Taiwan areca. This
average density can be used for both terrain and Bouguer corrections to obtain

complete Bouguer anomalies.
5. GEOID UNDULATION AND DEFLECTION OF THE VERTICAL

The geoid is an equipotential surface which, for a first approximation, is
represented by the mean sea level. Irregular mass distributions in the earth,
particularly in the outer layers, will affect the shape of the geoid. It is known
that the geoid is warped upward under the continental mass due to attracting
material above and downward over the ocean basin. Clearly, for most practical
purposes the equipotential surface of earth’s gravity field is the geoid which
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Fig. 4. Plot of optimun density as a function of mesh size. The mesh sizes

are from 1°X1’ to 210°X210°. This plot indicates an optimum average density of
3

surface rocks in Taiwan area is about 2.57 ¢ cm ™°.
lies close to the spheroid but does not exactly coincide with it. In fact, the
irregular geoid shape cannot readily be described mathematically. However the
general shape of the geoid can be estimated by using Stoke’s theorem (1849).
For simplicity the shape of the geoid is described by the height of its undulation
from the spheroid. The geoid height N relative to the Free-air anomaly Ag of
a surface element do can be expressed by the equation,

1
" 4rgR

A
/ S(¥)Agdo (Heiskanen and Vening-Meinesz, 1958) (9)
o ‘

where R 1s the mean radius of the earth, g is the mean gravity value of the
carth, A is the surface area of the sphere with its mean radius, and ¥ is the
angular distance of do from a calculated point. S(¥) is a function of the interior
angle between the radius vectors to the point where N is determined and the
elements on the geoid with an anomaly Ag. S(¥) is given by

S(T) =csc(V/2) + 1 — Scos¥ — 6sin(¥/2) (10)
— 3cosWlinlsin(¥/2)(1 + sin(¥/2))]

The value of S(¥) is small at large distances from where N is determined.

Accordingly, distant anomaly bodies have only slight effects on the value of N.

We calculate the average geoid heights in the Taiwan area by using different

angular distances from 20’ to 180’ with an increment of 10’. Fig. 5 shows
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the differences of the average geoid heights between each of two neighboring
angular distances. It is noted from this figure that the difference of the average
geoid heights is about 0.1 m when the angular distance is from 2 to 3 degrees.
Thus, an angular distance of 3 degrees is assumed to be used for calculation in
this study. In this case, gravity data in the area between 18.5° to 28.5°N and
117° to 125°E, which includes the island of Taiwan and its offshore territory,
are needed. Data of the land areas are shown in Fig. 3. Data of the offshore
areas are mainly taken from the compilation of Bowin et ol (1981).
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Fig. 5. Differences of average geoid heights between each of two neighbor
angular distances. The increment of angular distance is 10°.

It is hard to derive the absolute value of the geoid height by using only
local gravity data. So, only relative undulations are estimated in this study.
The mean Free-air anomaly value is taken for 10’x10’ in this calculation. The
equatorial radius 6378139 m and the average absolute gravity value 978854.7
mgal for the Taiwan area are used. The result of the geoid undulation is shown
in Fig. 6. The geoid height is generally positive in the Taiwan area except in
the Hungchun Peninsula. A maximum value of 4 m is found located in Nantou
County, the middle part of the Taiwan Island. The shape of the geoid is convex
there. The geoid height on the island of Taiwan is higher than those of its
surrounding ocean areas. This fact indicates that the geoid heaves up above
the excess crust that forms the island-arc. The geoid height which decreases to
the east and the south of the island may be caused by mass deficiencies due to-
deeper bathymetry and by relatively low density materials beneath these areas.
Usually the Free-air reduction is done to the sea level, however, rigorous Free-
air reduction should be made further for the departure of the geoid from the
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spheroid. Since the geoid undulation in and around Taiwan is not conspicuous
and the maximum magnitude of the difference is only about 5 m, this rigorous
reduction may be not necessary to deal with.

120° 121" 122°

Fig. 6. Geoid undulation map of Taiwan and its surrounding region (contour
interval: 0.5 172).

The deflection of the vertical is an angle between the normals to the geoid
and spheroid at a point on the geoid. It is necessary to know this deflection for
precise astronomical and geodetic measurements. The deflection of the vertical
is the slope of the geoid (i.e. the gradient of N), usually expressed by its
north and east components. They can be obtained from equation (9) as the
derivatives of the geoid height in the vertical plane in NS and EW directions.
Fig. 7 is a map of the deflection vectors in the Taiwan area as determined in
this study. Smaller deflections are found along the middle part of the Central
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Range. The deflection vectors seem to be directed radially. In the offshore area,
the deflections in the east and the south are larger than those in the west and
the north. It may be concluded that the deflection of the vertical in Taiwan
area is mainly affected by both land ands submarine topographys.
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Fig. 7. Deflections of the vertical of Taiwan (s——:25"). .

6. CONCLUSIONS

A new Free-air anomaly map of Taiwan is constructed in this study based
on recent gravity data. The magnitude of the Free-air anomaly is quite large
compared to that elsewhere in the world. The good correlation between Free-air
anomaly and elevation suggests that the Taiwan area is not in isostatic equilib-
rium. An average density in the Taiwan area is 2.57 ¢ em ™2 for surface rocks.
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The geoid undulations are not rugged over the Taiwan area. The maximum
difference is about 5 m. Thus it is not necessary to consider the undulation in
the free-air reduction. The deflection of the vertical in Taiwan area seems to
be affected mainly by the topographies of both land and submarine.
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