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AB STRACT

The goal of this pa per is to im prove the ca pa bil ity of grav ity in ver sion as sess ment of com plex struc tures us ing a

mul ti ple-source model as in di cated by a study of a foot hill belt of north west ern Tai wan. In this study, a grav ity in ver sion

com puter pro gram is ap plied based on re search de vel oped by Tsai, which con tains a Marquardt in ver sion al go rithm for

math e mat i cal cal cu la tions and in cor po rates con straints on geo log i cal pa ram e ters. The com puted and mod i fied geo log i cal

pa ram e ters are trans formed into co or di nates. The re sponse of a proper geological model is calculated using the Talwani

technique.

The method is ap plied to a field ex am ple in a foot hills belt of Tai wan that pos sesses com plex subsurface struc tures. The

den sity pro file from 2D grav ity data, ob tained us ing our in ver sion com puter pro gram, re veals a good cor re la tion with the

geo log i cal model ob tained from seis mic, bore hole, and geo logic data. Fur ther more, po ten tial hy dro car bon traps as so ci ated

with some of the in ter preted geo log i cal struc tures (where no seis mic data are avail able) in the east ern and west ern seis mic

sec tions are be ing eval u ated and as sessed for pos si ble fu ture de vel op ment. This pro file high lights fea tures that are im por tant to

a good un der stand ing of an area with com plex subsurface struc tures. It also helps to de fine subsurface ge ol ogy and as sess

po ten tial hy dro car bon traps. This two-di men sional mul ti ple-source model grav ity in ver sion algorithm provides a powerful tool 

to interpret the gravity data in this study.
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1. IN TRO DUC TION

Two-di men sional (2-D) grav ity in ver sion has been used

for many years to au to mat i cally in ter pret grav ity data

(Corbato 1965; Bott 1967; Tan ner 1967; Negi and Garde

1969; Al-Chalabi 1972;  Dyrelius and Vogel 1972; Pedersen

1975; Enmark 1981; García-Abdeslem 2003). In a con ven -

tional ap proach, the for ward mod el ing is based on a set of

2-D prisms of ar bi trary shape (Talwani et al. 1959; Isaacs

1966; Bhattacharyya and Navolio 1976; Mar tin-Atienza and 

García-Abdeslem 1999) and uses den sity con trast vary ing

in depth. It works well for grav ity data col lected across a

sed i men tary ba sin or an ore body. In gen eral, seis mic data

pro vides a more pre cise subsurface pic ture than grav ity

data. How ever, in an area of com plex geo log i cal struc tures, 

such as the Chutung and Guansi foot hills in north west ern

Tai wan – ar eas with ac cess dif fi cul ties in their higher el e -

va tions - seis mic data qual ity is not good or un avail able.

Grav ity sur vey may be one of the most im por tant tech -

niques to aid seis mic in ter pre ta tion. Geo log i cal mod els ob -

tained from con ven tional in ver sion of grav ity anom a lies

are un able to sat isfy cur rent geo log i cal de mands. A more

pow er ful grav ity in ver sion tech nique is re quired.
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As pointed out by Roy et al. (2005), an ob served grav ity

anom aly can be ex actly re pro duced by each of an in fi nite

num ber of subsurface dis tri bu tions other than the one that

orig i nally pro duced it. The key to re duc ing this grav ity

ambiguity is to use mul ti ple-source mod els for for ward

modeling and in cor po rate con straints while in vert ing grav -

ity data. A rea son able grav ity model can then be ob tained.

Tsai (1992) has stud ied the Col o rado pla teau west of the Al -

bu quer que ba sin. In his re search, he ex ten sively mod i fied a

con ven tional two-di men sional grav ity in ver sion pro gram

us ing mul ti ple bod ies in cor po rat ing real geo log i cal con -

straint such as depth, dip an gles, fault throws, and den si ties.

Dur ing im ple men ta tion, the in ver sion and geo log i cal con -

straints work to gether. To dem on strate the va lid ity of the

method, Tsai (1992) se lected the syn thetic ob served data for

graben and syncline mod els to dem on strate the ba sic fa cil i -

ties of pro gram. All in verted model re sponses cal cu lated

with or with out con straints are com pared to a given grav ity

anom aly. The Root Mean Square Er ror (RMSE) lim its were

less than 1 mGal. In ad di tion, the method ap plied to an in -

verted den sity model from the field data of the Al bu quer que

ba sin in New Mex ico, USA was geo log i cally rea son able.

A grav ity in ver sion-mod el ing pro gram is de vel oped

here based on Tsai’s 1992 study. This pro gram is used to

study com plex subsurface geo log i cal struc tures in a foot hills 

belt of north west ern Tai wan. The fea tures of the al go rithm

used in clude an al low able va ri ety of geo log i cal con straints

such as bed den si ties, depths and dips, and fault lo ca tions

and dips. Also in cluded are the con ti nu ity of lay er ing den si -

ties and bound aries, con stant fault throws, and fix ing of

some model pa ram e ters. The in ver sion pro gram com putes

and cor rects the geo log i cal pa ram e ters first, then trans forms

them into ver tex co or di nates and cal cu lates the re sponse of a 

model us ing a poly gon method (Talwani et al. 1959).

This pa per de scribes a grav ity in verse pro gram based on 

Tsai’s al go rithm for two-di men sional (2-D) grav ity data and

dem on strates its ef fec tive ness with com plex field data in

Tai wan. Its re sults in di cate that rea son able subsurface geo -

log i cal pic tures can be ob tained in the study area. The new

al go rithm has many pos si ble ap pli ca tions, in clud ing for fu -

ture oil ex plo ra tion in the foot hills belt of Tai wan.

2. PRIN CI PLE

Most con ven tional in ver sion pro grams use the Mar quardt

in ver sion tech nique (Marquardt 1963) to com pute and cor -

rect the pa ram e ters of a model. In do ing so, they ap ply a

poly gon method (Talwani et al. 1959) or rect an gu lar prism

(e.g., Tan ner 1967; Negi and Garde 1969; Dyrelius and

Vogel 1972; Braile et al. 1974). The 2-D al go rithm takes the

ver tex co or di nates of a model to cal cu late the grav ity re -

sponse of a model. In most cases, this tech nique only deals

with com par a tively sim ple subsurface struc tures. It is dif -

ficult to in cor po rate geo log i cal con straints. Tsai (1992)

proposed a new parameterization al go rithm to over come the

lim i ta tions im posed by con ven tional parameterization. First, 

fault lo ca tions and dips, bed depths and dips, and den si ties

re place the ver tex pa ram e ters used in con ven tional grav ity

mod el ing. Then, parameterization in cor po rat ing geo log i cal

con straints and work ing with gen eral mul ti ple-source mo -

dels is ap plied to im prove the qual ity of the in ver sion re -

sults.

2.1 The Ba sic Model

As shown in Fig. 1, there are two types of pa ram e ters:

fault pa ram e ters and bed pa ram e ters. The fault pa ram e ters

in clude fault lo ca tion (xj, zj): i.e., the in ter sec tion of the fault

plane (line) with the earth’s sur face, and fault dip an gle qj for 

the jth fault. The bed pa ram e ters in clude the bed lo ca tion

(xij, zij), the dip an gle qij of the bot tom sur face of the bed, and

the den sity rij for the jth bed in the ith block. Con fin ing the

out line of the model to a rect an gu lar shape, the top and bot -

tom of the model is flat, and Xij can be taken as the lo ca tion

of a ver ti cal bore hole, to be con stant for each block (not

shown in the fig ure).

The for ward mod el ing pro gram does not cal cu late the

ver ti ces of the source bod ies di rectly. In stead, it com putes

and cor rects the geo log i cal pa ram e ters first, then trans forms

them into ver tex co or di nates and cal cu lates the re sponse of a 

model us ing the Talwani tech nique (Talwani et al. 1959).
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Fig. 1. Fault pa ram e ters of the geo log i cal model (From Tsai 1992).



The trans for ma tion of a model is straight for ward as any

source body is con fined by sev eral lines, which are de ter -

mined by geo log i cal pa ram e ters. The ver ti ces are ob tained

from the in ter sec tions of lines. Cal cu lat ing the re sponse of

one source body at one time, each block’s con tri bu tion is

accu mu lated from the bot tom bed to the top. The to tal re -

sponse of the model is ob tained by sum ming up the con tri -

bu tion of each source body (Tsai 1992).

2.2 The Least Squares Prob lem

The in ver sion scheme is based on a least squares ap -

proach. A start ing model, Dg (ri, 
r
p) in ri, i = 1, 2, 3, ….., M

is as sumed. This model should not be too far from a model

that fits the mea sured data, Dg (ri). As the func tion Dg (ri, 
r
p)

is not lin ear, we ex pand it in a Tay lor se ries around 
r
p, and

ignoring sec ond and higher or der terms we ob tained:

(1)

To min i mize the er ror Ei, a loss func tion Qi is de fined:

(2)

Where 
r
D is the col umn vec tor:

(3)

A gen er al ized in verse of ma trix A, the first de riv a tives of

the model re sponses at each ob served point on the sur face,

with re spect to the pa ram e ters of the model.

Set ting the n de riv a tives 
¶

¶

Q

p
i

jd
  = 0 , we ob tain an m by n

sys tem of equa tions, which are solved si mul ta neously to

es ti mate d
r
p:

(4)

The prop er ties of Hs can be ex plored us ing the gen er al ized

in verse of A as sug gested by e.g., Lanczos (1961), and A is

de com posed us ing the SVD (Sin gu lar Value De com po si -

tion) rou tine given by Golub and Renisch (1970). Fur ther -

more, weight ing fac tors con trolled the cor rec tion of the pa -

ram e ters within a rea son able range for each el e ment of A,

as well as the cor rec tion term of each pa ram e ter. Un rea son -

able cor rec tions are thereby avoided. An it er a tive sec ond-

 or der Marquardt Least Squares scheme (Marquardt 1963)

was used to sta bi lize the in ver sion pro cess.

3. FIELD EX AM PLE

Here the pro gram has been tested by us ing a set of grav -

ity data pro vided by the Chi nese Pe tro leum Cor po ra tion that

cov ers the Hsinchu and Wufeng ar eas in north west ern Tai -

wan. The Chutung, with the nearby Paoshan and Ching -

tasohu ar eas, are the main gas pro duc tion re gions of this

north west ern foot hills belt of Tai wan. Seis mic re sults and

well in for ma tion in di cate that the Hsinchu and Wufeng ar eas 

have com plex struc tures. As shown in Figs. 2 and 3, the

folded thrust fault can be grouped into two zones: the folded

zone and en ech e lon fault zone. In gen eral, an anticline un -

der neath the footwall of a thrust fault or a high an gle fault is

not eas ily dis tin guished from a seis mic sec tion. In ad di tion,

if the foot hills have an ir reg u lar to pog ra phy and com plex

subsurface struc tures, the seis mic data ob tained from this

site is poor; some times no data is avail able.

Grav ity in ter pre ta tion of subsurfaces is gen er ally less

ac cu rate than seis mic in ter pre ta tions. How ever, a grav ity

sur vey has the ad van tages of be ing rap idly im ple mented in

foot hill belts. It may aid in ter pre ta tion of a seis mic sec tion.

Spe cif i cally, it is pos si ble to re fer to the seis mic sec tion to set 

the skel e ton of the ini tial grav ity model then in vert the mea -

sured grav ity data to ob tained a proper in ter preted sub -

surface geo log i cal model.

3.1 Geo log i cal Set ting

The study area is lo cated at the Hsinchu and Taoshan

vil lages. Late Ce no zoic to Mid dle Mio cene rocks are ex -

posed to the east of the foot hill belt. The clastic de pos its in

the Late Ce no zoic Ba sin of the West ern Foot hills belt range

in age from late Oligocene to early Pleis to cene (Huang 1978,

1980). The Oligocene to Mio cene sed i ment in the West ern

Foot hills belt can be di vided into two types of fa cies on the

ba sis of in ferred depositional en vi ron ments: shelf type and

ba sin type (Ho 1975, 1979). The strata of the shelf type are

char ac ter ized by near-shore de pos its of mixed ma rine and

con ti nen tal or i gin. They are mainly white to light gray or -

thoquartzitic or arkosic sand stones, thin coal beds, dark

shale and thin interlaminations of silt, clay, and sand. The

strata of the ba sin type were de pos ited un der con di tions of

greater sub si dence and rapid ac cu mu la tion and are ex clu -

sively ma rine. They are rep re sented by poorly sorted clastic

sed i ment, ei ther as thick sand stone or shale mem bers or else

in a mo not o nous se quence of al ter nat ing fine-grained sand -
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stones, subgraywackes, and dark shales or claystones. The

small den sity con trast be tween each layer makes identifi -

cation of faulted lay ers dif fi cult.

3.2 In te grated 2-D Seis mic Pro fil ing and Ge ol ogy

A 2-D seis mic line runs roughly par al lel to the geo -

logical model sec tion, show ing base ment fault blocks and

ty ing key wells. The seis mic im age cov ers only the area from 

the Hsincheng Fault to the Chutung Fault (Fig. 3a). The ex -

ten sion of the west and east sides of the in ter preted geo -

logical model were based on geo log i cal and well in for ma -

tion. With the aid of this geo log i cal and well data, a geo -

logical model was es tab lished. On the sur face, these struc -

tures are, from west to east, the Hsinchu Fault, Ching -

tasohu- Chiting Anticline, Hsincheng Fault, Paoshan Anti -

cline, Chutung-Peipu Fault, Chutung Anticline, Juanchiao

Fault, Tap ing Fault, Tap ing Anticline, and Okungchi Fault

(Fig. 3b). Some of these struc tures can be ob served on the

sur face and oth ers are very likely due to blind fault ing. The

Hsinchu Fault di vides into two high an gle thrust faults. One

of these is at a lower thrust an gle and ex tends down ward to

the bot tom of Peiliao For ma tion or the top of Shidi For -

mation, where the fault plane turns flat. The Chingtasohu-

 Chiting Anticline on the hang ing wall of the Hsinchu Fault

has a steep front limb and a gen tle dip along its back limb.

The footwall of Hsincheng Fault, lo cated be tween

Hsinchu Fault and Paoshan Anticline, is a nor mal fault in an

early stage of evo lu tion. The Hsincheng thrust fault can be

dis cerned on the seis mic sec tion (Fig. 3a). This low an gle

thrust fault is lo cated be tween a set of tilted re flec tors over

the fault plane and an other set of hor i zon tal re flec tions un -

der ly ing the fault plane. The con vex Hsincheng Fault di -

vides into two low branches, which be come decollement at a 

depth; the con vex branch turns into a bed ding sur face within

the shal lower and the other within Kueichulin For ma tion.

The east wardly ex ten sion of these two branches faults

within the Hopai For ma tion and Kueichulin For ma tion

merge to the Chutung fault af ter dis lo cat ing two nor mal

faults (Yang et al. 1996).

3.3 2-D Grav ity Mod el ing and In ter pre ta tion

The grav ity data was col lected us ing a Worden grav ity

me ter from the Chi nese Pe tro leum Cor po ra tion (CPC). The

gra vi me ter looped back to the base sta tion ev ery two hours

for drift cor rec tion. The data was tied to the ref er ence sta tion

at Chu-Ming Build ing, Miaoli. Af ter wards, drift and tide

cor rec tions (re oc cupy some of the sta tions pe ri od i cally dur -

ing a grav ity sur vey), free-air, Bouguer cor rec tions, and ter -
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Fig. 2. Geo log i cal sketch and Bouguer grav ity anom a lies maps of the study area, show ing the known sur face ev i dence of the main faults. Lo cal ity of

se lected grav ity pro file (red straight line) is also shown on the fig ure.



rain ef fect were ap plied. The grav ity data was dig i tized into

6637 grid points with grid spac ing of about 300 m. The re -

sult ing Bouguer anom aly map is shown on Fig. 2. We se -

lected one pro file (red solid line on Fig. 2) for 2-D mod el ing, 

uti liz ing the al go rithm adapted for this re search. In verse

struc tural mod el ing uses the it er a tive feed back ap proach.

Seis mic Line 3 and its for mal in ter pre ta tion by CPC (Fig. 3)

were used to set the ini tial model for our grav ity in ver sions.

Be fore quan ti ta tive mod el ing could be done, rep re sen ta tive

val ues for the den sity of the dif fer ent rock types in the study

area were de ter mined us ing den sity-log data at var i ous lo -

cations through out the study area. Den sity-log data was

used not only to sup port as sump tions about the con stant

den sity con trast be tween the lay ers, but also to es ti mate its

value. The den sity of the sed i men tary sec tion was ob tained

from wells PS-14, EL-1, and CTU-26 and also the re ports of

Pan (1967), Hsieh and Hu (1972), and Liu and Tsai (1999).

The av er age den sity ob tained from the den sity-log mea sure -

ments of bore holes in the study area and its sur round ings are

sum ma rized in Ta ble 1. Dur ing the in verted the Bouguer

grav ity anom aly data, the con straints of the thick ness of lay -

ers and the po si tion and dip of faults from seis mic and geo -

log i cal sur veys were ap plied. How ever, the seis mic sec tion

cov er ing the range is less than that of grav ity data, there fore

the grav ity data may sup ply the subsurface in for ma tion in

the east ern and west ern sides of the study area where no seis -

mic data avail able. The den si ties of lay ers ob tained from

wells insitu were also used to con strain the range of den sity

2-D Grav ity Mul ti ple-Source Model In ver sion Method 795

Fig. 3. (a) Seis mic sec tion of Line 3 from the Hsincheng Fault to Chutung Fault, (b) in ter preted geo log i cal model of Line 3 based on the seis mic sec -

tion shown on (a), bore holes data and geo log i cal data.

(a)
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of each layer. We used dif fer ent weight ing to con trol the

model pa ram e ters dur ing in ver sion.

The NW-SE di rec tion of the Bouguer grav ity data pro -

file (Fig. 4a) is about 30 km long (dashed line). The NW

edge is a dis tance of 0.693 km from Hsinchu Fault, and ex -

tends south east ward to the edge of Taoshan Vil lage for about 

1.75 km. The ob served grav ity data gen er ated from a geo -

log i cal model con tain ing fold ing and fault ing with non uni -

form thick ness is shown in the dot ted line. Ap ply ing the

above grav ity in ver sion pro ce dure in this grav ity anom aly

pro file, the fi nal in ver sion den sity sec tion is plot ted in Fig. 4b. 

The RMSE be tween the ob served data (dashed line) and the
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Fig. 4. (a) Grav ity pro file ob tained from the Hsinchu to Taoshan vil lages. The seis mic L3 closes to the cen ter of the grav ity pro file, (b) 2D den sity

model sec tion ob tained from the in ver sion of the grav ity pro file data shown on (a), (c) lo ca tion of seis mic sec tion of Line 3 cor re sponds to the 2D den -

sity model.

(a)

(b)

(c)



model re sponse (solid line) is 0.569 mGal. As shown on the

fig ure, the west of the footwall of Hsincheng thrust fault

con tin ues to have the char ac ters of a nor mal fault sys tem but

its east has a lie low anticline. Be tween the nor mal fault and

anticline are Paoshan Anticline and re ver sal struc tures. Com -

par i son made be tween Figs. 4b and c re veals that this met -

hod can clearly de tect and lo cate faults. In ad di tion, the most

sig nif i cant re sults are shown in Fig. 4b: (1) the den sity of

lay ers un der neath the re gion be tween Chutung and Tap ing

anticline is lower than its av er age den sity. It is pos si ble these

lay ers were frac tured when the over ly ing units slid over

them or when they were in the pres ence of a gas res er voir.

(2) The depth of the Toukoshan For ma tion and Cholan For -

ma tion be tween the Paoshan Anticline and Chutung Fault

are shal lower than we ex pected. (3) The den sity of Tung -

keng For ma tion is lower than its av er age den sity in the re -

gion be tween the Tap ing Fault and Okungchi Fault, which

may be as so ci ated with fault ing. The re ver sal of lay ers in the

south east side of the den sity model in di cates high an gle

thrust fault struc tures at a shal low depth.

4. CON CLU SIONS

This study il lus trates the ap pli ca tion of grav ity data to

in-depth de tec tion and de lin ea tion of sub tle fault ing and

anticlines in a foot hill belt. The re sults were achieved by

apply ing a mul ti ple-source model in ver sion method to the

grav ity data of the foot hill belt por tion of Hsinchu to Tao -

shan vil lages. In gen eral, the seis mic re flec tion method gives 

a more ac cu rate subsurface struc ture than other geo phys i cal

meth ods. The re sults of this study are in close agree ment

with pre vi ous struc ture im ag ing us ing seis mic in ter pre ta -

tions. Fur ther more, po ten tial hy dro car bon traps as so ci ated

with some of the in ter preted geo logic struc tures (where no

seis mic data are avail able) in the east ern and west ern seis mic 

sec tions are be ing eval u ated and as sessed for pos si ble fu ture

de vel op ment.

This method con firms sub tle dis con ti nu ities in the lo -

cated subsurface struc ture via an it er a tive ap proach. The re -

sults clearly show sev eral struc tural fea tures (such as faults

and anticlines). It also pro vides more re li able geo log i cal in -

for ma tion about the struc ture from Hsincheng Fault to

Chutung Fault than that pro vided by seis mic im ag ing. This

study dem on strates that grav ity data com bined with pre vi -

ous seis mic in ter pre ta tion can be a use ful, cost-ef fec tive tool 

for im ag ing com plex struc tures in the foot hill belts of Taiwan.
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