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ABSTRACT

Residual g rav i t y anomalies o f the Tongonan Geo-
thermal F i e l d are in te rpre ted t o be the r e s u l t o f a
pos i t i ve densi ty  contrast  between an in t rus i ve dio-
r i t e body and the surrounding volcanics. A possi-
t i v e anomaly i n the Mahiao, Sambaloran and Mali tbog
parts o f the f i e l d , i s associated w i t h the occur-
rence o f the Mahiao Plutonic Complex, as encoun-
tered i n most deep wells. However, known p lu ton ic
bodies i n the Mamban and Mahanagdong areas do not
produce high g r a v i t y values because o f
over ly ing low densi ty rocks. Another pos i t i ve ano-
maly occurs i n the nearby Bao val ley.  In terpreta-
t i o n o f t h i s anomaly suggests t h a t i t could be mo-
de l led by another p lu ton ic body, which may o r i g i -
n a l l y have been re la ted t o the Nahiao Pluton, bu t
has since been displaced by l e f t l a t e r a l movement

ong the Phi1ippine fau l t.
INTRODUCTION

Development o f a 110 s ta t i on i n the
Mahiao-Sambaloran sector o f the Tongonan Geothermal
F i e l d i s nearing completion, wh i le a fu r t he r 110
development i n the Mali tbog sector i s proceeding
and add i t iona l u n i t s i n the Mahanagdong and Mahiao 
sectors are being considered.

I n May 1981, precise g r a v i t y measurements on
surveyed benchmarks were conducted i n the Tongonan
area t o es tab l i sh basel ine g r a v i t y data f o r f u tu re
repeat measurements tha t w i l l a ss i s t calculat ions
o f mass-withdrawal , f l u i d re- d is t r ibu t ion , reser-
v o i r performance, and recharge. This data together
w i t h add i t iona l measurements made outside the geo-
thermal f i e l d , have been compiled t o construct a
Bouguer anomaly map o f the Tongonan area.

The methods employed i n t h i s survey are sum-
marized below, and a de ta i led in te rp re ta t i on o f the
Bouguer anomalies encountered near Tongonan i s pre-
sented, along w i t h some general comments on the re-
gional g rav i t y anomal ies. A e g r a v i t y anomaly
map o f Leyte, produced by the Ph i l ipp ine Bureau o f
Mines (from reduced data wi thout t e r r a i n correc-
t i ons ) was used t o help i n the in te rp re ta t i on of
the regional anomalies.

GEOLOGY

A grav i t y survey i s a s t ruc tu ra l method and i n
t h i s sense i s simply an extension o f geological
mapping. However, some g r a v i t y anomalies, i n geo-
thermal areas, may be d i r e c t l y caused by the e f f e c t

o f the hydrothermal system on i t s host rock. Geo-
thermal g r a v i t y i es are o f ten associated w i t h
hydrothermal a l t e r a t i o n and deposition, magmatic
int rus ions, s t r uc tu ra l features such as fau l ts ,
calderas and basement structure, as wel l as meta-
morph sm.

A knowledge o f l oca l geology i s invaluable f o r
the in te rp re ta t i on o f g r a v i t y anomalies, t o ass i s t
i n the in te r - ac t i ve modell ing process. No model
so lu t i on i s unique, bu t knowledge o f formation
dens i t ies and from cores pro-
v ide a cons t ra in t which can be used t o deduce a 
r e a l i s t i c model t h a t f i t s the observed data.

A de ta i l ed s t ra t ig raphy o f Tongonan was given
by Ablazo (1980). On the basis o f contrast ing bulk
densi t ies, three major rock formations are consi-
dered here. The o ldes t rock formation i n the area
( l a t e Miocene t o Upper Pliocene) i s the Bao Forma-
t i on . It i s composed o f hornblende andesite lavas 
and associated pyroc las t i cs w i t h in te rca la ted con-
glomerates, t h i n beds o f limestone, vo lcan ic las t i c
s i l t s t one , shale and breccias. The thickness o f
t h i s formation var ies from wel l t o well , w i t h the
th ickes t sequence occurr ing i n the Mamban and Ma-
hanagdong area. The average densi ty o f the core
samples taken from t h i s formation was 2.62
however the t r u e bul k densi ty w i l l be lower, i f
f rac tu red zones (w i th low core recovery) are con-
sidered.
format ion.

There are no surface outcrops o f the Bao

Unconformably over ly ing the Bao Volcanics i s
the North Central Leyte Formation (NCLF) thought
t o be Pleistocene i n age. It i s composed o f poor ly
sorted of
tuffaceous sediments, tstones and lahars. The
estimated thickness o f t h i s formation i s 600 meters.
Outcrops are found i n the south - - western pa r t
o f the f i e l d , along the banks o f the Bao r i v e r .
Overlying the NCLF, on the f lanks o f M t . Janagdan
t o the southeast, are the Janagdan Andesite lavas. 

In t rud ing  the  Bao Formation i s the Mahiao-
Plutonic complex which i s composed o f d io r i t e ,
quartz d i o r i t e , g ranod io r i te and some grani te.
The v a r i a b i l i t y o f rock type and the presence o f
a complex zone o f m ic rod io r i t e apophys above the
main body as wel l as a l a t e r stage o f t rachyte
andesite dykes suggests a complicated h i s t o r y o f

t i p l e in t rus ion .
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GRAV ITY MEASUREMENTS

1. F i e l d Procedure:

Measurements were made using the 'La Coste and
Romberg' g rav i t y meter belonging t o the Geother-
mal D i v i s i on o f PNOC-EDC. Benchmark elevations
were provided by the  Ph i l ipp ine  Coast and Geode-
t i c Survey (BCGS); two a l t imeters (Paul in Pre-
c is ion) , were used t o determine the elevat ions
o f secondary g r a v i t y stat ions.

A looping method was adopted i n the survey,
w i t h the base s ta t i on being re-occupied four t o
s i x times da i l y . t imeter observations were
brated a t the s t a r t o f each day a t a benchmark near 
the base stat ion, where the base a l t ime te r was l e f t
t o monitor atmospheric pressure changes. Correct-
ions f o r temperature and barometric pressure
changes are applied t o the readings from the
roving timeter.
because the two a l t imeters d i d not have iden t i ca l
responses t o barometric ressure. Where discrep-
ancies were excessive,
was the r a t i o the f i n a l reading
di f ferences o f the rov ing and base timeters.

Some inaccuracies .noted

For the precise g r a v i t y survey, a t l eas t 2
readings were obtained a t each benchmark; on ly one
measurement was taken a t each regional stat ion.
D r i f t curves were p lo t t ed from base s ta t i on values
and reading di f ferences from repeated s ta t ions fit-
ted t o the curves. Suspect readings were repeated
t o improve i a b i l i t y .

2. Density Measurements:

Density measurements were made on selected
core samples, representing the various major rock
types encountered. Wet densi t ies (samples satura-
ted under vacuum) o f the NCLF, Bao Volcanics and
the Mahiao p lu ton ic complex are given i n Table 1.
It can be seen tha t there i s a densi ty cont ras t
o f about 0.17 between the Plutonic and Bao Volcanic
formations.

TABLE 1 DENSITY OF ROCKS I N TONGONAN

Formation L i tho logy

N.C.L.F. Shales, Tu f f
Sediments

2.30
estimated

Bao Vol- Andesite 12 2.50
canic Breccia 11 2.52
Complex Vol can ic lastic 2 2.6

(Deep Wells) Tu f f 2 2.63

Andesite
Tu f f

canic
(TGE 1

18
2

2.60
2.33

Mahiao M i orite 6 2.72
utonic D i o r i t e 15 2.72

Complex Granodiori te 4 2.67
Dacite Dikes 1 2.74

3. Data Reduction:

Data processing and in te rp re ta t i on was great ly
assisted by the use o f a micro-computer. The ob-
served g r a v i t y values were adjusted f o r instrument
correct ions, t i d a l accelerat ion, te r ra in , Bouguer
plate, f r ee- a i r and l a t i t u d e correct ions. The
Longman's method (1959) f o r computing t i d a l acce-
l e r a t i o n was adopted earth t i d e correct ion.
The computed v e r t i c a l components o f the t ide, (ex-
pressed as a func t ion o f t ime f o r any given
when compared w i t h the observed d r i f t curves showed
t h a t the e f f e c t o f instrument d r i f t was negl ig ib le.

A l l correct ions made f o r elevation, Bouguer
p la te and l a t i t u d e were computed r e l a t i v e t o the
Ormoc reference s ta t ion , (Ormoc Church) which has
an e leva t ion o f 3 m. The 1967 Geodetic Reference 
System formula was adopted f o r t he l a t i t u d e cor-
rec t ion .
s i t y  o f  2.67 was assumed, based on average 
measured dens i t ies o f core samples.

For t e r r a i n correct ions, an average den-

Plo ts o f computed bouguer g rav i t y values
against s t a t i o n elevations show a scatter,
i nd i ca t i ng t h a t computed are n o t a r t i f i -
c i a l funct ions o f elevat ion caused by an inaccu-
r a t e choice o f average t e r r a i n density. Terra in
correct ions f o r Hammer zones B t o D were calculated
from elevat ion estimates made i n the f i e l d . Zones
E t o M (170 m t o 22 were estimated using a gra-
t i c u l e over lay on scale maps w i t h 20 m
contour i n te r va l s.

REGIONAL GRAVITY ANOMALIES

The regional r a v i t y anomaly map (Fig. 1)of
the fo l features :

a la rge pos i t i ve anomaly west o f Carigara;
anomalies a t Kananga, and Ormoc Bay (mostly
peripheral t o the pos i t i ve two d is-
t i n c t pos i t i ve anomalies ' i n the Tongonan Geothermal
Fie ld; and a s m a l l pos i t i ve anomaly o f Lake
Imelda. A p r o f i l e drawn Ormoc t o Lemon
(Fig. 2) shows a gent ly s loping regional g rav i t y
gradient of 0.4 mgals per kilometer, increasing to
the north, A second p r o f i l e (Fig. 3) pa ra l l e l t o
the f i r s t and running through towards Carigara,
a lso shows the same gent ly sloping regional
d i en t near Jaro. A t h i r d p r o f i l e
across the geothermal f i e l d , shows a broad pos i t i ve
anomaly near the centra l pa r t o f island, caused
by a large, dense mass (probably a deep pluton)
Fig. 5. The regional g rav i t y map i s dominated
anomalies t rending from southeast t o the northwest,
approximately igned along the Ph i l ipp ine f a u l t
zone.

RESIDUAL GRAVITY ANOMALY
INTERPRETATIONS

The fo l low ing assumptions were made t o ass i s t
i n t e rp re ta t i on o f the residual anomalies i n Tongo-
nan.

1.
depth, is probably greater than the measured den-
s i t i e s o f core samples. However, uniform densi ty
contrast was assumed.

The dens i ty o f the Mahiao Plutonic Complex, a t
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2. The densi ty o f the NCLF i s 2.3 which i s
considered average f o r sedimentary rocks. 

3. The regional g rav i t y can be approximated by a
plane passing through Northern Leyte w i t h a gra-
d ien t o f 0.4 mgal per kilometer, increasing t o
the north.

4. The p lu ton ic rocks encountered i n Mahiao,
Mamban and Mahanagdong can be grouped i n t o

one body o f uniform density. 

Cross-sections of bouguer anomaly
were prepared, and the regional gradient

(assumed here t o be l i nea r ) removed, t o enable the
residual anomalies t o be in te rpre ted i n terms o f
2-dimensional models. This involves the use o f an
in te rac t i ve computer program which al lows the ope-
r a t o r t o enter and d isp lay several bodies o f a rb i -
t r a r y shape, depth and densi ty contrast, and then
compare the computed g r a v i t y anomaly p r o f i l e w i t h
the observed p r o f i l e . Correct ions can be made t o
improve the fit. The computer program does a l i n e
in tegra l around the boundary o f each body, computes 
the v e r t i c a l g rav i t a t i ona l fo rce a t each surface
locat ion, and sums these forces i f there are two
o r more bodies.

l oca l  pos i t i ve  anomalies dominate the re-
sidual g rav i t y anomaly pat tern i n Tongonan.

A. The Mahiao-Malitbog Anomaly:

The elongated northwest trending anomaly i n
the Mahiao area i s c l e a r l y re la ted t o the Mahiao
p lu ton ic complex. A steep gradient i n g rav i t y t o
the southwest and northeast could be explained by
the steepness o f the boundary o f the pluton w i t h
the surrounding volcanics. The southwest boundary
coincides w i t h the t race o f the Central Ph i l ipp ine
Faul t . The peak i n the anomaly suggests t h a t the
loca t i on o f a r o o t o f the p lu ton ic complex l i e s
between wel ls 208 and 501 (MB-1). The iso la ted
anomaly near we l l 407 may be due t o loca l dens i f i -
ca t ion o f the rocks through deposi t ion o f a l t e r -
a t i o n minerals, var ia t ions w i t h i n the complex it-
self , o r another roo t .

The anomaly does not extend t o the southeast,
towards Mamban and Mahanagdong areas, though a
pluton was penetrated by wel ls d r i l l e d i n these
areas. The most p laus ib le explanation f o r t h i s
discrepancy i s that , here, there i s a t h i c k se-
quence o f low densi ty  volcanclast ic  sediments and
t u f f breccias over ly ing the pluton. Also, i n
Mahanagdong, many t o t a l loss c i r c u l a t i o n zones
were encountered, wh i le d r i l l i n g the over ly ing 
volcanics, which impl ies t h a t they are heav i l y
fractured, and so t h e i r bulk densi ty  i s f u r t he r
reduced. Computer modelling, using a dense plu-
ton ic body, over la in by low densi ty
t i c s and t u f f breccias, shows tha t the g rav i t y
e f f ec t s o f these two features tend t o balance
each other out.

Two dimensional models, along sections both 
pa ra l l e l and perpendicular t o the Mahiao-Malitbog
anomaly, suggest t h a t the p lu ton ic complex has a 

l a p o l i t h - l i k e shape along the NW-SE ax i s  ( f i gs .  7
and 8).

B. The Bao Anomaly:

The in te rp re ta t i on o f the Bao anomaly assumes
tha t  t he  dens i ty model used f o r the
bog area can a l so be appl ied t o the Bao Valley.
There are no deep wel ls i n the area t o confirm
th is . The Bao anomaly i s interpreted t o be caused
by a smaller pluton, which may also be d i o r i t i c i n
composition ( f i g . 9). This feature i s elongated
p a r a l l e l t o t he Mahiao-Malitbog anomaly and t o the
Ph i l ipp ine Faul t . I t i s a lso steeply bounded t o
the southwest. These s i m i l a r i t i e s should not be
dismissed as merely coinc identa l . The Bao Anomaly
i s bounded by two branches o f the  Ph i l ipp ine  Fau l t
(see map). It i s possib le then tha t  t he  pluton,
causing the Bao anomaly, could have been pa r t o f
t he Mahiao-Sambaloran pluton but  has since been
displaced ho r i zon ta l l y 4 km t o the south-east by
l e f t - l a t e r a l movement along the Central Ph i l ipp ine
Faul t .

CONCLUSIONS

A pos i t i ve Bouguer anomaly i n the Mahiao-
Sambaloran-Mal i tbog sector can be modelled by a
p lu ton w i t h a dens i ty contrast o f 0.17 and
f lank ing bodies o f low-density near-surface vol-
canic sediments. The occurrence o f a s im i l a r
pos i t i ve anomaly i n the Bao Val ley suggests t h a t
a p lu ton ic body also under l ies t h i s area. There
i s no evidence? yet, f o r the age o r present tem-
perature o f t h i s pluton. However, the close pro-
x i m i t y and s i m i l a r form o f these anomalies sug-
gests t h a t they or ig ina ted from the same plu ton ic
body. I f t h i s i s correct , then t h e i r present d is-
t r i b u t i o n suggests t h a t t he body has been ruptured
and o f f - s e t about 4 km hor i zon ta l l y by l e f t l a t e -
r a l movement along the Central Ph i l ipp ine Fault.
Re la t i ve ly low g r a v i t y anomaly values i n the
Mamban-Mahanagdong area can be a t t r i bu ted t o a
t h i c k sequence o f low-density, near-surface mate-
r i a l over ly ing the pluton.

A permeable zone d i r e c t l y above the Mahiao
Plutonic Complex i s known t o be responsible f o r
s i g n i f i c a n t production o f geothermal f l u i ds .
e leva t ion contours o f t h i s pluton coinc ide w i t h
subsurface temperature contours. Therefore, i t
i s c l ea r  t ha t  the g r a v i t y method, when used t o
del ineate a pluton (having s im i l a r contact per-
meab i l i t y ) can be a usefu l t oo l i n geothermal
exp lorat ion.

The
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