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ABSTRACT

In southern Negros, subsurface rese rvo i r modelling
using sur face geophysical explora t ion methods, has
involved two-dimensional in t e rp re t a t ion of g rav i ty
and aero-magnetic surveys, and layered i n t e r p r e t a t i o n
of v e r t i c a l electrical soundings f o r hydrological
modelling. Monitoring a c t i v i t i e s include the detect-
ion and loca t ion of induced microearthquakes, and the
establishment of g rav i ty readings, on a
network of accurate ly surveyed bench-marks, f o r fu-
t u r e and subsidence studies . This
paper presents some preliminary r e s u l t s from these
modelling and monitoring a c t i v i t i e s .

GRAVITY SURVEY

Between 1981, and Apri l 1983, grav i ty readings
w e r e obtained from a total of 408 s t a t i o n s including 43
permanent benchmarks i n Southern Negros.
mark readings form a p rec i se gravi ty da ta base, f o r fu-
t u r e monitoring of mass changes during the production
h i s to ry of the f i e l d . The bench marks have a l s o been
accurate ly surveyed (second-order a s a base-
l i n e  f o r  f u t u r e deformation and subsidence studies . A

"La Coste and grav i ty meter was used through-
ou t  the  survey, which spanned seve ra l f i e l d seasons.
The Capi to l Building of City was chosen a s
the reference s t a t ion .
t i o n involved the use of severa l customized programs on
a portable computer.
f o r tidal va r i a t ions , using an algorithm by Longman

with a phase l a g of 1 hour and 'conformance 
f a c t o r ' of 1.36 between the observed and calcula ted
t i d a l response. Daily instrument d r i f t was negl ig ible .
Corrections f o r l a t i t u d e , e levat ion, Bouguer p l a t e , and
t e r r a i n w e r e applied t o ca lcu la t e t h e Bouguer anomalies.

co r rec t ions were computed using Hammer zones.
Elevation d i f f e rences f o r zones B and C w e r e estimated
i n the f i e l d , and f o r zones D t o w e r e obtained from a 
g r a t i c u l e overlay of sca le maps. Zones G to M

cor rec t ions were computed automatically from a d a t a f i l e
t h a t conta ins  e levat ions  on a 500 m g r i d covering the
reservat ion. Sea leve l was chosen as t he datum l e v e l
e levat ion, and an average densi ty of 2.67 w a s
used f o r the Bouguer p l a t e and t e r r a i n correct ions .
This dens i ty is cons i s t en t with the reference basement
densi ty used i n most New Zealand grav i ty  s tud ie s ,  and
a l so ,  c lose ly  approximates average sa tu ra t ed core den-
si t ies from wel ls i n the Okoy Valley, and Baslay-Daurn.
(Average w e t densi ty of 55 deep core samples taken from
the Southern Negros Formation, [predominantly a l t e r e d

i s 2.76 while average w e t densi ty of

deep core samples from the Dauin volcanics i s 2.56

These bench-

Data reduction and in te rp re t a-

Instrument readings w e r e corrected

The r e s u l t i n g Bouguer anomalies, ca lcula ted  regional  
t rend, and the f i n a l res idual anomalies a r e contoured
i n f igu res 1, 2 and 3. The regional g rav i ty trend was
ca lcu la t ed using polynomial bes t- f i t trend- analysis
program appl ied t o 96 regional Bouquer gravi ty  values ,  
(excluding c i r c u l a r area of radius of 10.5 km, cover-
i n 9 t h e pa r t of the f i e l d ) . A l i n e a r ( f i r s t

o rde r ) t r e n d produced the  bes t  F i t , w i t h

trend, increas ing from east to w e s t , is also consis tent
with the region31 trend observed i n the free- air anomaly
map of the Phi l ippines The res idua l ano-

maly map revea l s  t he  following: a
l a r g e positive anomaly centered between w e l l s OK3 and

i n t h e Okoy Valley: a s i g n i f i c a n t negative anomaly
centered on the eastern peak of Cuernos de Negros vol-
cano: a smaller negative anomaly over the Baslay Domes,
with  f lanking positive anomalies.
l i t y of t h e contour maps, an automatic .contouring pro-
gram was also appl ied to d a t a from the 43 bench-marks.
(Accurate elevat ions of these benchmarks are known,
whereas elevat ions of t h e  o t h e r  s t a t i o n s  were obtained,
with less accuracy, from f i e l d alt imeters.) Both Bouguer 
anomaly and res idua l anomaly contour p lo t t ed from
t h i s reduced da ta reveal a pattern t h a t is very
similar to the hand-drawn contour maps.

To check the reliabi-

In te rp re t a t ion of t h e res idua l anomalies involved two-
dimensional along three sect ions ,
us ing an i n t e r a c t i v e modelling program. The locat ions

of these sec t ions and a plan-view of the f i n a l densi ty
model i s shown in f igu re 4. Two sect ions , through the
Okoy Valley anomaly, are shown i n f igu res and 6.

i l l u s t r a t e the topography, densi ty model, t h e observed
grav i ty data, and the ca lcu la t ed f i t . The modelling

process included an i n i t i a l attempt to f i t the g rav i ty
da ta using t h e topography of t h e sect ion (above

l e v e l ) as t h e i n i t i a l body. This helps remove any e r r o r
Bouguer p l a t e or t e r r a i n correct ion caused by a poor

se lec t ion of average terrain density. In f a c t , sect ion
1, through Cuernos de Negros, s h o w s t h a t t h e negative
anomaly, centered on its e a s t e r n peak, can .largely be
explained by low-density topography with a densi ty con-
trast of -0.3 However, t he topography associated
with nor th of t h e Okoy Valley, has no
densi ty contras t . The largest high densi ty body, in t e r-
preted from sec t ions 1 and 2, is represented by a box,
with dimensions of 6 x 4.5 x 1.5 a top surface
a t elevat ion, and an "outflow tongue" extending
to the north-east. It has a densi ty con t ra s t of

and is in te rp re t ed to be caused by hydrothermal
a l t e r a t i o n and deposi t ion produced by geothermal f l u i d s

passing through previously porous formations. The other
th ree high densi ty bodies are smaller (about 1 wide
and 0.5 km t h i c k ) , shallower (c lose to the surface) , and
f lank Cuernos de Negros volcano, One under l ies the
c r a t e r a t Lake Belendepaldo. Another, underlying t h e
Kaipohan cold gas discharges may be re l a t ed t o the poc-
k e t s of hydrothermal a l t e r a t i o n seen a t the surface.
The t h i r d body, on t h e eas t e rn f lanks of the volcano,
could be re l a t ed t o a s i g n i f i c a n t , but isola ted , low
r e s i s t i v i t y anomaly recorded by a dipole-dipole l i n e
i n t h i s area. Severe three-dimensional e f f e c t s around
the volcano a r e expected, so more de ta i l ed two-dimen-
s iona l modelling is probably no t jus t i f i ed . I t should
a l s o be noted t h a t these dens i ty models a r e non-unique
(depths and densi ty c o n t r a s t s can be adjusted s l i g h t l y
and s t i l l produce a s imi l a r match), however they pro-
vide a valuable i n s i g h t i n t o the most l i k e l y d i s t r ibu-
t ion of subsurface dens i t i e s . Further support to the
model i s provided by t h e high average core density
( 2 . 7 6 and low porosi ty of Okoy Valley

w e l l s which pass throuqh the la rges t h i g h density body.

They
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d e n s i t y value for Cuernos volcano of o n l y 2.16
of the closest to the volcano (Okoy 11 and

Dauin encounte red molten s u l p h u r  ( w i t h  a d e n s i t y of
about 2.0 a l though the c o n t r i b u t i o n  o f  t h e sul-
p h u r t o this low- dens i ty anomaly is n o t known.
N a s u j i  P l u t o n ,  t o the west, does n o t appear as a g r a v i t y

anomaly, whereas a similar survey i n Tongonan ( I g n a c i o
a n d Bromley, 1982) s u c c e s s f u l l y modelled t h e h i g h e r
d e n s i t y Mahiao Pluton. T h i s is e x p l a i n e d by t h e l a c k
of any d e n s i t y contrast for t h e Nasu j i p l u t o n , as re-
vealed by core d e n s i t y measurements (average w e t den-
s i t y of 2.73 compared t o 2.76 f o r t h e
S o u t h e r n Negros .

The

I n t e r p r e t a t i o n o f aero- magnetic anomal ies i n Southern
Negros, also u s i n g  a n  i n t e r a c t i v e , two-dimensional,
forward- modell ing program, has c o n t r i b u t e d t o a better

u n d e r s t a n d i n g of t h e l o c a l g e o l o g i c a l s e t t i n g .
n e t i c a n o m a l i e s can o f t e n be matched t o format ions o f

h i g h l y magnet ized rock. However, i n t e n s e hydrothermal
a l t e r a t i o n of v o l c a n i c s , t y p i c a l i n geo thermal systems,
t e n d s t o c o n v e r t magne t i t e i n t o  p y r i t e ,  and reduce t h e

a v e r a g e magnet iza t ion .  Therefore ,  anomal ies  of reduced

sometimes c o r r e l a t e d w i t h h igh temp-
e r a t u r e geothermal p r o s p e c t s -
Southern Neqros, t h e d i p t h e e a r t h ' s normal magnetic-
field v e c t o r i s about d e c l i n a t i o n and

F l i h l i d

Mag-

(9000 vector a d d i t i o n of the anomalous d i p o l e
f ie ld associated w i t h a p o s i t i v e l y magnetized body
(assuming parallel induced creates ne-
gative anomaly d i r e c t e d above the body.
of t h e magnetic s u s c e p t i b i l i t y of deep cores, c u t t i n g s
and s u r f a c e samples, u s u a l l y enhance the accuracy of
the modell ing process, assuming t h a t induced
t i o n is predominant. The possible e f f e c t s o f remanent
magne t iza t ion are n o t cons idered , h e r e , because of the
l a c k of r e l e v a n t data.

Measurements

A zero- leve l r e g i o n a l magnetic f i e l d was assumed
39280 and magnetic  anomalies  c a l c u l a t e d r e i a t i v e
t o t h i s l e v e l from t h e t o t a l magnetic i n t e n s i t y contour
map (Raymundo, 1978). north- south magnetic p r o f i l e s
have been drawn through t h e large n e g a t i v e anomaly over-
l y i n g most o f t h e geothermal p r o s p e c t (see f i g . 7). I n -

t e r p r e t e d 2-dimensional models are shown i n  f i g u r e  
a long w i t h t h e computed and observed magnetic  anomalies .  
Although model l ing h a s n o t been s e r i o u s l y
a t tempted , it is recognized t h a t s e v e r e east-west elong-
a t i o n of anomalies o v e r i s o l a t e d 3-dimensional bodies ,
can o c c u r a t t h e s e magnetic l a t i t u d e s . Therefore ,
t h e l o c a t i o n  c o o r d i n a t e s  of anomalous bodies
are n o t w e l l c o n s t r a i n e d . Again, t h e procedure adopted 
i n t h e modell ing e x e r c i s e , i s t o e n t e r t h e
above t h e r e f e r e n c e l e v e l , and t r y to t h e observed
magnetic p r o f i l e by vary ing t h e average magnetic suscep-
t i b i l i t y of near- sur face v o l c a n i c s . Where t h i s
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Valenc ia , Kaipohan, Puhagan and areas, o r d e r

t o i n v e s t i g a t e  t h e  p a t t e r n  of s e p a r a t e r e s i s t i v i t y ano-
malies, f o r c o n n e c t i o n s a t d e p t h (Bromley,
1982). A s i d e from the Okoy Val ley anomaly (which in-
c l u d e s and Sogongon), these pocke ts o f l o w appa-
r e n t r e s i s t i v i t y appear i n the t r a v e r s i n g map a t :

Calinawan, Dobdob, upper ( w e s t o f

Cuernos) , S i a t o n , Nagpantaw, Dauin, upper and
upper (North Okoy) A few dipole- dipo le
l i n e s h i n t e d a t c o n n e c t i o n s between some of t h e s e ano-
malies, which w e r e n o t obvious t h e con-
t o u r s , because of a t h i c k mant le  o f  h igh  r e s i s t i v i t y
v o l c a n i c s , a t t h e s u r f a c e , a f f e c t i n g some of t h e appa-
r e n t  r e s i s t i v i t y  read ings . I n t e r p r e t a t i o n v e r t i c a l

electr ical soundings h e l p s  s o l v e  t h i s problem, by mo-

d e l l i n g t h e measured a p p a r e n t resistivities i n terms
of r e s i s t i v i t y l a y e r s . Given t h e e l e v a t i o n s i n t e r -

p r e t e d models o f t h e soundings , t h e t o p s u r f a c e of a
l o w r e s i s t i v i t y l a y e r can be shown i n s e c t i o n , o r con-
t o u r e d on a map, to i l l u s t r a t e t h e hydrology. This

assumes t h a t the l o w r e s i s t i v i t y l a y e r is created by
a geothermal f l u i d . Other f a c t o r s which
compl ica te t h e  i n t e r p r e t a t i o n ,  such as t h e  e f f e c t  on

r e s i s t i v i t y of a l t e r a t i o n i n t e n s i t y and t empera ture ,
a r e n o t d i s c u s s e d  h e r e ,  The l o c a t i o n s and e l e v a t i o n s
of minera l ized s p r i n g s are sometimes added t o t h e map,
or s e c t i o n , as a check on t h e contours , and t o provide
informat ion on t h e chemica l n a t u r e of t h e  a q u i f e r  
is producing t h e r e s i s t i v i t y c h l o r i d e o r
a c i d- s u l p h a t e f l u i d ) . I n t h e P h i l i p p i n e s , many of t h e

p r o s p e c t s are located i n  r e c e n t  v o l c a n i c  
h iqh where perched a q u i f e r s of

fed , condensa tes a r e common.

Neqros is no So in-
ferred i s t h a t the upper-most a q u i f e r of

model, and v a r i e d i n shape and s u s c e p t i b i l i t y
u n t i l a r e a s o n a b l e f i t i s o b t a i n e d .

t i v e anomaly i s c e n t e r e d  o v e r  the Kaipohan gas d i s c h a r g e ,
n o r t h of Cuernos, whi le a b r o a d e r anomaly e x t e n d s t o t h e
w e s t , beyond Sogongon. A separate n o r t h o f

Lake Bal insasayao , is a l s o quite broad, b u t  h a s  steep
s i d e s , imply ing a r e l a t i v e l y s h a l l o w o r i g i n . I t has a
d i s t i n c t l i n e a t i o n , s u g g e s t i n g some s t r u c t u r a l
c o n t r o l , and i s c e n t e r e d  o v e r  the headwaters o f the

r i v e r , There are no, obvious , s u r f a c e geological
e x p l a n a t i o n s f o r  e i t h e r  of t h e s e

s i n c e  t h e y  o c c u r i n areas where i n t e n s e hydro thermal
a l t e r a t i o n i s exposed a t t h e s u r f a c e . Magnetic suscep-

t i b i l i t y measurements of cores and c u t t i n g s i n Puhagan
and Dauin show a wide range of values 0.002 t o
0.1 i n and to 0.1 i n Layers i n t h e

v o l c a n i c p i l e have variable magnet iza t ion , and t h i n
zones o f reduced magnet iza t ion are caused by h y d r o t h e r-

mal a l t e r a t i o n a long f r a c t u r e s . Aerial magne t ics can-
n o t r e s o l v e t h i s f i n e  d e t a i l ,  So t h e models shown
should be t r e a t e d as simply g r o s s approximat ions o f
g e n e r a l t r e n d s i n magnetic p r o p e r t i e s . Note, also, t h a t
t h e "magnetic basement", impl ied i n t h e models, i s n o t

i n t e n d e d to r e p r e s e n t the Curie- point i s o t h e r m a l  d e p t h ,  
or even de-magnetized basement, b u t merely
a r e g i o n a l background a g a i n s t which t h e b o d i e s i n t h e
model a p p e a r t o have a p o s i t i v e magnetic s u s c e p t i b i l i t y
c o n t r a s t .

The steepest nega-

S e c t i o n 1, through Cuernos, h a s been modelled u s i n g
f o u r b o d i e s ,  w i t h  magnetic susceptibi l i t ies , as shown,
i n u n i t s . Sec t ion 2 p a s s e s through Sogongon. I t

was modelled u s i n g a r e c t a n g u l a r body which i s probably
t h e N a s u j i p l u t o n , wi th its c o n t a c t Although

n e t i c  s u s c e p t i b i l i t y  measurements o f core samples a n d

c u t t i n g s from t h i s f r a c t u r e d p l u t o n are also s c a t t e r e d ,
because of v a r i a b l e a l t e r a t i o n i n t e n s i t y , t h e average
v a l u e o f 0.051, E r o m 34 samples, is close t o t h a t used
i n t h e model. Two important c o n c l u s i o n s arise from t h e
aero-magnetic i n t e r p r e t a t i o n : (a) t h e r e e x i s t s a h i q h l y
magnetized body a t shal low d e p t h beneath t h e Kaipohan
g a s d i s c h a r g e s , n o r t h of Cuernos volcano, and t h e
Nasuj i p l u t o n , a p p e a r s t o ex tend to t h e w e s t beyond
Sogongon.

RESISTIVITY SOUNDINGS AND 

F u r t h e r i n t o t h e  r e g i o n a l  h y d r o l o g i c a l model

f o r t h i s r e s e r v o i r can be o b t a i n e d from an i n t e r p r e t a -
t i o n of r e s i s t i v i t y soundings. E a r l y e x p l o r a t i o n com-
menced w i t h a wide- ranging t r a v e r s i n g survey t o i d e n t i f y
the main anomalies . T h i s fol lowed by d i p o l e- d i p o l e
surveys more r e c e n t l y , v e r t i c a l

. These w e r e o r i g i n a l l y
test t h e s e c t o r ( sou th- eas t o f Cuernos) ,
p r i o r t h e two e x p l o r a t i o n w e l l s .
however, survey w a s t o cover

section
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mineralized f lu ids . Assuming t h a t these high-elevation
a r e overlying the upwelling zone i n the deeper

(chlor ide f l u i d ) hydrology, then t h i s approach can be 
used t o t a r g e t the resource, and exploration
d r i l l i n g .

A total of 53 soundings have been in te rp re t ed , and the

r e s u l t s a r e presented i n f igure 9 a s elevat ions (con-
of the top surface of t h e low- res is t iv i ty layer.

The in te rp re t ed r e s i s t i v i t i e s of t h i s l aye r , a r e shown
i n brackets , and soundings with indicat ing

a poss ib l e high r e s i s t i v i t y (but not A.C.
e f f e c t s ) , are labelled: As expected, the Kaipohan

p la t eau , between Cuernos and Nasuji, is underlain by
low r e s i s t i v i t i e s . Also, t he t ravers ing anomaly west
of Cuernos is now linked t o the Sogongon anomaly. How-

ever, high r e s i s t i v i t i e s under l ie of the soundings
near the eas tern peak of Cuernos and the l a r g e s t
han gas feature . They may be re l a t ed t o the shallow
magnetic anomaly described e a r l i e r , Two main outflow
d i r e c t i o n s a r e ident i f ied: t o the nor th- eas t ( the Okoy
Valley outf low), and t o the ( the Baslay-
Dauin outf low). Both a re associated with abundant hot
sp r ings and have been confirmed, d r i l l i n g , t o have
temperature inversions,  or cooler temperatures f o r

depth, r e l a t i v e t o more cen t ra l w e l l s . Based on t r a-
vers ing anomalies, o ther outflows t o the w e s t , north-

w e s t and south a r e l ikely . There appears t o be some
i n the surface of the low r e s i s t i v i t y anomaly

ac ross  the  Kaipohan pla teau, presumably a s a r e s u l t of
loca l i zed fracture- controlled f l u i d feeding the
fea tu res , and l a t e r a l con t ra s t s i n a l t e ra t ion . Some of
t h e h igh- res i s t iv i ty basements a r e a l s o supported by
deep dipole- dipole data , f o r example, near the eas t e rn
peak of Cuernos, and north of One sounding north
of Puhagan has low r e s i s t i v i t y a t anomalously high ele-
vat ion suggesting e i t h e r a separa te outflow from ano-
t h e r source t o the north,  or relict , up l i f t ed a l t e r a-
t ion. The and Nagpantaw outflow anomalies

a r e  c l e a r l y  l inked. High r e s i s t i v i t y basements in some
soundings on the flanks of Cuernos may be caused by
s t r a t i f i e d formations (perhaps lava flows)

t h e perched aquifers . Other evidence e x i s t s

f o r the postulated outflow t o the w e s t : cooling sub-
surface temperatures and d i lu t ion of deep aquifer
r from through to .
A t presen t , the temperatures i n t h e f ield

and open-ended t o the south ( the
pla teau) . This is cons i s t en t w i t h the general hydrolo-
g ica l model implied from the r e s i s t i v i t y elevation con-

tour map i n f igu re 9.

MICROSEISMIC MONITORING

In keeping with f i e l d management policy, microseismic
monitoring a t Southern Negros with estab-

lishment of a permanent seismograph s ta t ion , a t OK3 w e l l
s i te, i n February 1982. It was i n s t a l l ed t o record any
changes i n loca l microseismicity during the development

and ea r ly production phases of t h i s project .
experience i n o the r geothermal f i e lds , f o r the
Geysers (Eberhart- Phill ips, e t a l , suggests t h a t
earthquakes can be induced by production o r re in j ec t ion
of geothermal f lu ids .
sioning of the power p lan t i n
Southern Negros, i n Apri l and May, 1983, there a
la rge increase i n t h e leve l of local
(Bromley, Rigor, Prompted by t h i s increase, four

addi t ional , temporary, seismograph s t a t i o n s were ins-
t a l l e d around the f i e l d i n June and
u n t i l March In t h i s paper, w e present re-
s u l t s of hypocenter ca lcu la t ions , using these records,

and a l s o some on: b-slope s t a b i l i t y , f i r s t
motion s tud ies to determine f a u l t plane t e m-
poral and s p a t i a l co r re l a t ion of microearthquake swarms
with re in j ec t ion and production w e l l a c t i v i t y , a poss ible
co r re l a t ion with mass-flow and permeability improvements,

and some postula ted t r igge r ing mechanisms.

Indeed, during the i n i t i a l

Hypocenters have been computed f o r 133 w e l l recorded
events occurring between July 20 and October 25.

r e s u l t s a r e p lo t t ed i n f igu re 10. These events w e r e
se lec ted from a base of several simi-

l a r microearthquakes (as recorded a t OK3 static:), on
t h e bas i s of clear impulsive p-wave a r r i v a l s a t or
s t a t i o n s , accurate ly synchronized timing, and l e a s t

one good time. The hypocenter program
f o r a por table computer) uses a s ingle  layer  veloci ty  
model, which is considered appropriate for t h i s small
a r ray (average spacing of 7 km). A n average or ig in

time f o r each event is calcula ted from the and
a r r i v a l times.

step-wise mul t ip le  regress ion,  t o minimize the t i m e
re s idua l s , by an adjustment vector , which

s h i f t s a t r i a l hypocenter location. The i t e r a t i o n s
s top when the adjustment vector f a l l s below km.
A uniform p-wave ve loc i ty of 4.1 is used.
based on laboratory  sonic  veloci ty  measurements o f 12
core samples from Puhagan w e l l s (Pearson, 1984). Ano-

malously low v e l o c i t i e s , measured on some samples from
the Nasuji p luton, and also on some Dauin cores (ave-
rage 3.3 have been excluded. 

t i on includes a ve loc i ty log from which reveals
a ve loc i ty of approximately 4.3 i n t h e overlying
volcanics, and 5.1 i n the d i o r i t e pluton.
ever, the c a l i b r a t i o n accuracy of t h i s da ta i s
A uniform ve loc i ty of 3.7 w a s obtained surface
b las t ing a t OK5 (1000 m e leva t ion ) , a s the
microseismic array, b u t t h i s value may be d i s t c r t e d by

near- surface formations.
measurements have no t been corrected fo r the e f f e c t s of
water sa tu ra t ion and temperature, but it is
t h a t these e f f e c t s w i l l be reduced by mutual
t ion. (Water sa tu ra t ion increases  veloci ty ,  high

temperature decreases it.) The core ve loc i t i e s showed
no cor re l a t ion w i t ' depth (between -500 m a
reduced l e v e l ) , supporting the use of a s ing le layer
veloci ty model, bu t showed a s t a t i s t i c a l l y
l i n e a r re l a t ionsh ip with densi ty , supporting use of
Birch's Law: V 2.4 - 2.3 1.3). Stat ion
cor rec t ions have no t been applied t o any of the a r r i v a l
t i m e s used in the hypocenter calcula t ions , the
low v e l o c i t i e s and d e n s i t i e s recorded i n core
from Dauin w e l l s , suggest t h a t correct ions may

f o r some of t h e southern s ta t ions . Neverthe-
less, uncer ta in ty ana lys i s of t h e Puhagan hypocenters
reveals a very low median value for average

l u t e time res idua l s , of 0.05 seconds.
reassur ing, considering t h e cha r t the

seismograph recorders (1 l i m i t s

reading accuracy. The d i s t r ibu t ion o f R.M.S.

errors which depend on w i t h respect

The

The program then c a r r i e s ou t a

This is

Additional informa-

The core veloci ty



reading accuracy of 0.05 seconds). To t e s t the e f f e c t
of a change i n veloci ty on hypocenters, many of t h e
locat ions were using a lower veloci ty of
3.9 This sh i f t ed  the  locat ions approximately
300 t o the south and about 300 m closer t o t h e sur-
face. Most of the located hypocenters a r e clus tered
within a small block of about 18 centered on the
Puhagan production sector, a t the intersect ion of the

and Ticala  faul ts .  
1.5 below sea level , is consistent with the

depth of major production zones in the Puhagan wells.
of t h e larger, f e l t events (magnitude grea te r than

1.9) are located along a narrow elongated zone p a r a l l e l
t o t h e faul t . No corre la t ion w a s bet-
ween hypocenter depth and magnitude, and t he re w a s no
systematic va r i a t ion of magnitude with time, during a

Average focal depth of 2

An i n i t i a l b-slope calcula t ion, from OK3
f o r t h e Puhagan events was reported i n 1983
and Rigor). Subsequently, two estimates have been
ca lcu la ted to inves t iga te t rends with time. The coda
lengths ( i n seconds) are used to calcula te the magni-
tudes, by applying formulas: 1.8 - or

2 0.87.
two separate techniques. The first involves regression
ana lys i s corre la t ion coef f i c i en t ) t o obtain t h e
slope of the best f i t l i n e through the histogram of the
log plot . The frequency of low mag-
nitude events  is of ten underestimated, a cut-off mag-
ni tude of 0.5 is usual ly employed. The second calcula-
t i o n method ( a t t r ibu ted to uses the equation
b where is t h e average magnitude of
a l l events above the minimum (also Re-
s u l t s are i n t h e following table:

The is calcula ted using

1029

N

Fig.

..

E

Bromley, e t a l .

Period No. b-slope
Events Histogram R Aki method 

30 2832 1.27 1.27
30 1258 1.30 0.996 1.15

31 1151 1.32 1.24

It is
change i n b-slope with t i m e .
d ic t ions based on th is stable b-slope, and the present
l eve l of ac t iv i ty , it can be concluded tha t , here, as
in t h e Geysers f i e l d et al,
the induced seismicity i s " rela t ively benign..

concluded t h a t the re  has  been no s ign i f i can t
Using s t a t i s t i c a l pre-

An attempt has been made t o f a u l t plane solu-
t ions , using first motion direct ions , as recorded on

during the epicenter study. The pa t t e rn
of first motions can be used to determine t h e most
l i k e l y ac t ive f a u l t plane and s l i p vector direct ions ,
which may be very useful information f o r the  s t ruc tu ra l  
geologis ts and reservoir engineers attempting to model
the permeability of the reservoir. Unfortunately, with 
only 5 s ta t ions , the f a u l t plane solutions of individual
events are poorly constrained. composite f a u l t
plane may prepared from a number of events
w i t h similar f a u l t plane mechanisms.
pa t t e rns of Puhagan located events can be col lected in to

events), c ** cc and mixed or
undetermined pa t t e rn (29 Note that : d dila-
ta t ion , c compression, = either c or d or emergent
(near a nodal plane), and s t a t i o n s a re l i s t e d i n clock-
wise order: - V a l , We p l o t these
f i r s t ab equal area project ions onto the upper

assuming the rays w i l l be f o r
t h i s small array. The first pat tern probably re-
presents normal fau l t ing along planes to
the Ticala f a u l t dipping s teep ly north-west.
occurring on which haw a close temporal
and spatial corre la t ion with capacity re inject ion into

(which in te r sec t s t h e a l s o have this
pa t t e rn of f i r s t motions.
unique: normal fau l t ing along any azimuth between
and would also f i t t h e pat tern . The second pat tern

is consis tent w i t h predominantly normal fau l t ing
along the Lagunao o r p a r a l l e l f a u l t planes with a north-
west s t r i k e , a s t eep  d ip  to the north-east, and a small

of r igh t- la te ra l  s t r ike- s l ip movement. Again,
t h i s solut ion is not unique, b u t it f i t s the
t ion t h a t many of these events are located along
Lagunao f a u l t zone. I n conclusion, the re are probably
several d i f f e ren t f a u l t planes and s l i p vectors in-
volved, so unique composite solut ions may no t be possi-
ble , however fu r the r invest igat ions are anticipated.

four d 130 d

Events

However, the  solut ion i s not

Dis t r ibut ion of events i n and space strong-
ly suggests that most of t h e induced seismicity is
caused by pressure drawdown due t o mass withdrawal from
production wells, w h i l e the remainder is due t o hydrau-
lic fractur ing caused by l a r g e increases i n
around reinject ion w e l l s . Rigor (1984) has l i s t e d
the t i m e corre la t ions , f o r 17 swarms, i n de ta i l . In
general, the onset of earthquake s w a r m s follow, within
a day o r two, the discharge, or abrupt increase i n flow-
r a t e of several production w e l l s (par t icular ly
26/27/28, Likewise, many occur within
one day of the ea r ly capaci ty ta s t ing , o r maximizing of

Vertical Section along

SE

Vortical Section along Ticala Fault

NE

a

a

a
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g rav i ty flow, i n t o reinject ion wells. Posi t ive corre-
l a t i o n s with reinject ion well-head pressure peaks w e r e

observed on 10 d i f fe ren t occasions. C.F. Pearson (in-
t e r n a l KRTA used cross-correlation analysis to
show that the well-head pressure h i s to ry of f o r
example, has a posi t ive  corre la t ion l eve l of con-
fidence) with the of seismic events per day bet-

ween and October 1983.
time cor re la t ions occur following p lan t start- up after
severa l days shutdown May 21, and 20,

when several production and re in jec t ion wells
are brought on-line a t t h e same time. Other major
swarms 14, 1983 and May 17, followed
large step increases in production and re in jec t ion
flow rates as power demand increased. A t t e m p t s to
match located earthquakes with have
achieved severa l successes, notably: 6 events close to
t h e f a u l t plane on July occurred
s h o r t l y after PN28 (vertical w e l l ) was and
also 4 events on September 17, which a r e located with-
i n 200 m of t h e and wel l  t racks ,  and fol-
lowed i n j e c t i o n capacity t e s t i n g of these wells.

Some of the most obvious

Given the large number of induced earthquakes (more
than 5000 to date), originat ing from within t h e Puhagan
reservoir, it is l i k e l y that some events have created
add i t iona l permeabili ty by extending ex i s t ing f rac tu res
or re- fractur ing sealed channels.
some evidence for an overal l improvement i n reservoir
permeabili ty.
rates of many production wells have been measured.
(Although severa l other factors , such as changing w e l l
head pressures , reservoir pressure interference, and
enthalpy changes, complicate the in te rp re ta t ion of
these mass flow changes.) In t h e re in jec t ion sector,
s u b s t a n t i a l improvements in permeabili ty have also been
measured, espec ia l ly i n the wells
These wells a l l had predicted cold water in jec t ion ca-
pacities of less than 20 and t ransmiss iv i t i e s of
less than 0.5 d-m, a t well completion, but now accept
ho t water in jec t ion a t of 50 t o 130
In jec t ion capacities of the other wells have stayed
r e l a t i v e l y constant with time, desp i t e large increases

than 1 in reinject ion sec to r pressures, as
measured i n monitor wells. This also suggests an im-
provement i n permeability since t h e avai lable i n j e c t i o n
head has declined personal

I n f a c t , the re is

Large increases i n s t a b l e mass flow-

This l eads to fur the r consideration of mechanisms f o r
the induced seismicity.
in j ec t ion sector, where zone pressures have increased

than 1 and pressure peaks of severa l mega-
pascals are induced during capaci ty in jec t ion , are
easy t o explain i n terms of hydraul ical ly induced f a u l t
movement. A reduction i n normal stress across f a u l t s ,
caused by t h e increase i n pore pressure , reduces fric-
t ion , and triggers f a i l u r e of a s t r e s s e d  f r a c t u r e  sys-
t e m . Induced seismicity i n the production sector,
however, where pressure draw-down of about 1 has
been observed in monitor wells, is no t so e a s i l y ex-
plained. Eberhart- Phill ips, e t have dis-
cussed mechanisms f o r the Geysers seismici ty , where
similar pressure draw-down has occurred (about 1.5
They
volumetric contract ion due t o mass withdrawal, o r t h e
conversion of steady s t a t e
s t i c k- s l i p deformation due t o an increase t h e
e f f i c i e n t of f r i c t i o n along f a u l t surfaces ( A l l i s ,

1981). W e favour the second mechanism. Laboratory
s t u d i e s have shown t h a t rocks undergoing d u c t i l e creep,
a t condi t ions close t o the b r i t t l e- d u c t i l e t r a n s i t i o n
boundary, may c ross the boundary and exh ib i t s t i ck- s l ip
movement, i f the e f fec t ive s t r e s s is increased by a re-
duction i n pore pressure (Fyfe, e t al, 1978). The ob-
served pressure draw-down i n Puhagan (a water dominated
rese rvo i r with i so la t ed pockets of 2-phase f l u i d s sur-
rounding some producing wells) may be s u f f i c i e n t t o

cause t h i s t r a n s i t i o n and t r igge r the earthquakes.

Events o r ig ina t ing i n the re-

conclude t h a t two mechanisms remain plausible :

deformation t o

near t h e Kaipohan gas discharges, and a l so an extension,
t o t h e west, of t h e Nasuji pluton. Elevation contour-
ing of low- resistivity layers from sounding interpreta-
t ions implies an extensive geothermal hydrology with
perched aquifers a t high elevation, near Cuernos de

volcano.
outflows t o la rge r e s i s t i v i t y anomalies a t lower eleva-
tion. Hypocenters have been determined, using a s ing le
layer of 4.1 for 133 events chosen from
the swarms of several thousand induced earthquakes de-
tected a t the Okoy 3 monitoring sta t ion.
i n t i m e and space, have been observed with production 
or re in jec t ion w e l l a c t i v i t i e s at Puhagan.
of 1.3 has re la t ive ly stable.
rec t ions can be related to possible f a u l t plane solu-
t ions.
be r e l a t e d to t h i s induced seismicity, and t h e favoured
t r igge r ing are: pressure draw-down in t h e
production sector, and increased pressure i n t h e
re in jec t ion rector.

These aquifers are linked through rad ia l

Correlations,

The
motion di-

in mass-flow and may

The authors wish to thank a l l involved
co l l ec t ing data , to express t h e i r grat i tude to t h e
management of and Ltd. f o r permission t o
publish t h i s paper.
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SUMMARY

Residual g rav i ty anomalies are  in terpreted t o indicate
a Large volume of reservoir rock t h a t has a n increased
d e n s i t y due t o deposition hydrothermal a l t e r a t i o n
minerals. anomalies a re  in t e rp re ted  t o
ind ica te a body, c lose  to  surface ,




