Proc. 5th NZ Geothermal \lorkshop 1983

Microseismic Studies in Tongonan and Southern Negros

Chris J. Bromley

David M. Rigor, Jr.

KRTA Ltd.
PNOC-EDC

ABSTRACT

Microseismic monitoring studies N the Tongonan
and Southern Meoros geothermal fields have been
vsed to determine the level of local micro-
earthquake activity during the development stages
of these projects, Results indicate that Tongonan
is situated within a belt of relatively high micro-
seismicity, associated with the philippine Fault.

No correlation could be observed with fluid inject—
ion or discharge history. Epicentar studies
revealed an even distribution of

across the fault zong with depths varying from
near-surface to 15 km. In Southern Negros how-
ever, there is ewdence for induced seismicity in
the Puhagan sector as productiocn reinjection flow-
rates have incressed. A recent epicenter study has
shown that the hypocenters of these earthquakes are
close to exjsting wells and within the depth range
of 1.5 to 3.5 km. Pwave velocity, Poisson's
ratig and 'b'-slopes for this swarmm have been
determined. In additicn, pulsed and continuous
harmonic tremor is cbserved at both locationg and
a possible source mechanian is discussed.

INTRODUCTION

The Philippines lies alumm an active plate bun-
da.ry, between two. opposing subduction zones, The
region is seismically active (Acharya 1980).
In the Visayan Islands the epi rs of larger
earthquakes as located by the and P
networks are quite well dispersed, but show con—
centrations along the subducting plates. However,

ne large shallow earthquakes have been recorded in
recent years within the immediate vicinity of
Tongonan and Southern Negros.

Permanent. microseismic menitoring statim were
established iIn October 1980, near the administra-
tion building in Tongonan and in February 1982

at ok3 well site in Southern Negros. They were
installed to record any changes in microseiamicity
during the development and-early prpduction phases
of these projects. In addi tu:m,y tem epicen-
ter studies have been conducted in areas using
up to five portable sesismretsrs. Reinjection
plays a major role in the develomment of these two
hot-water dominated fields and so injection in-
duced seismicity has always been considered a

*Philippine Atmospheric Geophysical and Astronomi-
cal Services.

possibility., In terms Of their development
history, each of the projects is now close to
completion of the cammissioning stages of the first
110 M# of installed capacity. In the case of
southern Negros, this has involved on-line product-
ion of up to 420 kg/s of steam-water mixture and
reinjection of up to 300 160°C fluid, since
April 1983. Similar mass flow-rates have been in-
volved in Tongonan since 1982. Trese flow-
rates are expected to more than double when the
power stations come wnder full loed. srall scale
production/ reinjection tests involving individual
wells or small groups Of wells preceded these
camnissioning trials, but the fluw-rate of injected
fluids did not excesd 100 ko' s.

TONGONAN

Trhe histogram of local microseismic activity,
recorded at the Admin statim, shows no signifi-
cant changes with time (fig. 3). The events
typically OCCUr in swarms Or clusters and the
average event rate is 6 per week. ILocal activity
is defined as having an arrival time difference
between the primary and secondary waves (S-P)&

45 seconds. Given an assumed velocity ratiq
VW/Vs= 1.8 and an average P-wave velocity of

4 ks this defines a meximum radius for local
activity of about 22 km. The distribution of
(s~P) timesof all recorded events since 1981
(fig. 4), shows a peak at 1to 4 seconds. This
suggests that most of the local events originate
from about 5 km and 20 km radius. There
is a reduction in seismicity within 5 lan (S-P< 1)
of the Admin statim which approximately defines
the limit of the Tongonan geothermal field (Upper
Mahiao to Mahanagdong.

During April and My 1981, and again from Septem—
ber 10 November array studies were conducted
using a total of four seismometers (fig. 1) witk
station spacings of 2-6 ln. The 1981 survey showed
that many of the local events originate from out-
side the array, to the southeast ar northwest,
aleng the Philippine fault zone, However, h
centers were calculated for 49 events near t e
array. They showed a reascnably even distribution
of epicenters across the fault zone, without any
clear aligrment to known fault traces. Uncertain-
ties were high (residuals of 0.2 seconds) because
of noisy records, insufficient velocity informa-
tion and difficulties in accurate timing. Hypo-
canter depths rarged from a km to 15 km with an
average of 10. (ne swarm of events which occurred
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during the array study (25th-29th My 1981) showed
a clear migration fran south-east to north-west.
Wadati diagrams of the (S-P) times as a_function
of P=wave arrival timg were used to estimate velo-
city ratios (vp/Vs) which vary significantly from
1.71 to 2.23 (Poisson’s ratio= .24 tO .37) sugges-
ting large lateral variations in fracture density,
tarperature or degree Of saturation, Simgg%r large
variations in Poisson's ratio have been observed in
other geothermal aress (e.g. Geysers-Majer, 1979).
Strang attenuation was also observedint h e m
and Sambaloran sectors of the field. "his is pro-
bably a consequence Of highly-fractureq water—
saturated formations containing pockets of cam
pressible gas and steam.

In the microseismic monitoring at Tongonan
has rwealed a small localized reduxction IN&&-
city within the reservoir, which suggests that a-
seismic creep processes are absorbing much of the
strain along this section of the Philippine fault,
while outside the reservoir, frequent swarms oOf
micro-earthquakes are occurring along the fault
zone at shallow depths. To date there has been no
change in local seismicity that can be attributed to
the production or reinjection of geothemmal fluids.

SOUTHERN NEGROS

Monitoring of the microseismic activity at the 03
statim cammenced In March 1982. For the first
SsiX months, the event rate for local earthquakes
(S-P € 4.5 seconds) was camparatively moderate
(fig. 5). Fo ing a swarm of 33 local events in
1982, with (S-P) times of 05 t0 1.0 — e -
the average level of local seisnicity in—
creased slightly. Other swarms with similar (S-p)
times occurred in January (30 events) and February
(185 events).  During this first 12 month period,
separated fluids from two 1.5 MW back-pressure
turbines at Puhagan, as well as test discharges of
several production wells, were injected into OK2
and OK12. However, the maximum injection flow-
rates were only 90 ko s. The distribution of
(S-P) times is shown in figure 7, for this 12
month period. A large swarm of 276 events with
(s-P) = 15 to 18 seconds {i.e. at about 100 km
radius), which arrived in January, ey have ori-
ginated near the subduction zone southwest of
Negros Island. There IS also a concentration of
local activity with an (s-P) between 0.5 and 1.5
seconds. Given recently estimated velocities from
the epicenter study (o= 37 kw's, and Vp/Vs=
1.8), then these events have probably originated
from a zane between 2.3 and 7 km radius from OK3
i.e. within or close to the geothermal field.

On My 21, 1983 a substantial swarm of local
camenced. They all had consistent
(5-P) times of 0.5 seconds as recorded at OK3.
The daily event rate for this swarm iS shown in
figure 12, and campared with the dairy injected
flow-rate for separated water Into reinjection
wells or12, »NirD and eN2RD (fig. 11). During
April, the flow-rate was about 150 ko/s
in June it reached 200 kg/s and in August 300 kg/s
( 26 000 tonnes/day), as various stages of the
110 MW Palinpinon | power statim were conmis—
sioned. This swarm Of earthquakes has continued
now for several months with more than 3000 re-
corded r— concentrated in cluster? and in-
terspersed with short periods of normal background
activity. on several occasions the onset of an
earthquake cluster occurred within a few hours of
a large step change Of injectim flow-rates (e.q.
My 21 and August 16). Even during April, small
clusters of earthquakes followed step increases in
the injection flow-rate on April 4 13 and 22. on
other occasions clusters also appeared within a
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Figure2 Southern Negros
day of injection rate increases for example on
June 34 and August 23.

In June four additional seismometers were ins-
talled (fig. 2), to conduct an epicenter study.
Blasting at the OK5 quarry sitg involving 80 kg of
dynamite, was detected by all 5 stations and a t/d
plot (fig. 9) revealed a P-wave velocity of 3.7 kw's
wvith no evidence of a layered velocity structure.

MICRO~-SEISMIC muri uriNg SNGP
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This enabled the camputation of hypo-centers using
a single-layer velocity model in an iterating com
puter program "HYPO". When the arrival time data
from the quarry blast was entered, the computed
hypocenter was less than 0.2 km from its true loca-
tion. A selection of well-recorded events, fram
the swarm was then run through the program. The
camputed epicenters all lie within the Puhagan
area. Depths are within the range -0.7 to -2.5 km
(reduced level). Residuals are generally quite low
(=< 0.1 seconds), but the epicenter locations are
sensitive to the velocity chosen. Since the OKS5
calibration blast was at 1 km elevation it may not
give reliable velocities for depths below about -1
km so it is quite possible that the P-waves from
these events are travelling at velocities
greater than 3.7 kw's. In many instances, changing
the velocity fram 3.7 to 5 k' 5 for example, moves
the epicenter about 2 km. For this reason it is
not possible, at present, to locate ters
with sufficient confidence to be able to ascribe
them to particular wells or faults. However, they
all lie close to the producing and reinjecting
wells at Puhagan. Further work is planned to re-
fine the velocity model and determine the hypocen-
ters with better precision. To assist in velocity
modelling other physical properties of subsurface
formations can be used. For example, within the
Ckoy geothermal field there is little contrast in
average density between formations (2.7 to 2.75),
suggesting that velocities are relatively uniform.
However, a few cores below -2 km show variable, but
higher, densities averaging 2.9 gn/cc. Using an
empirically derived formula relating density and
velocity: 4 vlkw's) = 3x AD (gwec) (Birch's
law), this suggests a small increase in wvelocity
below this depth. BAnother empirically derived for-
mala relating resistivity and velocity may also be
useful: V= 906 (2 R)I/6, Choosing depth (z) of 1
km and resistivity (R) of 5 A from sounding in-
terpretations in the area, this results in a compa-
rable velocity of 3.7 k's. i
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south hes lower average density (2.55) mggasting
a slight reduction in velecity,” Further inf

tien ko assist velocity modelling will result f—
a program of acoustic velocity measurarents of core
samples.

An attempt has been made 1O calculate the p-sloge
for this Puhagan earthquake swarm from the log fre—
quency’ magnitude relaticnship OF Gutanburg and
Rianter: Log N = a-k, Magnitudes were estimated
from the coda lengths OF 2832 earthquakes (durations
in seconds) using the relationship: M= 18 logT - 1
(Raleighet al) from the injsction irduced earth-
quake swarm gt Rangely, Colorado, Different authors
use widely varying Magnitude/coda length relation-
ships so it is planned to refine this squation
using a set of USGS and PAGASA € magnitudes
of camonly recorded larger events. However the
frequency/ magnitude plot, shown in figurs & reveals
an excellent straight line it for magnitudes between
05 and 20. These 6 points On the histogram have
been fitted by IeaStqu.are.s linear regression 1o a

ling With lgN= 3.21-1.27M and a re-
?ressmn C|ent of 0.999. using the Ymaximm
ikelinood method'* Of calculation (Bki 1965), the

bsllo‘rl)ze for all events greater than magnitude 0.5
|s Another eguation relating megnitude to
coda length is one used by Majer (1979) In The

Ceysers gsotharmal field and also for swarms on
the 3an Andreas fault: M= 2 lcgT - 0.87. W
this is applied to the Puhagan swarm, the b value
Frun maximm likelihood estimate becomes 1
Worldwide values of 'n' fOr tectonic
swarms usually vary between 0.6 and 0.8. High
temperature geothermal aress and active volcanoes
gererally have much higher b valueg for example:
the Geysers (1.2), lceland"s volcanic eruptions
(3), Cerro Prieto geothermal field (1.25). Pre-
vious =xarplas OF injection-induced SeiSmicity in
non-geothermal areas (@tRangely, ard Denver, Co-
lorado) have b values typical OF nommal tectonic
swarms (0.6 to 0.9).

In then the monitoring ard epicenter
stxmsue“:agt Southarn Negros haven}gsfwmqg significat
correlation between the onset of a large swarm OfF
earthquakes in the Puhagan area, and major in-
creases in productior/ ren.nje*tq.cm Flonrates during
mower station cammissioning. A P-wave velocity of
37 k's has been dstermined fran surface blasting
ad a elocity ratio v/vs of 18, from Wadati dia-
%r_ams~which implies a Poisson™s ratio of 0.27.

rior to this swarm a level
events/week with (S-P) € 45 seconds was recorded,
which is similar 1O Tongonan, but a much_larger
rarcentage OF the earthquake activity originated
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fmn within the geothermal field. The high b-value
for the Puhagan Induced swarm suggests a low
strengtly low stress/ high ture formation,
Possible mechanisms for the induced earthquakes
include: é]g increased pore pressure aloang frac-
tures In reinjection ares which reduces effec-
tive nomal stress across faults and therefore
fricticnal forces and triggers failure; (b) gra-
dual thermal contraction of rocks by cooler rein-
jection fluids (or possibl

bl e B CAS il G M A i
localized 2-phase zones), that opens fractures and
also reduces the effective normal stress across
them. Differential temperatures N excess of
100°C can be expected in the reinjection area and
up to 60° temperature drawdown has been measured
IN sane Puhagan wells under test = -
tions (although not in those mlT%mZ initially
supplying the power station, referred ex-—
planatlon Isamb.l.rut_i.unlfﬂ‘etfnm
resulting from injection oOf separated fluids.

Although many of these Puhagan earthquakes have
been felt locally (intensity 3 to 4 an the Modified
Mercalli scale), the maximm tude detected tO
date is only 26 (Richter scale), and retwn
periods estimated fran extrapolation of the b-slope
plot (with all its assumptions) are 18 years for
magnitude 4 and 325 years for magnitude 5. This
suggests that, even if_the present high level Otf
microseismic activity IS maintained assuming t
there is no change to 4 to the p=valusg thentherlskof
a large magnitude earthquake occm.'rmg W|th|n the
lifetime of the plant (25 years), remains law.
With the source-sink configuration OF production
and reinjection, and a net mass lcoss fran the sys—
tem (the steam fraction going to the turbine),
high pore pressures should be restricted to a small
in the reinjection ares with perhaps a gra-
dual pressure dissipation alcng the natural outflow
path to the north-east. The present hydrological
medel for the reservoir suggests that this natural
outflow path has been well traversed by geothermal
fluids in the past (producing low resistivity, and
a saries of hot springs down the Ckoy Valley).
These fluids have probably weakened the rock by
hydrothermal alteration and reduced its capacity
to store stress. Therefore earthquake swarms NU-
grating down the outflow path will probably display
the same high p-value in their fﬁty-ﬂagmtxﬂe
distribution. As long as inject IS main
therefore, there is no reason at present to believe
that the relative frequency of
will change. However, in one case of mject].on
induced seisnicity into a non-geothermal reservoir
(Healy et al, 1968), a significant reduction in
b-value (to 0.6) occurred after cessation of in-
jection which resulted in several large earth-
quakes of magnitude about 5. For this reascn
will be important to menitor the magnitude~
frequency distribution of the Puhagan earthquakes
to observe any trends with time,

it

HARMONIC TREMOR

Several seismometers installed in Tongonan and
at k3 in southem Negrog have recorded intermit-
tent harmonic tremor with frequencies between 1.6
and 6 hz. These tremors arrive as individual
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pulses regular streams of pulses or continuous
i with amplitudes up to 10 mm (amplifica-
tion of 28 000), and are characterized by their
emergent arrival,
velopes (fig, 13).
vibrations (for example during a typhoon), passing
vehicles radio transmissions bulldozers and foot-
steps can easily be distinguished from the tremor.

DISTRIBUTION OF HARMONIC TREMOR WITH TIME
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In Tongonan, the tremors were first detected in
January 198}, and have been a regular feature of the

Admin statim seismograms., Here the freg is
consistent, aft 2.5% 0.1 hz, and a histogram of the
hourly distrititicn of their occurrence shows a

strong correlation with daylight hours, which sug-
gests that a significant proportion of the tremor
IS samehow stimulated by cultural sources. However,
sane tremor episcdes cccur late at night and on non-
working days when normal background cultural mise,
with more variable frequency and amplitude, IS neg-
ligible. Similar behaviour was observed at
TGE1l statim (2.15 km fran Admin in the Bac Valley).
The same £ (2.5 hz) and similar amplitudes
cbserveq but the arrival times of individual
Lgeg were not consistent at the two stations.
This suggests that the tremor source iS localized
and It's amplitude attenuates rapidly with distance.
But the same type of mechanism appears to be res-
ponsible for the tremor at both sites. A hi h
speed seismograpn, installed at Mamban, whicl
relatlvely free from cultural noise, recorded ha.r—
monic tremor malnly during daylight hours with a
frequency Of 4 ©0 5 hz. At Well 403 in the Mahiao
sector, which is also a quiet site harmonic tremors
with frequencies of 1.6, 2.5 and 6 hz were occa-
sionally recorded at irregular intervals. Tramor
was also cbserved at the project campsits, with a
frequency of 4 to 5 hz but not at %ell 408 or
Kabintan.
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In Southern Negros OK3 is the only station that
has detected harmonic tremor. It was first ob-
served in February 1983 but became more frequent
from June. The frequencies vary from 3 to 5 hz and
form pulses chains of pulses or continuous tramor
for several hours. The histogram of occurrence time
shows no significant correlation with daylight
hours. but the tremors are not

quakes with similar amplitudes (at OK3), are well
recorded. This also suggests that the tremar
source is very local, and attenuation is rapid.

A postulated mechanism for this phenamenon of loca-
lized harmmonic tremor is the pressure driven out-
flow of geothermal fluids through near-surface
fractures. Aki (1981) has described a mechanism
for deep tremor cbserved at Hawaii, in terms of
vibration of a crack filled with magma, driven by
excess magmatic pressure. In his stationary type
model, the liquid filled cracks are constrained at
lock points which open under pressure and set off
vibrations with a resonant frequency related to
the length of the crack and the acoustic velocity
of the fluid medium. High frequency vibrations
(25 hz to 15 hz) caused by fluid injection have
also been observed during hydraulic fracturing
experiments for the hot dry project in Los Alamos
(Potter and Dennis 1974). It was suggested that
the decreasing frequency related to an increasing
length of the stimulated fracture. If this postu-
lated mechanism is valid the length of the cons-
trained resonating fracture can be calculated
using 2L = V.T where T is the period of oscilla-
tion, and V is the acoustic velocity in water (1.3
k' s at 200°C). Fracture lengths of 100 to 250 m
are indicated. If the moving fluid is at tempera-
tures close to the boiling point, then pressure
changes during the vibration could induce periodic
flashing and sudden expansion which would contri-
bute substantially to the amplitude of the resulting

In Tongonan geochemical evidence supports hydrolo-
gical models that postulate large sub-surface out-
flows of geothermal fluid (Lovelock 1982). Recent
hydrothermal eruptions in the Bao Valley, near TGE],
convincingly demonstrate that this fluid (near the
surface) is at temperatures close to boiling point
for depth. A wide network of faults connects the
Mahiao and Bao Valleys (fig. 1), and so a dynamic
model of fluid movement along these structures
stimulating localized episodes of harmonic tremor,
appears reasonable. However, the observed correla-
tion of occurrence time with daylight hours intro-
duces some doubt into this explanation. At OK3 in
Southern Negros the tremor episodes are suggested
to be related to the over-pressuring of the rein-
jection area with large volumes of fluid which
may be forcing higher sub-surface flow-rates down
the natural outflow path of the Ckoy Valley, and
thereby stimulating harmonic tremor within loca-
lized fractures.

ACKNOWLEDGMENT

The authors express their gratitude to the
management of Philippine National Oil Company,
Energy Development Corp., and KRTA Ltd., for their
support, and for granting permission to publish
this paper.

REFERENCES

Acharys, H.K., Aggarwal, Y.P. (1980) "Seismicity and

Tectonics of the Philippine Islands" Jnl. of

Gecphysical Res. Vol. 85 no B6.

K., Koyanagi, R. (1981) "Deep Volcanic Tremor

and Magma Ascent Mechanism Under Kilaues,

Hawaii." Jnl. Geophysical Res. Vol. 86 no.

BS.

Bki, K. (1965) "Maximm likelihood estimate in the

Formula, logN= a-bM and its confidence limits"

Bulletin Earthquake Instituts, Vol.

Akd,

43.
Healy, J.H., Rubey, W.W., Griggs D.T. Raleigh
«.C.B. (1968) "The Denver Earthquakes" Science,
Vol. 161, No. 3848.

Lovelock, B.G., Cbpe\. D.M., Baltasar, A.J. (1982)

Majer, E.L. McEvilly, T.V. (1979) “"Seismological

investigations at the Geysers geothermal
field" Geophysics Vol. 44, No. 2.

Potter; R.M., Dennisg B.R. "Seismic and Fluid
response from a series of hydraulic fractures
in granite" Eos Trans AGU 55 431, 1974.

Raleigh, C.B., Haaly, J.H., Bredehceft, J.D. (1976)





