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By Bartolome C. Bautista,' Ma. Leonila P. Bautista,' Ross S. Stein,? Edito S. Barcelona,! Raymundo S.
Punongbayan,! Eduardo P. Laguerta,' Ariel R. Rasdas,' Gemme Ambubuyog,! and Erlinda Q. Amin'

ABSTRACT

The spatial and temporal proximity of the 1990 M, 7.8
Luzon earthquake and reawakening of Mount Pinatubo in
1991 hints at the possibility of a relation between the two
events. Composite focal-plane solutions for preeruption and
posteruption microearthquakes, fault plane solutions for
M>5 syneruption events. and information about the local
and regional faults suggest that movement along these
regional faults preceded, accompanied, and followed the
major eruption of Mount Pinatubo in June 1991.

Changes in Coulomb failure stress along faults of the
Pinatubo area. as a result of the Luzon earthquake, were on
the order of 0.1 bar and probably were not a cause of
Pinatubo's reawakening. However, compressive stress on
the magma reservoir and its roots was about 1 bar, possibly
enough to squeeze a small volume of basalt into the overly-
ing dacitic reservoir. Alternatively. strong ground shaking
associated with the Luzon earthquake might have done the
same or triggered movement along previously stressed
faults that in wrn allowed magma ascent.

INTRODUCTION

When Mount Pinatubo reawoke in 1991 from a 500-yr
slumber. many scientists asked, “Was the 1991 eruption
triggered by. or otherwise related to, the M, 7.8 Luzon
earthquake that had occurred on July 16, 19907 One way to
address this guestion is through the study of earthquakes
that occurred after the July 16, 1990, Luzon earthquake and
before, during, and after the big eruption. To test for a rela-
tion, we asked:

1. Did aftershocks of the 1990 Luzon earthquake occur at
and near Mount Pinatubo?
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2. How did seismicity that led to. accompanied. and fol-
lowed the eruption relate to local and regional faults and
to pre-1990 seismicity?

3. Was predicted stress change at Pinatubo from the July 16
earthquake of a sense and magnitude that might have
triggered magma ascent?

REGIONAL AND LOCAL STRUCTURES

Mount Pinatubo is a part of the Luzon arc. whose vol-
canism is related to the activity of the Manila trench. located
about 120 km west of the volcano (fig. 1). The trench is a
product of the active subduction of the South China Sea
Plate beneath Luzon island. Convergence is roughly east-
west.

The northwest-trending. left-lateral Philippine fault
passes northeast of Mount Pinatubo. and on July. 16. 1990. a
125-km-long segment of this fault ruptured and produced a
M, 7.8 earthquake. The epicenter of this earthquake was
about 100 km northeast of Mount Pinatubo.

Closer to Mount Pinatubo, de Boer and others (1980)
suggested a northwest-trending Iba fracture zone, possibly
related to differential movement of segments in subduction
beneath the Manila trench and Zambales Province. Delfin
(1984) mapped a local structure, the Maraunot fault (fig. 1).
that is probably an extension of the Iba fracture zone
beneath Mount Pinatubo. The Maraunot fault trends
N.30°W, and generally follows the trend of the Maraunot
River and the thermal springs (now covered by the 1991
deposits) on the northwest flank of the volcano.

A northeast-trending lineament of comparable geomor-
phic expression, here called the Sacobia lineament, was dis-
covered from SLAR imagery in 1991 (Newhall and others.
this volume). Subparallel to the Sacobia lineament and <1
km to its north, having a shightly more northerly trend, was
a 3-km-long. northeast-trending fracture that opened across
the north face of Mount Pinatubo during the initial explo-
sions 1 April 1991 (Ewert and others, this volume). Exten-
sion across the latter fracture occurred on April 2 bul

apparently not thereafter. tape measurements  of a
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Figure 1. Regional tectonic
setting of Mount Pinatubo. PFZ,
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quadrilateral across the fracture from May 1 to May 30 did
not detect any additional movement along this fracture
(Ewert and others, this volume). The Maraunot fault and the
Sacobia lineament intersect at Mount Pinatubo.

Delfin (1984) described a subcircular caldera that fully
enclosed the pre-1991 Pinatubo dome. The caldera, now
termed the Tayawan caldera, measures 4.5 km by 3.5 km
and is believed to have been formed >35,000 yr B.P.
(Newhall and others, this volume). Delfin (1984) postulated
that formation of the Tayawan caldera by “piecemeal and
chaotic™ collapse resulted in an ill-defined caldera wall.

A new, 2.5-km-wide caldera formed during the June
15, 1991, eruption. Clearly, this structure was not involved
in preeruption seismicity; it might have been involved in
syneruption and posteruption seismicity. Blocks may have
collapsed along ring faults, or, alternatively, collapse may
have been in such small pieces that no major faults formed.

METHODOLOGY

Earthquakes that occurred in the Pinatubo area during
1991 and 1992 were recorded digitally from the local PHI-
VOLCS-USGS telemetry network (Murray and others, this
volume; Lockhart and others, this volume). The PCEQ
picking program of Valdes (1989) was used to obtain the
phase arrival times of the events, initial motions of the pri-
mary waves (P-waves). and duration and quality of the
arrival times. A PC version of the Hypo71 location program
(Lee and Lahr, 1975; Lee, 1989) was also utilized to obtain
hypocentral locations of events, magnitudes and other

parameters such as quality and fitness of the determination,
and focal mechanism parameters including take-off angle,
azimuth of station, and polarity of the P-wave initial
motion.

We plotted hypocentral data on maps and sections,
together with digitized topographic and geologic data, in
order to determine the spatial distribution of seismicity and
possible correlation with local structures in the area. Sepa-
rate maps were drawn for preeruption seismicity (fig. 2) and
various clusters of posteruption seismicity (see fig. 6).

We tried to plot double-couple focal mechanism solu-
tions of individual events but found it difficult to obtain
well-constrained focal mechanism solutions, owing to the
very small number of seismic stations. Instead, we wrote
software (Bautista and Narag, 1992) that will read the print
file (PRT) output of Hypo71pc and display composite first-
motion plots (upper hemisphere stereographic projection)
for every cluster of seismicity. We then used the known
fault geometry of Newhall and others (this volume), supple-
mented by any linear patterns of epicenters, to select the
most likely nodal planes.

Uncertainties in composite focal mechanisms are high,
because they require an assumption that earthquakes used in
the composite originated from the same source region and
have similar mechanisms (Rivera and Cisternas, 1990).
With small-magnitude earthquakes (M<2.5). there 1s a pos-
sibility that events may represent deformation due to com-
plex interaction of small faults and not from deformation
caused by the regional stress field (Zoback, 1992). There is
also the danger that events with two differing mechanisms
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may be combined and may result in an erroneous third
mechanism. We would have preferred, of course, to have
had simultaneous recording of single events at many sta-
tions and thus to have avoided use of composite mecha-
nisms. However, small events and the limited network were
all that we had.

To minimize the previously mentioned uncertainty, we
designed plotting software in such a way that the spatial
(latitude, longitude, and depth range) and time sampling
range can be iteratively varied. This allowed us to observe
how the mechanism of events was varying spatially as the
sampling window was moved within the cluster being ana-
lyzed and also how the mechanism was changing through
time. By plotting only events with impulsive first motions,
we minimized the possibility of plotting incorrectly read
first-motion polarity. Then, to prevent events with errone-
ous azimuth and take-off angles from obscuring the com-
posite plots, we filtered out events with >1-km horizontal
and >2-km vertical errors and >0.5 root mean square (rms)
in hypocentral location. Any differences in mechanism
between large and small earthquakes were also examined by
varying the magnitude range.

The best-fit solutions were then manually correlated
with mapped structures and linear features in the distribu-
tion of hypocenters, and the most likely nodal planes were
selected. The program was then rerun, and events that did
not fit the solution were discarded. The inconsistency ratio
(Xu and others, 1992). an expression of the fitness of the
solution, was then computed. Small inconsistency ratios
(<0.3) indicated a reasonably reliable solution. Theoretical
analysis of stress change at Mount Pinatubo resulting from
the 1990 Luzon earthquake was by the method of Stein and
others (1992).

LUZON EARTHQUAKE AFTERSHOCKS
NEAR PINATUBO

Most aftershocks of the Luzon earthquake were con-
centrated north and northwest of the epicenter, and only six
apparent aftershocks are known to have occurred in the
Pinatubo area (table 1) (Bautista and others, 1992). A few
hours after the M, 7.8 mainshock of the July 16, 1990,
Luzon earthquake. an M 4.8 “aftershock™ occurred about 10
km southeast of Pinatubo’s summit dome. The precise loca-
tion is not known: uncertainty in National Earthquake Infor-
mation Center (NEIC) locations for this area is about £15
km (W. Person, USGS, oral commun., 1991). During the
following days, several other earthquakes were recorded
and felt around the volcano (table 1). Three weeks later, a
nun who was working with the Aeta minority group of
Zambales reported rumbling sounds and a landslide mea-
suring about 2-3 ha on the upper northwest face of the vol-
cano (Sabit and others, this volume). The rumbling sounds
and landslide were attributed to aftershocks of the tectonic

Table 1. List of earthquakes around Mount Pinatubo area
immediately after the July 16, 1990, Luzon earthquake.

[Local ume = G.m.t. + 8 h, NEIC, National Earthquake Information Cen-
ter, USGS. Denver, Colo . PHIVOLCS, Philippine Institute of Volcanology
and Seismology. Quezon City, Philippines; 33 km s a NEIC default for
crustal depths]

Time Coordinates 3 Depth Data
Dase ({Gm.t) flatlong) Magmmyile fkl?] ) SOurCe
7/16/90 0825 15.46N/120.76E 4.6 33 NEIC
7/16/90 1015 15.11N/12041E 4.8 33 NEIC
7/22/90 0221 13.38N/12061E 43 33 NEIC
7/23/90 2025 15.39N/120.63E 3.0 6 PHIVOLCS
8/8/90 1938 15.16N/120.52E 44 10 NEIC
8/26/90 1058 15.29N/120.40E 36 6 PHIVOLCS

earthquake (Ramos and Isada, 1990). However, the geo-
graphic distance of events in table 1 from the mainshock
and from most other aftershock activity suggests. alterna-
tively, that they might have been earthquakes akin to those
triggered in distant volcanic areas by the M 7.4 Landers
earthquake, apparently by transient interaction of seismic
waves and previously stressed faults, especially in the pres-
ence of pore water or magma (Hill and others, 1993).

COMPOSITE FOCAL MECHANISMS
PREERUPTION SEISMICITY

In early April 1991, in response to reports of unusual
activity, PHIVOLCS installed a small network consisting of
four portable digital seismographs and found an epicentral
cluster located approximately 6 km northwest of the summit
dome (Sabit and others, this volume). A network of 7 tele-
metered seismometers was installed during late April and
the first week of May (Lockhart and others, this volume),
and results from the first month of telemetry data confirmed
the same northwest cluster (Power and others, this volume;
Harlow and others, this volume) (fig. 2). Then, from May
27 to June 5, 1991, another cluster of hypocenters devel-
oped 1 to 4 km below the volcano summit (fig. 2). Seismic
activity in the northwest cluster slowed but did not stop
entirely. Meanwhile, seismicity below the summit intensi-
fied (Power and others, this volume; Harlow and others, this
volume).

A comparison of focal mechanisms from the northwest
and summit clusters could help us understand their origins
and explain why only the summit cluster culminated in an
eruption. Figure 3 is a composite first-motion plot for
events of the northwest cluster, excluding those with emer-
gent onsets and those whose solutions did not fit a prelimi-
nary match of solutions and known faults. The sampling
window and other parameters used n the plots are di
played at the left of the figure. Because this cluster
bisected by the northwest-trending Maraunot fa.
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N
LATITUDE 15.16 N T0 1S.175 N
LONGITUDE 128.38S E T0 128.32 E
MAGNITUDE -1 T0 6
DEPTH 3 s, TO 7 KnS
HAX. ERH = +/- 1 XS
MaX. ERZ = +/—- 2 KNS
MAX. RMS = .S

DATE (FROHM 918586 TO 918612 )

NO. OF FIRST MOTION DATA = S55
NO. OF PLOTTED EVENTS = 155
NO. OF DISCARDED EVENTS = 45
INCONSISTENCY RATIO = 8.22

Az, DIP, SLIP OF WPi= 142 72 -24
f#Z, DIP, SLIP OF NP2= 248 67 2B

Figure 3. Focal mechanism solutions for 155 preeruption earthquakes in the northwest cluster (see fig. 2). Plots are upper hemisphere
stercographic projections. P. axis of maximum compressional stress: T, axis of minimum compressional (maximum tensional) stress. N,
geographic north. NP1, first nodal plane: NP2, second nodal plane: ERH. horizomtal error: ERZ, vertical error; RMS. root mean square.

(Delfin.1984: Delfin and others. this volume), we
constrained the first nodal plane (NP1) in figure 3 to be par-
allel to the fault trend (azimuth about 142°), with a steep
trial dip of 72° northeast. Interestingly, the plane cuts
through the two clusters of station first-motion plots with
highly mixed polarities. Mixed polarities are commonly
observed when the location of the station is aligned with the
trend of the causative fault. However, points outside these
clusters have either negative or positive first motions, in an
interpretable patiern. Tentatively, we infer left-lateral strike
slip along the northwest-trending Maraunot fault, with the
maximum and minimum stress axes oriented east-west and
north-south, respectively.

Figure 4 is a plot for the summit cluster. In figure 4, all
six station clusters showed highly mixed first-motion polar-
ities. Thus, events of the summit cluster have diverse mech-
anisms, which are characteristic of earthquakes resulting
from magmatic intrusion.

SYNERUPTION SEISMICITY

The major explosive eruptions of Mount Pinatubo
started on June 12 and peaked on June 15. Starting June 12,
the remote stations of the seismic network began to fail
from thick ash fall and pyroclastic flows. Only two seismo-
graphs on Pinatubo's east slope (PIEZ and CABZ)
remained 1n operation until the start of the climacuc

eruption on June 15, and, by 1415 on June 15. only CABZ
remained.

Starting at about 1530 on June 15. quakes began to be
felt one after another at Magalang. Pampanga, located about
30 km east of the volcano. Signals recorded by most of PHI-
VOLCS national seismic stations were saturated with erup-
tion signals and thus failed to give good P-wave arnval data
for epicentral or first-motion determinations. Fortunately.
the NEIC was able to determine the epicenters of 32 events
during the June 15-16 period by using data from participat-
ing seismic stations in the world. including those from the
Philippines. All events could have been within 40 km of
Mount Pinatubo. The biggest of the June 15 events occurred
at 1915 (M, 5.5).

NEIC determined focal mechanisms of the seven larg-
est events (1539, 1841, 1911, 1915, and 2025 on June 15:
0348 and 0358 on June 16). Six of these events (all but that
at 0348 on June 16) had predominantly strike-slip move-
ment (fig. 5) with a minor vertical (normal or reverse) com-
ponent. The event at 0348 on June 16, however. was normal
faulting with a large strike-slip component. All events were
poorly constrained because of the sparsity of the data and
because first-motion reports were mostly emergent in
nature. In addition, for NEIC to make rehable teleseismic
fault-plane solutions, earthquakes generally need 10 have
magnitudes of at least 5.8.

These results, although poorly constrained. suggest
that the largest quakes on June 15 were strike-shp events
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LATITUDE 1S5.14 N T0 15.16 N
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Figure 4. First-motion plots for 100 preeruption earthquakes in the summit cluster (see fig. 3). Upper hemisphere projections; conven-
tions as in figure 3. Emergent first-motions removed. No consistent focal mechanism determined.

consistent with the east-west maximum regional stress. This
also implies that regional tectonic adjustments accompanied
and immediately followed the caldera-forming eruption.
Apparently, tectonic adjustments occurred in response to
the abrupt drop in pressure inside the magma chamber.

Contrary to our interpretation at the time and some
interpretations elsewhere (for example, Filson and others,
1973: Hirn and others, 1991), the largest earthquakes were
not due to caldera collapse. Among the largest earthquakes,
only the 0348 event on June 16 might have been a collapse
event, but independent stratigraphic evidence (W.E. Scott
and others, this volume) suggests that collapse began in the
late afternoon of June 15. However, there were also many
smaller earthquakes that were difficult to locate and whose
first motions are difficult to decipher because of an emer-
gent character of the waveform, and some of these quakes
could have been associated with caldera collapse.

POSTERUPTION SEISMICITY

After restoration of the seismic telemetry network (by
June 29). we noticed a shift in locations of seismicity rela-
tive to preeruption sources. Earthquakes were distributed
over a wide area outside and away from the active volcanic
center (Mori, White, and others, this volume). Seven promi-
nent posteruption earthquake clusters, labeled A-F, are
shown in figure 6.

Cluster A—Northwest Cluster—A cluster of earth-
quakes (A, fig. 6) occurred northwest of Mount Pinatubo
but slightly south and deeper than the preeruption northwest
cluster. We cannot say whether this shift is real or is due to
the change in the configuration of the newly restored net-
work. However, the large change in the hypocentral range
and the presence of a deeper clusters of hypocenters suggest
to us that the shift was real and that earthquakes were occur-
ring in a new source zone.

The absence of a station northwest of Pinatubo in the
new network increased uncertainty in first-motion solu-
tions, especially that for cluster A. Of several solutions that
we tried, that which gave the lowest inconsistency ratio (fig.
7) has one nodal plane bisecting the two first-motion clus-
ters with mixed polarities and implies strike-slip motion
with a moderate amount of normal slip. The maximum
stress axis is oriented east-northeast. Mechanisms of earth-
quakes with M<] gave the same solution as those with
M>1.

Cluster B—Summit Cluster—The preeruption summit
cluster was still present after the eruption but was tightly
concentrated in a small area close to the southwest rim of
the new caldera (B, fig. 6). Figure 8 is the first-motion plot
for the posteruption summit cluster. As during the preerup-
tion period. the earthquakes in this cluster show very
diverse mechanisms, and no predominant mechanism can
be recognized from the first-motion plot.
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Cluster C—East-northeast Cluster—The most pro-
nounced cluster of all (C, fig. 6), developed 2 to 3 km east-
northeast of the new caldera between 0 and 5 km depth.
This cluster completely masked the location of the northern
trace of the Tayawan caldera, the northeast-trending frac-
ture zone that formed on April 2, 1991, and that part of the
Sacobia lineament (Newhall and others, this volume) that is
just northeast of the 1991 caldera.

Starting August 25 (and especially after September 9).
1991, there was a noticeable shift in the polarity of first
motions at several stations that suggests a change of mecha-
nism. In figure 94, we eliminated all events after this shift
and found a strike-slip solution with east-west compression.
After August 25, the solution shifted slightly (fig. 9B).

The above results indicate that right-lateral movement
along one or more northeast-trending faults was responsible
for this cluster. Some of that movement might have been
along the fracture that opened on April 2, 1991, but it 1s
unclear why there was no seismicity along this feature
between April 5 and the June eruptions. Alternatively.
movement might have been along the Sacobia lineament
(fig. 6).

Cluster D—Southeast Cluster—About 5 km southeast
of the 1991 caldera rim. another dense cluster extends from
7 te 15 km in depth (D, fig. 6). If we view this cluster in
east-west cross section, as is also shown n figure 6, the out-
wardly dipping structure resembles a dike that, if projected
toward the surface. intersects the southeast trace of the
Tayawan caldera. If this activity is related to the movement
along the old caldera ring fracture. it apparently was limited
to a short segment of that ring fracture, unlike movement
along the whole ring structure of Rabaul caldera. Papua
New Guinea (McKee and others, 1984: Mori and McKee,
1986). The focal mechanism for this cluster 1s not well con-
strained but is probably normal faulting with a small strike-
slip component (fig. 104) or pure normal faulting (fig.
10B). Choosing nodal plane 1 in figure 10B as the fault
plane (strike 1957, dip 60°W.) will make it consistent with
the spatial trend of the earthquake cluster.

Cluster  E—South-southeastern  Cluster—Another
prominent cluster 1s located approximately 7 km south-
southeast of the 1991 caldera. in the shallow depth range of
0to 4 km (E, fig. 6). There are at least three possible solu-
tions for this cluster. One possible solution 1s a strike-slip
mechanism (fig. 11A4) with P-axis oriented east-west. The
second solution (fig. 118) is movement along an east-north-
east striking normal fault. The third solution (fig. 11C) 18
also along a normal fault, but this time the strike 18 north-
northeast. We have no basis on which to choose any one of
these solutions over another, except to say that the first is
the most consistent with mechanisms observed in other
clusters

Cluster F—Northeast, Clark Air Base Cluster—The
Clark Air Base cluster (F, fig. 6) consists of events that were

scattered along a northeast-trending elongate area about 15
km northeast of the summit. Most of the earthquakes in this
cluster were felt at the Pinatubo Volcano Observatory on
Clark Air Base. Figure 12 shows a strike-slip solution with
maximum stress axis oriented close to east-west. The above
result suggests right-lateral movement along a northeast-
trending fault, probably that seen as a strong lineament in
SLAR imagery of the Sacobia River (fig. 4 of Newhall and
others, this volume).

Starting in January 1992, the character of seismicity at
Pinatubo changed (fig. 13). The activity in some of the clus-
ters that were very active in 1991 diminished. In contrast.
the seismicity at the summit cluster further intensified
before and during growth of a dome in July—October 1992
(Ramos and others, this volume). and again at the time of
this writing (February-May 1994).

THEORETICAL ANALYSIS OF STRESS
CHANGE RESULTING FROM
1990 LUZON EARTHQUAKE

The magnitude of stress changes resulting from the
Luzon earthquake 1s shown in figure 14 (Coulomb stress
change). For an assumed coefficient of friction of 0.4, the
rise in Coulomb stress would have been between 0.1 and
0.2 bar along opumally oriented faults of the Pinatubo area
(thrust faults striking north-south and dipping 25-35°E. or
30—40°W.; vertical strike-shp faults striking N.25-35°E
and N.25-35°W. This is one order of magnitude higher than
tidal stress and somewhat lower than that thought to have
riggered aftershocks of the Landers earthquake at a compa-
rable distance (Stein and others. 1992).

In contrast, volumetric stress change (fig. 15) would
have subjected Pinatubo to a 1-bar increase in compressive
stress. This 1s about 50 times the daily tidal pressure
change.

Were such changes in Coulomb or volumetric stress
sufficient to trigger magma ascent beneath Pinatubo? We
know of no well-defined threshold of stress change that can
be said to trigger magma ascent. Empirically. there are a
number of instances of eruptions shortly after large regional
earthquakes (some are histed in Newhall and Dzurisin,
1988), so we think that a threshold can, apparently. be
exceeded. We can imagine that an increase in compressive
stress might have squeezed magma upward. either from the
main reservoir into the overlying volcanic edifice or from a
deeper, possibly disseminated reservoir of basaltic magma
into the base of the main daciue body. The first of thesc
cases was suggested by Nakamura (1971), though ques-
tioned by Rikitake and Sato (1989). The small diameter of
Pinatubo’s conduit (approximately 100 m: Hoblitt, Wolte.
and others, this volume) relative to the diameter of the
magma reservorr (about 5 km, Mori, Eberhardt-Phillips. and
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AZIMUTH PLUNGE = AZIMUTH PLUNGE AZIMUTH PLUNGE
P oaxls 2627 16 Pazls 163.9 4.2 9.0 0.0
T nzls 172.0 23.2 T axis 171.9 6.0 9.0 0.0
B axis 356.5 66,7 B anls 2.4 63.6 0.0 20.0
X nxis 219.8 17.4 X axls 121.0 1.2 54.0 0.0
Y axbs 125.0 15.0 Y azxis 125.0 15.0 144.0 0.0
215.00 75.00 162.00 215.80 7500 158.00 134.00 $0.00 -180.00
309.81 72.63 15.73 310.97 68.79 16.12 324.00 90.00 0.00

N H
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6/15/91 LUZON, PILLIPPINE 1S. &/15/91 LUZON. PILLIPPINE IS.

12:25:30.4 50 mb 19:48:53.5 5.0 mb
AZIMUTH PLUNGE AZIMUTH PLUNGE

P ozks 85.1 16 P axks 24.0 50.8

T asls 176.2 34.7 T azls 330.9 24.1

B azls Js2m 55.2 B nzis 226.5 28.9

X axks 226.1 225 X azgh 13.9 56.8

Y axty 1256 250 Y azils 178.0 15.0

215.00 €5.00 135.00 218.00 75.00 -120.00

316.15 67.48 27.23 103,85 33.23 -28.19

N
E
6/15/91 LUZON,PIILIPPINE IS. Figure 5. Focal mechanism solutions for seven
19:58:35.1 4.9 mb syneruption earthquakes. Data and solutions from
P azls Az‘;:‘&"" PLU?ff National Earthquake Information Center, USGS.
Toshy 170.2 i3 Times are G.m.t; local time=G.m.t. plus § h. Except
J‘llnis 2953 69.8 for the event at 1948 G.m.t., all other events were
axis 330 18 ke-cli 5 = “
Y azts ie e fslnke slip events along northwest- or northeast-trend
ing faults.
214.00 70.00 183.00
112.97 8718 33097
N

400 = CONPRETHONAL
X + # = DILATATIORAL
o = NopaL
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LATITUDE i5.1S N T0 15.i7 N
LONGITUDE 128.27S E T0 128.325 E
HAGNITUDE -1 T0 6

DEPTH 5 NS. TO0 15 MiS

MAY,. ERH = +/— 1 1018

MaX. ERZ = +/- 2 MHS

mn m i I5
DATE (FROM 918627 TO 941231 )

NO. OF PIRST MOTION DATA = 511
NO. OF PLOTTED EVENIS = 98
NO. OF DISCARDED EVENTS = @
INCONSISTENCY RATIO = 8.88

#Z, DIP, SLIP OF WPi= 195 85 45
@z, DIP, SLIP OF NP2= 188 45 -7

Figure 7. Focal mechanism solutions for posteruption cluster A. Conventions as in figure 3.

LATITUDE i5.125 N 10 15.15 N
LONGITUDE 128,325 E T0 128.36 E
HAGNITUDE -1 T0 6

DEPTH i 8. TO 6 MHMS

HaX. ERH = «/- 41 1@

MHa¥X. ERZ = +/- 2 1018

HaxX. 8 = .5

DATE (FROM 918626 TO 911231 )

NO. OF FIRST MOTION DATA = 374
NO. OF PLOTTED EVENTS = 83

NO. OF DISCARDED EVENTS =
INCONSISTERCY RATIO =

Figure 8. First-motion plot for posteruption cluster B. Conventions as in figure 3 No consistent mechanism emerged




365

FLT A THSSTIE O REGICR AT ANIVLOCAL STRUCTURES 10 MOUNT PINATUHRO ACTIVITY

CGEOMTHEY S0 AT T SREST

fad

Th =
= 42
=08
8.68

. OF PLOTTED EVEN
NO. OF DISCARDED EVEN
INCONSISTENCY RATIO = B.

®0. OF FIRST HOTION DATA
NO T8

OF FIRST ROTION PATA = 246

OF PLOTTED EVENTS = 42
IRCONSISTENCY RATIO = B.88

@Z, bIP, SLIP OF
AZ, DIP, SLIP OF

NO. OF DISCARDED EVENTS = @

HO.
HO.

Az, DIP, BLIP ©

ml

¥

ZZ8 48
128 @2

WP1=

DIP, SLIP O

Fignre 11 Contimined

. OF FIRST ROTION
. OF PLOTTED

DEPTH
WA,
HAX.
HAX
DATE
WO

HO

= 248
1

=4
8.89

HO. OF FIRST ROTION DATA
s
AZ, DIP, SLIP OF WPi= ]

NO, OF PLOTTED BVEH
N0 . OF DISCARDED EVEN
IRCONSISTEMCY RATIO =

OF DISCARDED

INCONSISTENCY RATI

K.

DIP, SLIP OF NPF2= 265

nzl

68
338

DIP, SLIP OF NMP2=

#Z, DIP, S8LIP OF WP1=

ml

Figure 11.  Three posable

Wi

i heare 5 Nonge ane

st

SRR

st BoConventr

posterption v

T or

mcchomesm solutions £ Hoan

bl

vil o

nhaery

tenl st mechansme

Sl the sinkoe i s

AT A

woin figure 3

s salitions Tor pesteraption cluster 1 Conventinns

Fipnre 120 Foaab med?



e snepd e g
BT T T R S T N H EE L | RS T ST ST SRS b g ] By b ] st s e gl Aty

dm
urog
Bs GF SF =zJM 40 4115 °‘dId@ "2V
Bs- @9 S6F =TdN 40 JIIS 'dI@ ‘Z¥
88°8 = OIIW :Ew-gu
@ = BIMENT @HTYVISIA 40 °
Ef = SLMINY GHLLOT J0 oz
@8 = YIYQ NOILOW ASHIA J0 O
¢ TEZTT6 OL go .BN—M_ HLed
Sl T |\¢ = Zya .xc:
S0 & —se = HHE "XUM
G SY 01 "8 S HLLEd
9 o4 T— JTCNRL LW
g C6E'@ZY O 3 SLE'BZT AN ISNROT
M SZT'ST OL M TT°SE HANLIAWT
M
dn
uRog =
62- EE S8 =2dM 40 dITS ‘dIG ‘2¥
19 G2 ©8z =1dN 40 JIT8 'di€ ‘2V
89'0 = OILY ADNILSISHOOIMI
@ = SINENT QAQUVOSIC 20 'ON
€6 = SINIENT GRLLOTS A0 “OM
BEE = YIYC WOILOW 1SMId J0 "OW
{ TEZFL6 0L 929ET6 HOULd) w.—.cn
€ = S
GO ¥ -+ = 23 xc-_
S S —v+ = A “HUY
M ST 0L “SMN S HIIA
9 0L T- ZANA 1 M3YH
g C5E'@8ZT Of T GLE'E@ZT  JANLTSN0T
M GZT'SY OI M TSI FJANLILIE]
W
IR ALEATT 0 0T LA S D s O DD ST L B LS IV RPN VSO i 0 SOOI

IR TITRR R R T PR NI / TR S HLA] 3 IS ST W STES IR s s pardde BT R TR LY

TR P R Rt LU C SRR T .:_i; WS SUOIa Ay IS e g spopd aesiorg i ey proe poone- s g aandng

Z. B @9 =ZdM 4o J17S ‘dI0 ‘2
@ S5 BEE =TdM 40 JIT8 "dI4 ‘2Z¥

= 011y AJWELLEISMOONI

@ = BINENT (RQUVISIE 40 "ON
89 = SLMENA @ELILOMd 40 " ON
PEE = UIWI WOILOM I8MIA 40 "ON
ba

( TEZTT6 OL SZB8T6 gv a1
§° = 5 v
B 2 -/ = ZHE "HVH
B T -se = HHE “HUH

B B oL SOV HELAT

9 0L T- FCRLIKIVHY

g P'EZT OF 3 GE°GZT HAMLISN0T
MSLE'ST OF MNSPE'ST EENATIVE

PI- BL BEZ =Zd4M 40 4118 °diQ 'ZV
6T %L SZE =UdH 40 dI1I8 'did ‘ZY

= 011 AJMELLSEENGIUI

B = SLENT CICHWISIA 40 "OW
4Z = QLGN @RLLOT 40 °OH

99T = ViYd WOIioM ISHi4 40 " OM
v

({ SZBOT6 OL 9Z238T6H MWOHd) 31
S = B W
SO Z -+ = 2 "MW
S T -+ = HE XY
8 O Bl ¥ HLIAA

IS TN IV OIS AU R Y 9y



GEOPHYSICAL UNREST

' AIN3I] UT UMOYS IE SU0NIAS5 01 (9 '81)) J 12152 vonduaisod ul
PUE (1IA0IT JWOP PIAIUDI YILM PIIRIDOSSE) LIDPIED DI JLIU IO YIEOU] SEM ATIDIWSIIS 76| 1S0W 1RYI 0N "G 0SSINY ALY UMOLS SIUIA [V '1U3A 3yl 1€ S1 AP 0197 "SUOLDIS 8040
ur umoys a3e Yudap ur wy ¢ v g wolp A Tmaia dew ut umoys 218 Yidop ur WY ¢ 01 () WOIJ SUIAT 'THE | JeqWRda—AIeNuER[ ‘oqNIEUld JUNOJA 13U pue e ADIUSeS g1 aandyg

+H0'E
+0'c L
O o
+
SAMTNLINOYI
_Zu_: JONVISIA L Lo i —1 L {3 _| i .-._..w.l.i-. TES N = Y I S E
(3 CO oS . SN R+ N +1 I 6 9 v 0 ! . e it L ey
| (IR TR T . ) ; - WY €
01— g
ac
z _ -t
6 “ o
[ 4 |
. | _
e e I i ek Tl et e 0 & # ' _
_ \
A M /
(WM) AINVISIA ) s _. _. o1
og La ke Ia 21 G al 6 9 t: 0 : . |
s SRR WIE D S S .I_J, SO DSBS S SO VO PO TIP3 0. (Y TS O (GO Y _ J
oy g e
! : % _,_._w @ ™ | ~-
. o B ~d
i -
55w itta 1 Vo —
o p OI=g L] :.r........!,
] A ol ; = . _ Gl
] e ! =
— —
; ¢ -
; L =
_r_. T 1 1o ripn ]
1 r 1 (i ey S et R B G | by
S N

AE AL i 21 A0




RELATIONSHIP OF REGIONAL AND LOCAL STRUCTURES TO MOUNT PINATUBO ACTIVITY 367

Figure 14. Coulomb stress
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Harlow, this volume) would have been conducive to such a
mechanism. The second case would be more consistent with
inferences that the Pinatubo eruption was triggered by intru-
sion of basaltic magma from depth into the base of the dac-
itic reservoir (Pallister and others, this volume; White and
others, this volume). '

Alternatively, strong ground shaking during the July
16 earthquake itself might have squeezed a small amount of
basaltic magma into the dacitic reservoir or caused pore-
pressure changes and thus fault movement that allowed
magma ascent. In either of these mechanisms, relatively
small and transient effects from the Luzon earthquake itself
would have triggered a cascading series of other changes
that ultimately led to more basaltic intrusion into the dacitic
reservoir, and the full eruption.

Because stress changes caused by the Luzon earth-
guake are small in relation to a typical, 100-bar compressive
stress associated with subduction, that earthquake caused

little change in the orientation of stress in the Pinatubo area.
If we assume 100-bar east-west compression before the

-Luzon éarthquake, stress after that earthquake is changed

only very slightly, to 100.41 bar with a 2.4° counterclock-
wise rotation. Most focal mechanisms are so controlled by
preexisting faults that we would not expect mechanisms to
change even with stronger and azimuthally distinct stress
changes (J. Mori, USGS, written commun., 1994), and cer-
tainly we have no evidence from focal mechanisms deter-
mined in 1991 and 1992 of any change from the inferred
pre-1990 stress field.

CONCLUSIONS

Occurrence of several earthquakes in the Pinatubo
region within days of the main July 16, 1990, Luzon earth-

quake suggests a possible causal relation between Pinatubo
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events and the mainshock. However, Pinatubo is outside the
zone of most aftershocks.

The first earthquakes of the 1991 volcanic unrest,
defining a northwest cluster, were caused by left-lateral
movement along the northwest-trending Maraunot fault,
consistent with preexisting, regional east-west compression.
The preeruption steaming vents and fissure may have been
along a conjugate, northeast-trending fault, also consistent
with east-west compression. In contrast, the composite plot
of the preeruption summit earthquakes showed highly
mixed polarities for each station, suggesting diverse mecha-
nisms that are characteristic of earthquakes caused by mag-
matic intrusion. Crustal readjustments continued during the
posteruption stage, as reflected by several clusters of hypo-
centers with a wide range of depths and distances from the
volcanic center. Such readjustment occurred on structures

consistent with regional east-west compressional stress.

Several moderately large syneruption strike-slip earth-
quakes apparently occurred along preexisting regional
faults, in response to volume changes in the magma cham-
ber during the eruption. None of these showed a pure grav-
ity mechanism. Thus, from seismic evidence, the 1991
Pinatubo caldera formed (1) too slowly to generate earth-
quakes or (2) by the collapse of many small pieces with
associated small-magnitude earthquakes.

Changes in Coulomb failure stress as a result of the
July 16, 1990, earthquake were small (at most, 10 times
larger than tidal stress); compressive stress on the magma
reservoir itself was about 1 bar, possibly enough to squeeze
basaltic magma into the dacitic reservoir or dacitic magma
upward from that reservoir. Alternatively, strong ground
shaking during the July 16 earthquake triggered all that
followed.

While this study was able to answer some of the

Pinatubo puzzles by use of seismic methods, it also opened
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up a number of difficult questions that we cannot yet
address. Some of these questions are:

o What triggered shallow (5-km-deep) seismicity along the
Maraunot fault during April and May 19917 Did regional
stress trigger magma ascent, or did magma ascent or
inflation of a deep magma reservoir trigger movement
along a previously stressed fault?

« Why was the northeast-trending fracture that formed on
April 2, 1991, seismically inactive during the period of
preeruption seismic monitoring (April 5 through
June 12)?

o If 1990 movement along the Philippine fault did not
induce a strong stress field in the Pinatubo area, what
caused aftershocks in that area immediately after the
earthquakes (table 1)? Were the structures along which
aftershocks occurred already highly stressed prior to the
July 16 Luzon earthquake. allowing strong ground
motion from the July 16 earthquake to trigger secondary
movements?

« Lastly. do past movements along nearby segments of the
Philippine fault (as yet. mostly undated) correlate with
dates of past eruptions? Slip along the Philippine fault in
A.D. 1645 (Hirano and others. 1986) does not seem to
correlate with the penultimate Buag eruptions of
Pinatubo (600 to 500 yr B.P.. Newhall and others. this
volume). Alternatively, do earthquakes associated with
the Manila trench correlate with past eruptions (Javelosa,
1994)? Regrettably, data on prehistoric earthquakes of
this region, from the Philippine fault. Manila trench, and
other sources are, as yet, too sparse for us to check this
correlation.
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