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Abstract

Data from a dual-frequency GPS network operated continuously from May 1998—October 1999 on Taal volcano, Philip-
pines, were processed on a daily basis to monitor processes of crustal deformation associated with volcanic activity. During the
16-month period of observations, displacements totaled nearly 30 mm in the horizontal and 50 mm in the vertical over 2.7 and
5.8 km baselines. Relative site velocities, estimated from daily site coordinates using 60-day tapered windows, vary signifi-
cantly and can exceed 150 mm yr ' in the horizontal. Velocity estimates were used to invert for parameters of a point-source
model of elastic strain. During periods in which velocities are significant, the motions have a localized source at very high
confidence, and the source magnitude term fluctuates between inflationary and deflationary behavior on time scales of weeks to
months. The largest site velocities (and corresponding deformation model parameters) are time-correlative with anomalous
bursts of hydrothermal activity and high-frequency local seismicity. In each instance the onset of deformation precedes both
seismicity and hydrothermal activity, and the hydrothermal event coincides with a rapid shift in the velocity behavior. The
relative timing of these phenomena suggests that deformation and seismicity both are responding to punctuated migration of
hydrothermal fluids. © 2001 Published by Elsevier Science B.V.
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1. Introduction Dzurisen, 1997). Terrestrial geodetic measurements

such as leveling, triangulation, and trilateration have

Of the variety of methods used to evaluate volcanic
hazard, crustal deformation measurements are among
the most sensitive and reliable indicators of magmatic
activity at depth (Banks et al., 1989; Dvorak and
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been used for nearly a century to monitor volcanic
activity (e.g. Omori, 1913). Such measurements
frequently show strong signals precursory to volcanic
eruptions (see review in Dvorak and Dzurisen, 1997).

In recent decades, traditional surveying measure-
ments are giving way to continuous, real-time instru-
mentation. Leveling and electronic distance
measurements (EDM) still supplement the volcanolo-
gist’s toolbox, but other instruments such as strain-
meters and tiltmeters have advantages that include
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suitability for remote operation (hence decreasing the
risk to personnel during crises) and continuous, real-
time sampling of volcanic motions. New space-based
techniques, including Global Positioning System
(GPS) and synthetic aperture radar interferometry
(InSAR), also show tremendous potential for volcano
monitoring applications (Dixon et al., 1997; Wicks
etal., 1998). Each of these methods provides a slightly
different observable — strainmeters and tiltmeters
measure various local displacement derivatives;
InSAR provides change in range to a satellite; and
GPS yields absolute or relative ground displacement
— and each has its own particular advantages and
disadvantages with regard to cost, precision, long-
term stability, and temporal and spatial sampling
(Silver et al., 1999). The optimal approach to under-
standing and monitoring volcanic processes should
probably include two or more of these techniques
(e.g. Dixon et al., 1997; Aoki et al., 1999).

GPS in particular yields better than one part in
10° accuracy over relevant distances, which is less
sensitive than tiltmeters and strainmeters in the
short-term but more accurate over periods exceed-
ing a month (Silver et al., 1999). Cost for the latest
generation of single-frequency instruments is
comparable to that of a tiltmeter, and an order of
magnitude less than for a borehole strainmeter. The
decreasing cost and increasingly recognized bene-
fits of GPS monitoring have precipitated deploy-
ment of continuous networks at several critical
volcanic centers. Most results published to date
describe campaign-style measurements, in which
site positions were surveyed at monthly to annual
intervals (e.g. Owen et al., 1995; Pingue et al.,
1998; Mattioli et al., 1998; Jousset and Okada,
1999). However, volcanic processes can rapidly
switch deformation behavior, and precursory strain
is recognizable weeks or months prior to expres-
sions of seismicity or surface phenomena (Langbein
et al., 1993). The relatively sparse accounts of
continuous network measurements focus on
actively erupting basaltic volcanoes (e.g. Owen
et al., 2000), where eruptive cycles are short.
Recently, continuous GPS systems have also been
deployed at a small number of explosive, andesitic
volcanoes. In this paper, we present initial results
from one of the first such continuous monitoring
systems: a three-station network at Taal volcano

in the Philippines, where we find evidence for vari-
able crustal movement associated with processes of
volcanic unrest.

2. Volcano—tectonic setting

Taal volcano is one in a chain of active volcanoes
associated with eastward subduction of the South
China Sea (Eurasian Plate) beneath the western
margin of the Philippine archipelago (Hamburger
et al., 1983). The volcano is located at the inter-
section of the northerly-trending west Luzon calc-
alkaline volcanic arc and the “Macolod Corridor”, a
cross-arc lineament comprised of andesitic complex
volcanoes and monogenetic basalt cones and maars
(Kanittel and Oles, 1995) (Fig. 1). Volcano Island,
the active center of Taal volcano, is a young, ~8-km
diameter volcanic edifice constructed at the center of a
~25-km diameter collapse caldera, now occupied by
Taal Lake. The caldera formed following at least
four major, ignimbritic eruptions between 500 and
100 ka (Listanco, 1994) and is at least partly fault-
controlled, as reflected in its location at the junc-
ture of several regional fault structures (Torres et
al., 1995). Eruptive products are bimodal: Early
ignimbrites are predominantly calc-alkaline dacite,
whereas more recent lava flows and tephra depos-
its are mostly basalts and basaltic andesites with
tholeiitic affinity (Listanco, 1994; Knittel and
Oles, 1995).

A pair of seismic studies afford the only published
constraints on subsurface geophysical structure
beneath Taal. Nishigami et al. (1994) report a fan-
shot seismic profile indicating increased S wave
attenuation below ~1km and strong reflectors at
7—-10 km depth beneath the island. The authors inter-
pret these seismic properties as evidence of a magma
chamber between 1 and 7 km depth, but those depths
are too shallow for such a widespread partial melt
system to remain in stable equilibrium. More likely
the velocity and attenuation anomalies correspond to
hydrothermal overpressuring and alteration of volca-
niclastics similar to that interpreted from seismic
analyses of other large caldera systems (e.g. Miller
and Smith, 1999). A ~15% reduction of shear wave
velocity at 18 km depth beneath the northern caldera
rim, inferred from receiver function analysis at a
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single seismometer, has been interpreted to indicate
partial melt at that depth also (Besana et al., 1995).

There have been 33 recorded eruptions of Taal
volcano in the past four centuries, including very
destructive events in 1754, 1911, and 1965. Base
surges, lake seiches, and toxic gas generated by the
predominantly phreatic 1911 eruption took the lives
of over 1300 residents of Volcano Island, and more
than 200 residents died in base surges and heavy
tephra airfall during the violent 1965 phreatomag-
matic eruption (Moore et al., 1966). Eruptions have
included phreatic and phreato-magmatic components,
and have originated from both summit and flank vents
(Taal Volcano Profile, 1995; Torres et al., 1995), but
the eight most recent eruptions were from flanking
vents along the trend of regional faults that intersect
at the volcano’s edifice (Fig. 1). From 1992 to the
present, Taal volcano has been in an active state of
unrest. Evidence of dynamism has included: (1)
swarms of high-frequency volcano-tectonic earth-
quakes; (2) new fissures and hydrothermal activity
on the flanks of Volcano Island; (3) increased
temperatures in the crater lake at the volcano’s
summit; and (4) acoustic outgassing in the crater
lake (e.g. Ramos et al., 1997).

3. Deformation monitoring networks

GPS measurement of crustal motions at Taal began
in 1996 with campaign-style observation of a 15-
station network surrounding the volcano. The network
was reobserved in 1998 and 1999, and the 1996—1998
campaign data reveal up to 50 mm of horizontal
motion directed toward the summit crater lake and
as much as 80 mm of subsidence, apparently resulting
from deflation following the 1992-1994 crisis
(Hamburger et al., 1998; Thibault, 1999). In May of
1998, we installed a network of three continuously
recording GPS stations on Volcano Island (Fig. 1).
Monumentation consists of a 15-cm-diameter galva-
nized steel pipe cemented into lava bedrock (KAYT)
or driven to refusal from a 2-m-deep excavation, then
backfilled with cement (TVST and PINT). The instal-
lations include dual-frequency Trimble 4000SSE GPS
receivers equipped with ground-plane antennas,
powered by six 12-V batteries and three solar panels.
Carrier phase and other observables are sampled at

30-s intervals, from all satellites visible above a 10°
elevation mask. At the end of each UTC day, data are
radio telemetered via Freewave spread-spectrum digi-
tal radio modems to the central recording site in
Manila, using repeater sites on Napayun Island and
atop the caldera rim (Fig. 1). Data are then transferred
via ftp from the Manila recording site to UNAVCO
(Boulder, Colorado) where they are archived
and made available to the research community at
http://www.unavco.ucar.edu/data/ftp_rinex.html.
Finally the data are ftp-transferred to Indiana
University for processing and analysis.

In many instances the processing and analysis
(including deformation modeling) has been
completed within 18-24 h after the end of UTC
day. If this were achieved consistently, GPS deforma-
tion monitoring would be an effective tool for near-
real-time hazard analysis. In practice the circuitous
data routing has proven vulnerable to delays and inter-
ruptions at several points along the communication
pathway; consequently the lag time between data
collection and an updated deformation model was
more typically days to weeks during the period of
operation discussed in this paper. Also, the complex-
ity of the data routing made it difficult to distinguish a
typical lapse at an ftp transfer point from a more
serious malfunction resulting in permanent data loss.
For example, the 50-day gap in PINT data near the
end of 1998 was eventually traced to a dead battery at
the radio repeater station on Napayun Island. The
June, 1999 gap at PINT followed relocation of that
same repeater station to another site where it was
visible to stations in a larger single-frequency network
but no longer accessible from PINT. Subsequent
PINT data were downloaded periodically by
PHIVOLCS personnel on-site. Fortunately the
KAYT and TVST time series are relatively complete.

4. GPS data analysis

Taal network data are processed for daily coordi-
nates together with continuous data from two sites in
Manila: (1) PIMO, instituted in November 1998 by Jet
Propulsion Labs (JPL) as part of the International GPS
Service for Geodynamics (IGS) network; and (2)
MMAS8, maintained through October 1998 by the
Philippine National Mapping and Resource Information
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Authority (NAMRIA) as part of the GPSWING
network (Kato et al., 1998). The data are processed
with Bernese version 4.0 software (Rothacher and
Mervart, 1996) using a standard processing sequence
that includes: (1) cycle-slip screening and outlier
removal using ionosphere-free linear combination
(L3) double-difference phase residuals; (2) ambiguity
resolution using wide-lane (L5) and then L3 single
differences; and (3) a network solution for site coor-
dinates and tropospheric delays. Initial processing
uses the IGS rapid orbit prediction combinations for
precise orbit and pole information; later the data
are reprocessed using IGS final orbit and pole
combinations (Beutler et al., 1995) once these become
available.

Because precision GPS positioning requires differ-
encing of carrier phase, we chose to fix one site in the
network (TVST) at its International Terrestrial Refer-
ence Frame (ITRF97) epoch 1998.5 position and esti-
mate the other site coordinates in a relative sense.
Coordinate error is estimated in a somewhat nonstan-
dard fashion. The coordinate covariance matrix for the
entire network solution is estimated correctly from
parameter inversion statistics, transformed to local
north-east-up coordinates and then the formal error
is assigned as the corresponding column sum of the
covariance matrix (rather than using just the main
diagonal term, as is more commonly done). This
results in estimates of formal error that are typically
about a factor of five larger than standard estimates.
Repeatability scaling factors for the error are esti-
mated independently (one for each coordinate direc-
tion at each site) using the 95th% x* repeatability of
the coordinates relative to a time-varying velocity
model (described further later in this section). More
typically, repeatability-scaling factors are estimated
relative to a constant velocity model. The time series
of daily coordinates relative to TVST, with 95% error
bars, are shown in Fig. 2, and scaling factors for the
formal errors are given in Table 1. The scaling factors
given here are a factor of one to two smaller than
would result using a constant velocity model, but
are much smaller than have been reported in other
studies (typically of order 10-15). This is largely
because the formal error was estimated differently.
However these error estimates are more rigorous
than would obtain from the standard approach.

Small but significant motions were detected during

the first year of measurement: Relative coordinates
changed by nearly 30 mm in the horizontal and
50 mm in the vertical for sites on Volcano Island,
where baselines are very short (2.7 km to PINT;
5.8km to KAYT). Coordinates for the longer
(~65 km) baselines to Manila also changed by up to
~30 mm in the horizontal, but totaled as much as
120 mm in the vertical. The vertical varies more on
the longer baselines in part because atmospheric bias
errors in differential GPS primarily influence the
vertical coordinate and increase with scale. Vertical
motions due to groundwater withdrawal in Manila
may contribute also. Regional-scale GPS campaign
measurements document more than a meter of subsi-
dence at some metro Manila sites between 1996 and
1998 (Thibault et al., 1999). Terrestrial surveys and
mapping of surface ground cracks in early 1998 indi-
cated that groundwater extraction was responsible for
the subsidence.

Velocities of the sites are estimated from daily
coordinates using a least squares regression with
data kernel matrix weighted by: (1) the inverse formal
variance of the daily coordinate solutions; and (2) a
windowing function designed to emphasize motion at
the center of the time window. Motions at Taal are
small relative to coordinate error, so we use a 60-day
triangular window in which the coordinate of the
central day is given full weight, tapering to zero
weighting at 30 days before and after. The length
and shape of the window determine the tradeoff
between resolution and variance of the velocity esti-
mate (e.g. Menke, 1984), and ideally one would like
to use the shortest window (highest resolution) that
nevertheless provides high signal-to-noise ratio (low
variance). We tested window lengths of 30 and 45
days, and window shapes including a box function
and asymmetrical triangle or “ramp” function. Shorter
windows provide velocity estimates with more high-
frequency content, but also have lower mean t-test
significance. A box function has lower resolution
than a triangle function, and asymmetry introduces
phase errors into the velocity variation (i.e. changes
in velocity behavior are shifted in time from their
actual locus). Hence we settled on the 60-day trian-
gular window as an optimal tradeoff for the data we
had. If signals were larger, one could use a shorter
window and still yield velocities that are significant
at high confidence.
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Table 1
Repeatability scale factors for formal errors

Baseline North East Up

TVST-PINT 1.56829 1.95042 1.50962
TVST-KAYT 2.46790 2.85648 2.08290
TVST-MMAS 2.94261 3.71559 3.48761
TVST-PIMO 3.62822 3.94488 3.98844

The time series of velocity and scaled 95% error
is given in Fig. 3. One will note that, near the
endpoints of the time series, velocity variations
are phase-shifted and have larger error because
the regression window 1is truncated and asym-
metric. However, velocities of the Taal sites exhi-
bit temporal variability that is significant at very
high confidence. Relative velocities were particu-
larly high in early 1999, exceeding 150 mm yr ™' in
the horizontal on the KAYT-TVST baseline.

5. Volcanic source modeling

Relative velocities at the three stations were para-
meterized by a simple point source deformation
model based on that of Mogi (1958). The model is
commonly used to describe radial and vertical surface
displacement due to pressure change in a spherical
inclusion in an elastic half-space. We express the
model in terms of our observables (i.e. 3-component
GPS station velocity relative to the base station
TVST) as:

j 0
X{_Xl

Vi=K— : :
() — XD)? + (X, — X0)? + (X

1

- X923

yon )
Here, V{ is the relative velocity of the jth station in the
i direction; X, is position of the jth station; X0,

position of the deformation point-source; VTVST, is
true velocity of TVST in the reference frame of the
deformation point-source; and K is a magnitude term
combining time rate of change of volume I" and pres-

sure P of the spherical source with the shear rigidity
of the elastic halfspace:

9
KZ——( P). 2)

l6um at

A priori unknown model parameters in Eq. (1) ] mclude
the source magnitude K, source position X°, and
TVST reference velocity 7 5 TVST relative to the source.
Given three components of relative velocity at all
three stations (including yIvsT — 6), we have a
marginally overdetermined nonlinear system of 9
equations in 7 unknowns. We solve this system by
combining a nonlinear, least-squares gradient search
algorithm (e.g. Menke, 1984) with a grid search over
plausible starting models. The gradient search
converges to a solution using the Jacobian gradient
matrix:

& _ 9w

, 3
am )
for the model equation vector fs' (Eq. (1)) and
unknown parameter vector /7. Model parameters are
iteratively updated from the starting model 77, with
the linearizing correction:

Aty 1 = [G (i) Gyl G Gpld — FGmo)l,  (4)

in which the data vector d contains the observed velo-
cities (V). The grid search component of the inver-
sion utilizes 648 starting models 77, corresponding to
inflationary and deflationary point sources positioned
on a 1-km grid within a 5X5X6km’ volume
centered beneath Taal’s main crater. The resulting
648 estimates of model parameters tend to cluster in
as many as 7 different local minima in the solution
error space; we retain the solution with the smallest L,
misfit error norm as the optimal model solution.

6. Model limitations

Time series of the best-fit source location X and
source magnitude K are shown in Fig. 4. These model
parameters generally vary smoothly in time, as would

Fig. 2. Time series of site coordinate change (in mm) relative to TVST. Gray bars are 95% formal error scaled to repeatability, horizontal bar
pattern indicates periods of anomalous hydrothermal activity, vertical arrows denote >5 local high-frequency earthquakes per day. Solid black
line is the best-fit secular velocity. Note the scale for the vertical coordinate is twice that for horizontal. (a) PINT; (b) KAYT; (c) Manila sites

(X =MMAS; O =PIMO).
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be expected given the smooth variation of site velo-
cities derived from 60-day windows. However, there
are occasional abrupt changes in the deformation
source parameters that might seem inconsistent with
velocity smoothness. Mathematically, these disconti-
nuities occur because the global minimum in the
inversion error space occasionally shifts from one
(smoothly varying) local minimum to another. Physi-
cally, this reflects: (1) inadequacies of the model; and
(2) small signals relative to the noise in coordinate
estimates. Inadequacies of the model include the
assumptions of constant velocity for the 60-day esti-
mation periods and of a single point source of
deformation. In fact, velocities are highly variable in
this dynamic environment, and there are probably
many different deformation loci with more compli-
cated moments than the scalar K assumed here, but
the three-station network on Taal is not sufficient to
constrain a more complex model with additional para-
meters. Noise in relative coordinate estimates is domi-
nated by multipath and unmodeled atmospheric
propagation effects, and is sufficiently large that the
coordinate deviations are nonzero at 95% scaled
confidence only about 25% of the time for the hori-
zontal coordinates. Vertical coordinates exceed 95%
confidence less than 6% of the time, i.e. hardly more
than would be expected if there were no vertical
motions at all. _

_ The solution signal-to-misfit ratio § = ldl|ld —
&(@m)|, in which ||| denotes the L, norm, is a useful
measure of model significance because S will only be
large when velocities are: (1) large relative to errors;
and (2) consistent with a single scalar point source.
The ratio S for model solutions in Fig. 4 ranges from
10 to 250, and is reflected in the scaling of symbols.
The source location varies substantially over the
period of observation, but deformation sources
with large S (notably the deflation sequence
during October—November of 1998 and inflation during
February—March of 1999) are generally at depths of 2 to
5 km and within 2 km horizontally of Taal’s main
crater. Sources with small § < 50 are not significant
at high confidence.

The deformation inversion scheme presented here
differs substantially from most previous methodolo-
gies in that the reference frame of the network relative
to the deformation source is included as a model para-
meter to be estimated. Reference frame velocity
»TVST is shown in Fig. 3c along with velocities from
the best-fitting model (superimposed black dots). Also
shown in Fig. 3c are the velocities (with 95% error) of
TVST relative to PIMO and MMAS, continuous sites
in Manila for which velocities were estimated but not
included in the inversion for deformation parameters.
Defining a reference frame for the network relative to
the deformation source is a necessary step in modeling
of geodetic displacements. For GPS network data, this
is most commonly done by fixing a reference site
outside the area of influence of the deformation
source, but we chose not to do this primarily because
no place in the rapidly-deforming Philippine islands
can be considered ‘“stable” relative to Taal (e.g.
Thibault, 1999). Solving for the reference frame also
has potential drawbacks, however, because adding
parameters to a nonlinear inversion can increase the
nonuniqueness of the solution space. To test this we
calculated the mean parameter correlation matrix R
for all solutions and found that, while most parameters
have negligible cross-correlation, the vertical refer-
ence velocity vi”ST and source magnitude K have a
very high correlation coefficient of ~0.9. This indi-
cates that the inversion has difficulty distinguishing a
small source with a small vertical reference frame
velocity from a large source with large V}]VST. The
ambiguity stems from the placement of instruments
approximately equidistant from the surface projection
of main-crater deformation sources; in fact it can be
shown that, for three perfectly equidistant stations, the
source depth and reference velocity are mathemati-
cally indistinguishable. A better distribution of
measurements (e.g. putting a station in the main
crater) would help to resolve this ambiguity.

Nevertheless, the inverted reference velocity
(including IJEVST) is strongly correlative with veloci-
ties of TVST relative to Manila sites, despite their
independent estimation and the ambiguity of the

Fig. 3. Time series of velocity (in mm yr ). 95% error, hydrothermal activity and earthquakes are depicted as in Fig. 2. Dark grey circles for (a)
PINT and (b) KAYT are observed velocity relative to TVST; small black dots are velocity of the best-fit point-source deformation model for
that day. Dark grey circles in (c) are the inverted reference velocity of TVST relative to the deformation point source; black symbols are
observed velocity of TVST relative to Manila sites (X = MMAS; + = PIMO) with corresponding 95% error.
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inverse method. There are some discrepancies, but
disagreement does not necessarily indicate a faulty
estimate of 77! because the Manila sites are influ-
enced by other (nonvolcanic) deformation sources
such as groundwater subsidence and tectonic strain
(Thibault, 1999), as well as larger errors in estimation
of non-common-mode atmospheric delay. During the
course of investigation we ran test inversions in which
the Manila sites were incorporated into the data
vector. The resulting deformation sources were gener-
ally in good agreement with those of Fig. 4 during
periods when S is large, but at other times, inclusion
of the Manila sites produced estimates of X° well
outside Taal’s caldera region. Consequently, our
preferred solution depicted in Fig. 4 solves for the
reference frame velocity without incorporating
Manila GPS data. Manila data are used only as an

independent, a posteriori test of pIvsT,

7. Discussion and conclusions

The dual-frequency GPS network installed on Taal
in 1998 is capable of detecting fairly small motions in
quasi-real time using standard geodetic processing.
Moreover, the three stations on Volcano Island are
sufficient to permit inversion for parameters of a
simple point-source deformation model. However,
with only three stations and motions near the noise
level, the data are not sufficient to constrain more
sophisticated models that might provide greater
insight into processes of deformation. Deformation
constraint could be improved substantially with the
additional short-period sensitivity provided by tilt-
meter or strainmeter data. One tiltmeter was in opera-
tion on Taal during at least part of the period covered
by this analysis, and it would be relatively simple to
include a description of tilt rate in the set of linear
equations used to invert for deformation point
sources. However, the tilt data were not available to
us at the time of this study.

Despite the small signal-to-noise-ratio of the data
used in this analysis, some information about defor-
mation processes on Taal can be gleaned from
comparison to other physical phenomena. The first
sixteen months of continuous GPS measurement has
been distinguished by unusual hydrothermal activity
in Taal’s main crater, including three spectacular

geyser sequences that prompted PHIVOLCS to issue
low-level alerts and briefly close the island to tourism.
The first of these events produced sustained fountain-
ing to heights of 4—6 m and a 15-m-high mud splatter
cone in February 1999, and it occurred right at the
peak of the most significant strain event in the time
series (Fig. 3). In all three sequences, the onset of
geysering is accompanied by a rapid deceleration of
southwestward motion of KAYT relative to TVST
(other baselines are incomplete during later events).
During February 1999 the deformation point source is
estimated at depths of 2—5 km and the map-projected
location is within a few hundred meters of the geyser
activity. Assuming a residual magma body at a depth
of = 5km beneath Taal’s main crater, vigorous
groundwater circulation would be expected in this
volume and would be consistent with observed high
seismic attenuation at shallow depths beneath
Volcano Island (Nishigami et al., 1994) if that
attenuation corresponds to hydrothermal alteration.
Dark gray dots in Fig. 4 indicate a deflationary
source while light gray dots denote inflation. Defor-
mation behavior flickers between inflationary and
deflationary on time scales consistent with gradual
pressurization and then sudden expulsion of hydro-
thermal fluids (with the latter expressed as surface
geysering). The source magnitude term K (Fig. 4a)
is typically about +0.05m’s~!. K reflects rate of
change of P and volumetric changes as a consequence
of poroelastic effects in addition to the physical
volume of the fluid itself, and so the volume of fluid
flux cannot be estimated directly. K does have a physi-
cal significance relating to volume though; integration
of Eq. (1) yields a net or “global” volumetric rate of
change of 27Km’s™'. Large-scale volumetric
change rates of order 0.3m’s™' (=3X 107 km®
day ") are not unreasonable for hydrothermal flux.
Seismicity at Taal volcano also correlates with the
velocity fluctuations and hydrothermal activity. Days
on which more than five local earthquakes were
recorded on Taal are denoted by arrows on the time
series plots (Figs. 2—4), and virtually all seismicity
clustering occurs in association with a hydrothermal
event and a velocity peak on the TVST-KAYT base-
line. Correlation of the seismicity and velocity is not
surprising, as both are fundamentally expressions of
strain. The seismicity trails the change in deformation
behavior by several weeks to months, a phenomenon
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previously noted in other studies of volcano deforma-
tion (e.g. Langbein et al., 1993; Dvorak and Dzurisen,
1997). This can be attributed to the time required for
elastic strain to accumulate leading up to a critical
state of failure in a dynamic environment.

The correlation of strain and seismicity to hydro-
thermal activity implies that deformation at Taal may
be predominantly a poroelastic response to hydrother-
mal fluid migration. The relationship of the hydrother-
mal activity at Taal to magmatic processes — and
hence, the implications of the 1999 phenomena for
volcanic hazard analysis — is less clear. The dramatic
hydrothermal events indicate some change in the
system, but without more ancillary information, we
are unable to distinguish a benign change in plumbing
system or meteoric supply from a more ominous shift
in volatile exsolution or a mobilization of meteoric
water by magma migration. However, there is little in
the literature to suggest that an increase in hydrothermal
flux and associated seismicity can be construed as a
reliable volcanic precursor. Many (if not most) large
caldera-forming volcanoes are characterized by
dynamic hydrothermal systems: much of the deforma-
tion and seismic swarm activity at Yellowstone, Long
Valley, and Taupo appears to be expressing hydrother-
mal circulatory unrest (e.g. De Natale et al., 1991;
Bibby et al., 1995; Wicks et al., 1998; Henderson et
al., 1999), although a strong case can be made for a
magmatic component at Long Valley (Battaglia et al.,
1999).

Although deformation observed on Taal thus far
appears to result from hydrothermal fluid migration,
we continue to monitor for indications of anomalous
motion that might be more directly attributable to
magmatic processes. During June and July of 1999,
we significantly augmented the GPS network with 12
single-frequency GPS stations: an additional 7 on
Volcano Island, and 5 on the caldera rim (Bartel
et al., 1999). As of this writing, the processing algo-
rithms for analysis of these data are still in develop-
ment, but we expect that our capacity to observe and
interpret the processes responsible for deformation on
Taal will be greatly enhanced in the near future.
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