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and volcanically disturbed stratospheric aerosols. The
interactive evolution and climate effects of the aerosol
from Mt. Pinatubo and from a prehistoric strong erup-
tion in northern midlatitudes (Laacher See) will demon-
strate the effect of the volcanic setting on the evo-
lution of the aerosol cloud. Simulations of physico-
chemical processes in a volcanic eruption plume with
the ATHAM model show the effect of environmen-
tal and volcanic conditions on the injection of vol-
canic gases(H20, SO2, H2S, HCI, HBr) into the strato-
sphere.
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The abundance of stratospheric ozone decreased
substantially over much of the globe following the erup-
tion of Mt. Pinatubo. This spectacular eruption pro-
vided direct evidence for chemical perturbations to the
reactive nitrogen and chlorine families and hence to
ozone loss rates. This talk focuses on the large sea-
sonal and latitudinal variations in the ozone response
and their relationship to chlorofluorocarbon chemistry.
Finally, the recovery of the stratosphere following the
eruption is as important as the depletion, and recent
observations of the ozone layer and its relationship to
stratospheric aerosols will also be shown to demon-
strate the key role of chlorine/aerosol interactions in
modifying the state of the stratospheric ozone layer.
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Volcano-tectonic earthquake swarms occurred 5-6
Km from the summit months prior to the catastrophic
eruptions of Mt. Pinatubo (1991) and Nevado del Ruiz
(1985). Similar earthquake swarms probably occurred
beneath distal portions of Mt. St. Helens (1980), El
Chichon (1982), and Soufriere Hills (1995-98) months
to years prior the eruptions there. Thus these Dis-
tal Volcano-Tectonic (DVT) earthquakes were prob-
ably the longest-term precursors to those eruptions.
Based on close correlation with observed volcanic ac-
tivity, we show that DVT’s result from magma intru-
Although DVTs are brittle-failure earthquakes
along faults, they are generally distinguishable from
tectonic sequences by clustering features, most notably
a slowly increasing to roughly constant moment release
rate. Total seismic moments for DVT swarms appear
constrained by magma viscosity, with the largest mo-
ments associated with basalts. DVT swarms occur from
<3 to >30 Km from summits of volcanoes. Maximum
depths increase roughly as the distance out to 10 km
then gradually level off, as do depths to the brittle-
ductile transition near active volcanoes.

sion.

We interpret DVTs as resulting from injection of
magmatic fluids into closed aquifers near the base
of the brittle zone, over-pressurizing the aquifers out
several to many kilometers horizontally. The over-
pressure may trigger faulting in areas where the intrud-
ing magma increased the static stress. We show that
the DVT moment rate is proportional to the fluid in-
jection rate and is apparently delayed by only minutes
to tens of minutes depending on distance, owing to the
Thus
DVT earthquake swarms can provide early warning for

rapid hydraulic transmission of pore-pressures.

major eruptions while possibly providing constraints in
near-real time on magma viscosity, depth and ascent
rate during intrusion.
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We applied waveform cross-correlation and hi-
erarchical clustering methods to volcanic seismicity
recorded at Mount Pinatubo between 1 May and 14
June, 1991, identifying 155 clusters of up to 50 simi-
lar earthquakes each. Relative corrections of initial P-
wave picks were as large as 0.563 s within similar event
families, although the mean adjustment at our master
station was only 0.04 s, with a standard deviation of
0.05 s. Final, absolute picks were obtained by applying
an Akaike Information Criteria autopicker to stacks of
the aligned waveforms within each cluster. We demon-
strate enhanced phase identification for noisy arrivals
by application of the cross-correlation, clustering and
stacking strategy, and we show refined hypocenter lo-
cations following the automatic phase repicking.

Station PIE (6 km ENE of the summit) was selected
as our master station because of its longevity and high
signal quality. Waveforms for brittle-failure events dis-
play great similarity at PIE for much of the activity
during May, 1991. Over 80% of the picked seismograms
at PIE recorded before 3 June fall into clusters origi-
nating some 5 km northwest of the crater. Consistent
waveforms at this and other stations suggest similarity
in mechanism; however, clear reversals in P-wave polar-
ity within these families at station PPO ( 5 km NNW of
the summit) indicate near-nodal arrivals at this station
and my help to constrain focal mechanisms. Families of
shallow volcano-tectonic (VT) events beneath the sum-
mit begin to dominate on 3 June. Long-period events,
mixed with continued shallow VT events beneath the
summit, begin to dominate the digital record at PIE
from 12 to 14 June, when correlatable signals ceased
prior to the station’s demise in the 15 June cataclysmic
eruption.
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The frequency-magnitude distribution of earth-
quakes measured by the b-value is mapped in 3 di-
mensions at Mount Pinatubo, Philippines, down to a
depth of 6 km below the summit. We analyzed 1892
well-located earthquakes with magnitudes ML >=1.4,
recorded from May 7 through August 7 1991, and used
both the weighted least squares and maximum likeli-
hood methods.

With the weighted least squares method, we found
that generally b-values are higher than normal (b=1.0),
with values between b=1.1 and b=3.6. The computed
b-values are lower in the areas adjacent to the vent
and directly underneath it, whereas high b-values are
found in patches located E-SE, and NW of the vent.
Two prominent regions of anomalously high b-values
(b>2.4) are resolved, the first is located roughly 3 km
E-SE of the vent, at depths between 3 and 7 km; the
second is located roughly 3 km NW of the summit, at
depths between 3 and 8 km. There is also some in-
dication of a deeper high b-value anomaly NE of the
summit at depths between 12 and 16 km. The statisti-
cal differences between selected regions of low and high
b-values are established at the 99% confidence level.

The b-value results agree fairly well spatially with
those derived from earlier P-wave tomographic stud-
ies. No significant changes in b-values were found as a

function of time. We speculate that the high b-value
anomalies around Mount Pinatubo are regions of in-
creased crack density, or alternatively high pore pres-
sure, related to the presence of magma bodies nearby.
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The Mt. Pinatubo climactic eruption on the after-
noon of 15 June 1991 was one of the largest of the 20th
century. The eruption has been widely studied, but
the origin of the giant ashcloud remains unclear. It
is most commonly assumed to have a plinian origin,
but field observations indicated unusual features. To
evaluate the origin of the Pinatubo climactic ashcloud,
we measured new grain-size parameters of our own fall
samples collected around Pinatubo, of the PHIVOLCS
data, and of distal deep-sea ash samples. In addition,
we systematically compared the Pinatubo fallout de-
posit with the unambiguously plinian 1875 Askja ash-
fall (Iceland) and with an integrated grain-size dataset
of 600 pyroclastic deposits from many eruptive styles
(plinian, subplinian, strombolian) and representing the
main types of pyroclastic activity (surge, flow, fall and
co-ignimbrite fall). The co-ignimbrite fallout deposits
are from the 1980 Mt. St. Helens (MSH) and from the
1815 Tambora eruptions.

Instead of using the classical Phi-scale and re-
lated grain-size parameters, we calculate grain-size pa-
rameters of arithmetic mean (m) and standard de-
viation (e.g., sorting, m), both defined in the met-
ric scale. We also calculate the bulk specific surface
area (SSA) which is the total surface area of a set
of grains to their total volume (1/m). We also intro-
duce two new grain-size ratios: (i) SSA/Mean (1/m?2)
and (ii) Mean/Sorting (dimensionless). The first ra-
tio, SSA/Mean, distinguishes coarse-grained from fine-
grained deposits. The second ratio, Mean/Sorting, dis-
criminates gravity-controlled flow from pure plinian-
subplinian-strombolian fall deposits. In this SSA/Mean
vs. Mean/Sorting plot, co-ignimbrite fallout deposits
plot in the surge domain, not in the plinian fallout do-
main.

Using this approach, we demonstrate that the
Pinatubo ashcloud deposit is unusually rich in breath-
able fine ash (less than 10 micrometers, PM10), from
5-11 wt% of PM10 in Mt. Pinatubo vicinity up to 26
wt% beyond 300km from the vent. By contrast, the
plinian Askja deposit shows no PM10 up to 145 km
from vent. Furthermore, the variations of metric-mean,
metric-sorting and SSA versus distance differ consid-
erably for the Askja and the Pinatubo fall deposits.
In the Pinatubo case, grain-size variations with dis-
tance are more gradual, whereas they are rapid for the
Askja plinian fall deposit. For instance, within 50km
of source, SSA increases 100-fold for Askja, whereas it
only doubles for Pinatubo. In addition, SSA of most
Pinatubo proximal deposits are about 2-3 orders of
magnitude higher than most proximal Askja deposits.
Pinatubo metric-mean values are an order of magnitude
smaller than those for Askja. All the available data in-
dicate that the Pinatubo giant ashcloud deposited dom-
inantly homogeneous fine ash enriched in PM10, while
the Askja plinian cloud deposited coarser and hetero-
geneous fallouts. Last but not least, in the SSA/Mean
vs. Mean/Sorting diagram, Pinatubo fallout deposits
systematically plot in the co-ignimbrite domain, away
from the plinian fallout domain.

From our new grain-size approach and from all
the available grain-size data, we conclude that the
Pinatubo climactic eruption ashcloud was mostly of co-
ignimbrite origin.

Cite abstracts as: Fos. Trans. AGU, 82(47), Fall Meet. Suppl., Abstract #####-#7, 2001.



U32A-0005 1330h INVITED POSTER

Vent-derived and Deposit-derived
Pyroclastic Flow Generation and
Emplacement of the 1991 Pinatubo
Ignimbrite Sheet

Stephen Self! (Stephen.Self@open.ac.uk)

Ronnie C. Torres2:3 (torres@higp.hawaii.edu)

1Dept. of Barth Sciences, Open University, Walton
Hall, Milton Keynes MK76AA, United Kingdom

2HIGP/SOEST, University of Hawaii at Manoa, 2525
Correa Rd., Honolulu 96822, United States

3PHIVOLCS, C.P. Garcia St., Quezon City, Philip-
pines

The climactic phase of the 1991 Mount Pinatubo
eruption consisted of plinian activity and large-scale
generation of pyroclastic flows, which were coeval for
most of the 3.5 hours duration of the climax. The
plinian column was maintained above 30 km high
throughout this period, forming layer C1, while spawn-
ing dilute pyroclastic flows fed by partial collapses from
the lower buoyant column. About an hour after onset
of the plinian phase, fountaining at the base of the col-
umn generated higher-particle-concentration pyroclas-
tic flows that flowed at an average encroachment ve-
locity of 5-6 m/s. Simultaneous plinian fallout and co-
ignimbrite ash deposition formed the C2 fall layer while
transport and emplacement of fan-building flows were
occurring.

Both dilute column-generated and denser fountain-
generated pyroclastic flows were the sources of the
vent-derived ignimbrite. Fan-building vent-derived py-
roclastic flows ponded on the low-lying areas, but were
unable to surmount high topographic barriers in the
proximal region. Meanwhile, widespread surge deposits
veneered the uplands and interfluves, and were laterally
contiguous with the stratified horizons in valley-ponded
ignimbrite sequence. Gravitational instability and the
loose, poorly consolidated nature of the freshly em-
placed ignimbrite fan sequence yielded deposit-derived
pyroclastic flows. Deposit-derived flows, some up to 3
km long, occurred at Pinatubo for more than 5 years
after the June 15, 1991, eruption and left prominent
avalanche escarpments at their origin. Penecontempo-
raneous deposit-derived flows also probably occurred as
indicated by buried headscarps that can be recognized
at the early post-eruption stages of the ignimbrite land-
scape and by the change in slope between the fan and
lower valley ignimbrite sequences.

The Pinatubo ignimbrite sheet represents a contin-
uum of pyroclastic sedimentation that began during
the climactic eruption on June 15, 1991 and episod-
ically continued with decreasing frequency for sev-
eral years after the eruption. Apparently, deposit-
derived flows are a common mechanism for redis-
tributing ignimbrite after initial deposition and present
post-eruption hazards that should be anticipated after
ignimbrite-producing events.
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The 1991 eruption of Mt. Pinatubo included
dome growth, four vertical eruptions, multiple surge-
producing collapsing fountains, a 9 hour climactic
plinian event, caldera collapse and subsequent dome
emplacement. In order to provide a more accurate
picture of magma storage conditions prior to ascent
and conduit processes during ascent, we conducted
(1) a phase equilibria study of dacite magma storage
conditions and (2) a series of decompression-induced
crystallization experiments. Previous studies of the
phenocryst-rich dacite erupted during the climactic
phase of the 1991 Pinatubo eruption indicated that
prior to eruption the magma was oxidized (NNO+1.7
40.2), fairly cool (780 +10°C), and saturated with an
Hy O-rich volatile phase at a total pressure of ~220 £50
MPa. New phase equilibrium experiments at total pres-
sures of 220 - 150 MPa (all vapor saturated with an
Ho O-rich fluid) define the isothermal liquid line of de-
scent for multisaturated Pinatubo dacite as a function
of Ppoo. Experimental matrix glass compositions at
160 and 170 MPa bracket the natural compositions, in-
dicating chemical equilibration occurred 50 MPa lower
(or 2.8 km higher in the crust) than the storage level
identified from melt inclusion volatile contents and Al-
in-hornblende geobarometry (220 MPa).

Decompression
were conducted to explore parameters controlling the
kinetics of crystal nucleation with the goal of reproduc-
ing the microlite textures observed in erupted material
from the pre-climactic events. Rapid isothermal decom-
pressions of HoO-saturated dacite from 170 MPa to 10

experiments with natural dacite

MPa failed to generate the high crystal number den-
sities observed in the natural rocks. Several methods
were attempted to boost nucleation rates, including si-
multaneous heating or cooling with decompression, but
feldspar nucleation rates were consistently at least 3 or-
ders of magnitude lower than in nature. Only by intro-
ducing an intermediate decompression step were high
rates of crystal nucleation obtained. We interpret this
stage as a necessary interval of melt reorganization that
effectively ”primes” it for a massive nucleation event
upon final decompression.
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Mount Pinatubo’s 15 June 1991 climactic eruption
initiated a multi-disciplinary investigation that inte-
grated many fields within the earth sciences. Our study
followed up on one aspect of the sulfur budget analysis
that was not previously studied in detail, an analysis of
the anhydrite (CaSOy,) phenocrysts (Jakubowski et al.,
accepted, Am. Min). Anhydrite phenocrysts were sep-
arated from two 15 June pumice deposits and were ex-
amined by scanning electron microscope. Observations
documented include micron-sized and smaller pyramids
and lesser numbers of etch pits on anhydrite surfaces.

Electron backscatter diffraction patterns conclu-
sively indicate that the pyramidal surface growths are
indeed orthorhombic anhydrite and not another cal-
cium sulfate phase. Single crystal X-ray diffraction
patterns also indicate that the phenocrysts themselves
are orthorhombic anhydrite. This suggests at least
a portion of the Pinatubo anhydrite phenocrysts pro-
vided substrates for nucleation and epitaxial growth
of anhydrite from a water-rich magmatic vapor phase.
This is, we suggest, high temperature magmatic va-
por deposition (MVD) of anhydrite, a previously un-
recognized magmatic process. The anhydrite pyramids
closely resemble products of chemical vapor deposition
of metals and ceramics. This supports the suggestions
of Pallister et al. (1996) and Pasteris et al. (1996)
that (at least) a portion of the anhydrite phenocrysts
precipitated from a separate fluid phase in the magma,
rather from the melt.

‘We modeled the homogenous nucleation of anhy-
drite from a Pinatubo HoO-COg-SOg-rich vapor (Ger-
lach et al., 1996) at 500 bars and NNO+1.7, using the
SOLVGAS program. If the gas had >10~9 mol% Ca
(and 4 mol% SOs2), anhydrite would have precipitated
at ~780°C. An isothermal drop in pressure would cause
anhydrite dissolution, consistent with a small number
of etch pits on some anhydrite phenocrysts and pyra-
mids. The small size of the pyramids suggests that
their vapor deposition immediately preceded the 15
June 1991 climactic eruption. Our examination of an-
hydrite phenocrysts found an intimate association with
apatite and magnetite (inclusions), which has never
been explained.

‘We suggest that magmatic vapor deposition of anhy-
drite may be a common phenomenon and its occurrence
may assist scientists in better interpreting the sulfur
budget at arc volcanoes. However, samples must be
collected immediately after eruption, the anhydrite sep-
arated, and examined by SEM. Evidence of anhydrite
MVD could be used as an indicator of a pre-eruptive
gas phase source for excess sulfur vented during explo-
sive eruptions.
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Explosive volcanic eruptions influence the atmo-
sphere and environment from days to years depend-
ing on the amount of sulfur species and ash erupted.
Large volcanic eruptions, such as Pinatubo, have much
stronger effects on the atmospheric chemistry and
global climate change since huge amounts of SOg are
directly erupted into the stratosphere. The June 1991
Pinatubo eruption is the largest eruption of the satel-
lite era, and accurate retrievals of emitted sulfur and
ash species are therefore crucial in understanding its
atmospheric impacts. The Total Ozone Mapping Spec-
trometer (TOMS) is routinely used to map and quan-
tify SOg for volcanic eruptions. Column amounts of
SOg and aerosol indices (AI, which represents the ash
and aerosol amount qualitatively) for each pixel can be
retrieved and then a total mass of SOg within the vol-
canic cloud can be calculated. The SOg cloud from
the Pinatubo eruption has been studied by Bluth et al.
(GRL, Vol. 19, No. 2, 1992). Uncertainties from miss-
ing data, saturation, gaps and overlap between neigh-
boring pixels may bring errors in the estimation of ini-
tially erupted SOg amounts and SO removal rate. An
iterative SOg algorithm, which was developed by sci-
entists from NASA, is used for getting a more accurate
result of total column SOg in each pixel. The gap and
overlap problem of neighboring pixels is addressed by
resampling the data into grids using a nearest neighbor
method. Missing data problems in the TOMS datasets
due to periodic transmission interruptions are treated
by a variety of interpolation models. We have been ana-
lyzing the accuracy of a variety of reconstruction meth-
ods. The goals of this project include revised tonnage
values for daily cloud images; this information will be
used to derive a more accurate emitted sulfur dioxide
mass and removal rate. Studies of gas and particle sep-
aration in the TOMS UV dataset will be supplemented
by and compared to IR data analyses.
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The Mt. Pinatubo eruption of 1991 was one of the

largest climatically significant volcanic eruptions of the
20th century. The resulting stratospheric cloud of sul-
furic acid aerosol was almost entirely undisturbed by
other eruptions over a ten-year period. During this
time, the cloud was constantly monitored by a num-
ber of satellite missions. It thus presents an excellent
case study to determine the intensity and duration of
the global climatic effects of volcanoes. Of particular
interest are the processes by which the stratosphere
aerosol returns to its pre-volcanic state and the na-
ture of that aerosol in the absence of large eruptions.
Monthly and zonally averaged aerosol extinction mea-
surements at five wavelengths (0.5 and 1.0 microme-
ters, measured by the Stratospheric Aerosol and Gas
Experiment [SAGE II] on ERBS; 2.5, 3.6, and 5.3 mi-
crometers, measured by the Halogen Occultation Ex-
periment [HALOE] on UARS) have been combined in
a two-dimensional (latitude-height) aerosol transport
model, using data assimilation techniques. The results
specify the time-varying aerosol size distribution, the
stratospheric residual mean meridional circulation, and
the background (non-volcanic) source of sulfuric acid as
functions of altitude, latitude, and time.
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Some observations suggest that the volcanic
aerosols produced by the Mt. Pinatubo eruption may
have altered cirrus properties. We look for evidence
that such modification of cirrus is extensive enough to
be climatically significant by comparing three satellite-
based cirrus datasets produced by the ISCCP analysis,
the split-window analysis, and 3I analysis. Since the
former two have not been compared in detail before,
we conduct such a comparison here. When applied to
AVHRR data, both the ISCCP and split-window anal-
yses identify about 0.2 to 0.3 cirrus cloud amount in
tropical latitudes; however, there are detailed differ-
ences of classification for about half of these clouds.
The discrepancies are attributed to the simplified as-
sumptions made by both methods. The latter two
datasets are derived from infrared radiances, so they
are much less sensitive to volcanic aerosols than the
ISCCP analysis. After the Mt. Pinatubo eruption, the
ISCCP results indicate a dramatic decrease of thin cir-
rus (cloud top pressure less than 440 mb and visible op-
tical thickness less than 1.3) over ocean, accompanied
by a comparable increase of altocumulus and cumulus
clouds; over land, there are no significant changes. In
contrast, results from the split-window and 31 analy-
ses show little change in thin cirrus amount over either
ocean or land that is associated with the volcanic erup-
tion. The ISCCP results can, therefore, be understood
as a misclassification of thin cirrus because the addi-
tional reflected sunlight by the volcanic aerosol makes
the cirrus clouds appear to be optically thicker. Exam-
ination of the split-window signature and the infrared
emissivities from 31 show no significant change in in-
frared emissivity (or optical thickness). These results
indicate that the Mt. Pinatubo volcanic aerosol did not
have a significant systematic effect on tropical cirrus
properties, but rather produced only temporary, local
effects. Hence, these results indicate that there was no
significant climate feedback produced by aerosol-cirrus-
radiative interactions.
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The Normalized Difference Vegetation Index
(NDVT) is one of important indicators of vegetation ac-
tivities on land surface. There are several global NDVI
time-series products available. The most popular one
with longest temporal coverage is the NOAA/NASA
Pathfinder AVHRR Land product (PAL) available from
1981 to 1999 with 8-km spatial resolution and 10-day
time interval. The NDVI in PAL was calculated from
data collected by AVHRR instruments on four satel-
lites, NOAA-7 from 1981 to 1985, NOAA-9 from 1985
to 1988, NOAA-11 from 1989 to 1994, and NOAA-14
from 1995 to 1999. Studies on PAL or other similar
products from AVHRR showed the global NDVI in-
creases linearly with the aging of the NOAA satellites
and drops when a new satellite replaces an old one.
This pattern was caused by the orbital drifting of
NOAA satellites. This study found the pattern was
interrupted in the year of 1991, when Mt. Pinatubo
erupted, and the following two years (1992, and 1993).
Based on the pattern, it was estimated that the mean
values of the annual global maximum dropped 0.029,
0.066, and 0.027 NDVI units from the normal pattern
for years 1991, 1992, and 1993. This study proved that
the most likely cause of the NDVI drops was not the
reduction of global vegetation activities during those
years but the aerosol brought into the stratosphere
by the eruption of Mt. Pinatubo. Since the effects of
volcanic aerosols on global vegetation measurement are
very large, they have to be removed from the global
NDVI datasets.
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The purpose of the study is to develop and improve
the volcanic plume tracking model so-called 'PUFF’
for an arbitrary volcano in the world using high qual-
ity upper air wind data predicted by the operational
weather prediction centers. The centers, which provide

the upper air wind data, include Japan Meteorologi-
cal Agency (JMA), National Weather Service (NWS)
in the USA, and European Center for Medium-range
Weather Forecasts (ECMWF). The PUFF model is de-
veloped at the computer system in the University of
Tsukuba Japan using the predicted gridded point val-
ues (GPV) of wind data provided by JMA, then it is
transplanted to the computer system in International
Arctic Research Center (IARC) using the GPV data by
NWS and/or ECMWF.

The achievement of this study includes following
items: (1) Quantitative evaluation of the order of the
error contained in the predicted wind field in JMA,
NWS, and ECMWF. (2) Further tuning of the physi-
cal parameters such as the diffusion coefficient and fall
out speed of volcanic ash in the PUFF model. (3) Ex-
pansion of the model domain from the local area near
Alaska and Japan to any volcano in the world. (4) Im-
provement of the Graphic User Interface (GUI) to de-
scribe the 3-D perspective image of volcanic ash over
topography. (5) Producing hazard maps around ac-
tive or possibly active volcanos as an application of the
PUFF model.
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Records of past volcanic eruptions can be found in
polar ice cores, because explosive volcanic eruptions
leave acidic spikes in polar snow. Analyses of Antarc-
tic ice cores have resulted in detailed paleovolcanic
records for the past several thousand years. These
records are tremendously valuable to discerning the role
of volcanism in climatic variations and changes. Field
studies across Antarctica have detected and confirmed
the presence of the sulfuric acid fallout from the 1991
Pinatubo eruption. Chemical analyses of snow samples
have determined the magnitude of the Pinatubo sig-
nal, in the form of volcanic sulfate flux, and its range
of variations across the Antarctic continent. More
quantitative information is known about the Pinatubo
signal in Antarctic snow than about any other erup-
tions. These results and existing ice core records,
when combined with the instrumentally determined to-
tal Pinatubo aerosol mass loading, provide an unique
opportunity to estimate the atmospheric mass loadings
by, and therefore the climatic impact of, past explo-
sive eruptions found in Antarctic ice cores. Here we
(1) present the quantitative evidence of the Pinatubo
signal in Antarctic snow, (2) determine the spatial vari-
ability of the signal across Antarctica, and (3) analyze
the quantitative relationship between the aerosol mass
loading of an eruption and its signal in snow. We also
attempt to calculate mass loadings of about 20 erup-
tions recorded in Antarctic ice cores from the past 1000
years, by using an extrapolation of the relationship be-
tween mass loading and signal magnitude in snow de-
rived from the Pinatubo studies.
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Since the 1991 climatic eruption of Pinatubo, vari-

ous hazards have affected the surrounding areas. The
most significant of these involve the re-deposition of
pyroclastic flow and fall deposits as lahars, deposit-
derived pyroclastic flows, and phreatic explosion ash
fall.
are inaccessible for ground observation and monitoring.
A case in point is the potential hazard that currently
threatens the low-lying areas along the Maraunot-
Bucao river system should a significant lake breakout
occur from the 1991 crater.

Many of these processes occurred in areas that

Sequential remote sensing (RS) data sets, which
include multi-temporal ERS, SIR-C, SPOT, TOP-
SAR/AIRSAR, Landsat 7 and Ikonos scenes, provide
an unparalleled perspective to reconstruct the sequen-
tial development of the Pinatubo landscape and map
the areas of the ignimbrite sheets that are being eroded
as well as the encroachment of lahar fans. Multiple
acquisition using different imaging techniques over the
same area yields different surface albedos that can be
compared with the actual ground observation. We have
utilized the ENVI software package to apply princi-
pal component analysis, image subtraction, band ratio,
and density slice on these data. These analytical tech-
niques provide measurable parameters to track down
the changes in the post-eruption landscape, calculate
rates of erosion and deposition, and allow hazard vul-
nerability prediction along the timeline establish by the
series of RS data sets.

The RS-derived maps agree reasonably well with
the field derived maps and provide important large-
area coverage and show details that unobtainable from
conventional ground-based mapping. Image subtrac-
tion between scenes yields image-difference maps that
show cumulative aggradation within the lahar fans of
the Pasig-Potrero River and erosion and development
of the drainage systems in the upstream regions. Co-
registered multi-temporal scenes can also allow changes
in the settlement patterns of local population to be
identified, as well as the construction and modification
of the engineering structures for controlling the lahar
hazards. These types of information are crucial inputs
for local decision-and policy-making in volcanic hazard
mitigation.
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The 1991 eruption of Mt. Pinatubo, Philippines,
provides a unique opportunity to study the effects of a
large eruption in part because it took place after the
advent of satellite-based observations. This paper re-
views the great diversity of satellite and aircraft remote
sensing data that has been collected over Mt. Pinatubo
in the context of interpreting the evolution of the vol-
cano. We also show the importance of a multi-year data
sets that can document the evolving problem with la-
hars during the first few years after the eruption, as
well as the hazards that still exist due to potential wa-
ter over-spills from the summit caldera more than 10
years after the eruption. Prior to 1991, only one SPOT
satellite image (20 m/pixel) had been obtained in 1988
that now serves as a ”"bench mark” against which to
measure subsequent changes in drainage basin geome-
try. Since the eruption, a wide diversity of remote sens-
ing data has been obtained. Imaging radar data, pro-
viding cloud-free coverage of the whole volcano, have
been collected from the ERS-1, ERS-2 and RADARSAT
spacecraft between 1993 and 2001, as well as two SIR-
C/X-SAR Space Shuttle flights in 1994.
data are particularly good for mapping changes in la-
har deposits. Multiple multispectral data from SPOT,
Landsat 7 and ASTER over the period 1991 - 2001 al-
low the re-vegetation of the volcano to be monitored
at a scale of 10 - 30 m/pixel. Additional photographic
images have also been obtained by Space Shuttle as-
tronauts through-out this period. Two flights of the
NASA DC-8 aircraft (in 1996 and 2000) have collected
very high resolution (5 m/pixel) digital elevation data
for parts of the volcano, permitting erosion in some val-
leys to be studied. These topographic data will soon
be augmented when data are released from 2000 Shut-
tle Radar Topography Mission (SRTM), providing the
potential for erosion rates to be determined. Most re-
cently, a very high resolution (1 m/pixel) IKONOS im-
age for the summit caldera and western ignimbrite fan
was obtained in March 2001, allowing the hazards as-
sociated with water outflow events from the summit
caldera to be assessed in great detail.

These radar
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Ignimbrite forming eruptions are rare events, and
here report on the first study of an actively eroding
ignimbrite sheet at Mt. Pinatubo (15°N, 120.5°E) de-
posited on the 15t" June 1991. An important ques-
tion in the evolution of ignimbrite landscapes is how
long do they take to reach dynamic equilibrium. At
Mt. Pinatubo, the implication is that once dynamic
equilibrium is reached the magnitude of risk posed by
sediment-flow-related hazards is greatly reduced. Large
erosional events, which generate high volume lahars,
are unlikely except in the event of a major disrup-
tion to the normal pattern of erosion. This study
used three images produced by the SPOT (System Pour

l/ Observation de la Terre) satellite. SPOT data are in
three spectral bands (0.50-0.59um; 0.61-0.68um; 0.79-
0.89um) with a spatial resolution of one pixel equals
20m. These were used to generate five false color RGB
images of the Mt. Pinatubo region), showing the pre-
eruption (April 1988), early post-eruption (December
1991) and later post-eruption (December 1994, Febru-
ary 1996, December 1998) landscapes. Drainage net-
works that developed between 1991 and 1998 were de-
lineated using these images. Geographically we con-
centrated on the western side of the volcano, where ap-
proximately two-thirds of the ignimbrite was deposited
in just three drainage basins; Marella, Balin-Baquero
and Bucao.

The nature of the drainage networks, combined with
field-based observations, suggest there are four stages
in the landscape evolution of the Mt. Pinatubo ign-
imbrite sheet. Stage one; The emplacement of a pris-
tine ignimbrite surface, which in-filled the pre-eruption
drainages, but did not bury all the surrounding topog-
raphy. Stage two; Large amounts of unstable, excess
sediment were removed. Stage three; The landscape
simplified towards the stable state of dynamic equi-
librium. Stage four; Erosion continues but with the
landscape in a state of dynamic equilibrium, thus large
erosional events are unlikely.

The Horton-Strahler classification method for
drainage networks was used to find bifurcation ratios
that were assumed to be representative of the complex-
ity and development of the networks in each drainage
basin. Comparison of these data suggest that the
Marella and Bucao drainage basins had re-established
dynamic equilibrium by 1995. However, Balin-Baquero
did not appear to have re-established dynamic equilib-
rium by 1998 (the latest SPOT image studied). The
analysis for this drainage basin was then supplemented
by data from NASA airborne interferometric synthetic
aperture radar instrument, TOPSAR. TOPSAR pro-
vides data with information in three spatial dimensions,
allowing the generation of a DEM, which shows the vol-
ume distribution of the landscape around the volcano.
The concept of a hypsometric integral was used along
with the DEM data and emplaced ignimbrite volume
estimates made in 1991, to estimate the volume of ex-
cess sediment that needed to be removed for the Balin-
Baquero basin to enter the forth stage of evolution. Our
most realistic estimate is that dynamic equilibrium was
re-established in 2000 # 1 year, which is in agreement
with an extrapolation of the trend shown by the bifur-
cation ratios and also with recent predictions made by
PHIVOLCS scientists.
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The June 15-16 1991 eruption of Mt. Pinatubo had
emplaced approximately 6km3 of sand-size pumiceous
pyroclastic flow deposits that affected 8 major water-
sheds surrounding the volcano. These deposits attained
thickness of about 200m on deep channels and remained
unconsolidated, when it rains they are the main source
of lahars for several years. This study focuses on the
eastern watersheds namely, Sacobia-Pasig-Abacan, be-
cause it posed the greatest risk due to lahar flow haz-
ards being the highly developed and the most popu-
lated.

In order to study and monitor the erosions of the
pyroclastic flow deposits, several methods were used.
Yearly direct quantification of erosions were made us-
ing multi-temporal Digital Elevation Models (DEMs),
aerial photos and satellite imageries. GIS and image

processing software were used to compute erosion vol-
umes and in determining geomorphic changes. To un-
derstand the different parameters affecting the erosive-
ness of in-situ deposits, a portable rainfall simulator
was used. Regression modeling was utilized to deter-
mine the effect of the different parameters in the ero-
sion such as, slope, rainfall intensity, grain size and
shear strength of the deposits. Yearly rainfall events
that yielded lahars were all analyzed to get the yearly
deviations and relationships of the rainfall-lahar trig-
gering thresholds.

A physically based distributed simulation model
was developed using PCRaster program that simulates
the catchments’ response on a certain rainfall and pre-
dicts the lahar hydrographs. This model utilizes DEM
and other catchment’s physical parameters. The flow
predicts the volumetric ratio of sediments and water
using Meunier mudflow equation.
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Following the 1991 eruption of Mount Pinatubo,
rivers draining the flanks of the volcano experienced
extreme sediment loading leading to high post-eruption
specific sediment yields. As sediment sources upstream
decline or stabilize and major lahars become less preva-
lent, the channels are beginning to recover. Our study
examines the processes by which basins recover from
sediment loading in the fluvial recovery phase. We are
concentrating on five basins at Pinatubo that suffered
varying amounts of basin inundation by pyroclastic flow
deposits (from <5% to >30%), and therefore sediment
loading, in the eruption: the Pasig-Potrero, Sacobia,
O’Donnell, Gumain, and Porac Rivers. From 1997-2001
we have been studying channel bed and flow conditions
along a series of cros ctions.

In addition, we are
monitoring longitudinal changes on a subset of basins
and measuring sediment transport on the Pasig-Potrero
River.

Study basins with <5% cover by pyroclastic debris
are recovering fastest. Cross-sections have stabilized,
bed armoring is apparent, and fish have even returned.
Basins with >30% cover by pyroclastic debris, includ-
ing the Sacobia and Pasig-Potrero Rivers, are recover-
ing more slowly, so the bulk of our research has con-
centrated on these basins. Both basins had similar
amounts of sediment loading from the eruption, but
the Pasig-Potrero now has a greater transport capacity
from a stream capture of the upper Sacobia basin in
1993 that nearly doubled the basin area. From 1997 to
2001, changes have been observed on the Pasig-Potrero
in channel form, bed composition, and sediment mo-
bility. Bed surface grain sizes have increased through
time, with the farthest upstream sites showing the most
rapid coarsening. The developing low-flow armor layer
is increasing roughness and decreasing sediment mo-
bility. In 1997, sediment mobility was highly selec-
tive, with grains of increasing diameter mobilizing un-
der flows of increasing depth. As finer grains are pro-
gressively winnowed away, the bed surface is able to
coarsen. Bed coarsening can only occur, however, af-
ter the input of fine-grained sediment from upstream
sources has declined significantly which could explain
longitudinal variations in the rate of bed coarsening.
Suspended sediment concentrations may also be impor-
tant in low-flow bed mobility. In 2001, groundwater-fed
braids with low suspended loads were observed under
low-flow conditions on the Pasig-Potrero. These chan-
nels are fully armored and have few actively mobile
clasts, in contrast to nearby braids with high suspended
sediment concentrations and clasts rolling downstream.
In contrast to the Pasig-Potrero, the Sacobia has shown
almost no armoring or coarsening of the bed, and longi-
tudinal changes in slope, grain size, or pumice content
observed on the Pasig-Potrero are not currently present
on the Sacobia. We attribute these variations primarily
to differences in the relative transport capacity between
the Sacobia and the Pasig-Potrero.
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Many temporary lakes have been formed around
Mount Pinatubo by the blockage of channels by lahar or
pyroclastic-flow deposits. Many such pyroclastic dams
have been observed to repeatedly form and breach, of-
ten resulting in catastrophic lahars. A few, however,
have survived for many years.

‘We consider four conceivable mechanisms for the
failure of pyroclastic dams: (1) erosion of the dam by
flows along the lahar channel; (2) gravitational collapse
and/or piping; (3) lake overtopping; and (4) secondary
hydroeruptions.

Upper reaches of lahar channels, within about 15 km
from the crater, are prone to rapid changes in channel
configuration. Up to tens of meters of vertical and lat-
eral erosion by lahars in these near-source areas have
Pyroclastic dams
formed in these areas are therefore likely to be removed

been observed to occur in hours.

or undermined by flows along the blocking lahar chan-
nel.

Infinite-slope stability analysis indicates that pyro-
clastic dams are generally stable against gravitational
slope collapse, owing largely to their long (typically
few kilometers), gentle (<5%) downstream faces. The
gentle slope and unconfined groundwater denote exit
gradients for subsurface water far less than the critical
hydraulic gradient of the dam material, thus rendering
piping failure unlikely.

Boundary shear stress considerations, supported by
field observations, show high streambed mobility of
channels on pumiceous deposits, mainly due to the
dominantly sand-sized composition and low density of
the deposits. Similarly composed pyroclastic dams are
prone to rapid breach erosion by overtopping flows.
However, material lost to erosion along the breach-
channel may be compensated for by sediments deliv-
ered onto the dam by lahars and/or local runoff. This
is easily achieved where the dam is in an aggrading en-
Once sediment
supply to the dam is cut off, e.g., due to the depletion
of source sediments, by revegetation, or by stream be-
heading, the dam is predicted to fail by breach erosion.
It can thus be expected that, barring engineering inter-
vention, all pyroclastic dams around Mount Pinatubo
will eventually fail, as suggested by their absence be-
fore the 1991 eruptions.

Secondary hydroeruptions and secondary pyroclas-
tic flows/avalanches have been known to accompany
the breaching of pyroclastic dams, where the dams are
partially or wholly formed by hot pyroclastic flows.
These phreatic phenomena may trigger dam-breaching,
or they may occur once breach erosion has reached the
hot sections of the dam deposits. If they do occur, they
invariably accelerate breaching. The above analyses,
though, show that they are not required for pyroclastic
dams to fail.

vironment, as in an active lahar fan.
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In 1991 Mount Pinatubos eruptions produced a
caldera with a 5.4 km2 catchment that ever since has
gathered a lake with a surface that has risen roughly 10
m every rainy season. The rim is lowest at 960+ masl in
the northwest, at the Maraunot notch, named after the
stream into which overtopping lake water would drain,
thence along the Balin Baquero and Bucao to the town
of Botolan and the South China Sea 40 km downstream.
In December 2000, with only 10 m of remaining notch
freeboard, Philippine government geologists and Amer-
ican colleagues were aware of the potential for catas-
trophic breaching, because the surface 20 m of rock be-
neath the rim is highly erodible breccia. A breakout of
as much as 60 x 106 m3 is considered possible. Easily
eroded eruption debris is abundant in the path of the
flood, which could bulk up into worst-case lahars with a
volume of 3 x 108 m3. Government engineers discussed
lowering the lake with siphons or a tunnel, or scrap-
ing down and strengthening the notch, but did nothing.
Only in August, three months into a very wet monsoon
season, when only about 5 m of freeboard remained, did
the government inform the 46,000 Botolan inhabitants
of the danger. It did so only after Oxfam GB, a hu-
manitarian organization, issued a report written by pri-
vate geological consultants familiar with Pinatubo and
its lahars. The crisis, still evolving, unfortunately is
pitting government attitudes and policies — strict con-
trol of information and decisions regarding hazards —
against those of academic science, and of some NGOs
concerned with community development and empower-
ment. In August, the government abruptly abandoned
its initial denials of a serious threat, and decided to
build a canal with which to induce a breach at a propi-
tious time. Poorly paid and supervised aborigine labor
has inadvertently reduced the freeboard to only 2 m,
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and the government is announcing that it will evacuate
Botolan and induce the breach as early as September 5.
Spontaneous breaching during rainstorms remains very
possible.
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We document a decade of change in the lake and hy-
drothermal system of Mount Pinatubo, Philippines fol-
lowing the climactic eruption of 1991. A shallow lake
formed by early Sept. 1991 and has shown a long-term
trend of growth even during dry periods (~1 m/month).
It was initially dominated by meteoric influx and the
residuum of the pre-eruptive hydrothermal system, but
quickly became more acid (pH ~2-3) as magmatic dis-
charges continued to condense into the rapidly accu-
mulating water. Acidity and rock dissolution peaked
in late 1992, during and immediately after eruption of
a lava dome on the crater floor (July-Oct. 1992). The
pH of the lake remained ~3.0 to 3.3 from late 1992
to early 1999, whereas temperature showed a slow de-
cline from ~40 to 30°C. Samples taken since cessation
of dome growth suggest that magmatic degassing and
rock dissolution have declined significantly relative to
magmatic-hydrothermal brine and meteoric input. This
is indicated by trends toward higher Cl, Na, K, Li and
B and lower Mg, Ca, Fe, SO4 and F with time. Sam-
ples taken in 2001 indicate dilution, increase in pH
(5.5), and decline in temperature (~27°9C) resulting
from a growing contribution of meteoric water. The
rapid transition from a small and hot acid lake to mod-
erately large and warm near-neutral pH lake is related
to the rapid cessation of direct magmatic degassing,
large size of the catchment, and large volume of hy-
drothermal input compared to lakes hosted by more
restive andesitic volcanoes.

The pre-existing hydrothermal system was invaded
by an increased flux of magmatic gas and eventually by
magma itself. As the impermeable caprock of the sys-
tem was progressively fractured, extensive boiling and
steam loss occurred. A dry conduit system that con-
ducted volcanic gases and magma to the surface was
maintained locally until late 1992. As the magmatic
flux waned and the magmatic system plugged itself,
a liquid hydrothermal system encroached on this di-
rect pathway. Current hydrothermal input is neutral-Cl
fluid that equilibrated with rocks at ~200°C and has
similarities to geothermal fluids in wells drilled below
the same area prior to eruption. This indicates that
either very rapid fluid/rock interaction has occurred,
or hydrothermal outflow that previously flowed south
from the volcano now vents through the ruptured cap
of the system.

Considering evidence for declining magmatic input,
edifice failure and due to rising lake-level and conse-
quent lahars pose the greatest present risk to local pop-
ulations. Two low areas on the crater rim, the Ma-
raunot Notch and the O’Donnell River headwall are
a few meters above lake level (late Aug. 2001), but
the water level will probably top these points some-
time in late 2001 or 2002. Several meters of ash de-
posits from the 1991 eruptions can be easily eroded
from these areas if overtopping occurs. The most likely
failure point is along structurally controlled zones of
weakness and hydrothermal alteration that control the
Maraunot Notch.
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A geochemical investigation of Mount Pinatubo’s
volcanic lake indicates mixing between neutral chloride
spring discharge from springs in the crater walls and
meteoric waters from precipitation and runoff. T origi-
nally hypothesized that the lake water is a mixture of
deep hydrothermal acid sulfate fluid representative of
magmatic input into the hydrothermal system, neutral
chloride fluid representative of the hydrothermal input
directly into the lake via crater wall springs, and me-
teoric water. Lake water was periodically sampled and
analyzed for temperature, pH, major element concen-
tration, and isotopic composition. This study utilizes
lake samples collected in 1992, 1994, 1999, 2000 and
2001. Solution speciation and mixing models do not
support the mixing scenario originally hypothesized.
Further investigation of major element concentrations
and isotopic composition supports mixing between the
neutral chloride spring discharge and meteoric water.
A series of Cl vs. major element plots of end member
solutions and sampled lake waters delineate a mixing
line between the meteoric water and the neutral chlo-
ride spring discharge. For conservative elements such as
Li, Na, and K, lake samples plot on or near this mixing
line. For less conservative elements such as Mg, Ca, Fe,

Mn, and SO4 27, lake samples plot between the two end
members but above or below the mixing line indicating
enrichment or depletion in the lake. The significant en-
richment of Ca and SO427 in the 1992 lake sample and
less-enriched later samples can be explained by initial
anhydrite dissolution in the early lake followed by elim-
ination of source anhydrite and dilution from meteoric
water in more recent lake samples. A strong correlation
between Ca and SO42~

ther, the slope of a regression line on a Ca vs. SO42_
plot of the lake samples is ~2.8 in good agreement with
the expected SO427 to Ca ratio of ~2.5 in anhydrite.
The slight deviation can be accounted for via substi-
tution of Mg for Ca. This is supported by a similar
enrichment of Mg and a strong, positive correlation be-
tween Ca and Mg. Redox conditions in the lake are such
that Fe and Mn depletions can likewise be explained
through precipitation of secondary Fe and Mn oxides.
A Cl vs. 6D plot also delineates a mixing line between
meteoric water and neutral chloride spring discharge
and, along with §O-18 vs. 6D data, negates any acid
sulfate hydrothermal influence on the lake chemistry.
Although this mixing scenario can reasonably explain
the major element concentrations and isotopic compo-
sition of the lake water, it does not account for periods
of extreme acidity and temperature fluctuations. The
pH fluctuated from an initial 6.0 in October 1991 to
its most acidic, 1.9, in December 1992 before neutral-
izing to 6.2 by January 2001. There is evidence of a
gas phase bubbling through Pinatubo’s volcanic lake.
I observed surface bubbling, an area of upwelling, and
an extreme inverted temperature profile over the sub-
merged dome in August 2000. Modeling with previously
published COy, SOy, HoO, and Cl gas ratio and flux
data will illuminate the feasibility of explaining pH and
temperature fluctuation via volcanic gas flux through
the lake.

supports this hypothesis. Fur-
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Several geoengineering schemes have been proposed
to counteract anthropogenic climate change by reduc-
ing the solar radiation incident on the Earths surface.
It has been shown in a recent study (Govindaswamy
and Caldeira, 2000) that geoengineering schemes that

involve reduction of solar radiation incident on the
Earths surface could noticeably diminish regional and
seasonal climate change from increased atmospheric
carbon dioxide (CO2). However, the response of ter-
restrial biosphere to reduced solar radiation in a CO2
rich climate has not been explored. Atmospheric CO2
and incident solar radiation are critical prerequisites
for photosynthesis in plants. Studies have indicated
that elevated CO2 in the atmosphere stimulates photo-
synthesis resulting in increased primary production of
land vegetation. On the contrary, diminished solar ra-
diation would not only affect plant metabolism through
photosynthesis but also leaf morphology, as tempera-
ture of plants is light-controlled. In this study, we use a
dynamic global ecosystem model, IBIS (Integrated Bio-
sphere Simulator) to simulate the response of terres-
trial ecosystem to a geoengineered climate conditions.
Particularly, we analyze the influence of reduced solar
luminosity in a CO2 rich climatic conditions on the ter-
restrial carbon balance (e.g., net primary productivity,
net ecosystem exchange, and soil carbon) and vegeta-
tion structure (biomass, leaf area index, and vegetation
composition).
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Various methods have been proposed for mitigating
anthropogenic COg release to the atmosphere, includ-
ing ocean storage via enhanced biological uptake and
via deep-sea injection of captured COg. We propose an
alternate capture and sequestration method that we be-
lieve would be less expensive and more environmentally
friendly than the proceeding methods. Specifically, it is
suggested that COg-rich power-plant gases be hydrated
with seawater to produce a carbonic acid solution that
in turn is reacted on-site with limestone to form Ca?T
and HCO .
released and diluted in the ocean where it would add
minimally to the existing, large pool of these ions in
the sea. Such a process simply speeds up natural car-
bonate weathering and dissolution which will otherwise

This calcium bicarbonate solution is then

consume anthropogenic COg, but over many millennia.

Using a schematic model of ocean chemistry and
transport we show that this process would increase
ocean alkalinity, effectively neutralizing COg acidity
and isolating anthropogenic carbon from the atmo-
sphere. Relative to atmospheric release or direct COqg
injection, this method would greatly expand the capac-
ity of the ocean to store anthropogenic carbon while
minimizing environmental impacts of this carbon on
ocean biota. This technique also is less energy intensive
and less expensive than other abiotic COg capture and
sequestration schemes. We calculate an energy penalty
that may be <2% with a COq capture efficiency which
may exceed 50%. Estimated sequestration costs could
be as low as $12 per tonne COg sequestered, depen-
dent on reactor configuration and on limestone and wa-
ter availability and transport. These compare with $90
to $180/tonne COg and >>20% energy penalties esti-
mated for direct ocean COgq injection.
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A technique is proposed for controlled and signifi-
cant enhancement of the droplet concentration in low-
level maritime clouds, with a corresponding increase in
their albedo for incoming sunlight and their longevity.
The concomitant cooling effect could be regulated and
sufficiently powerful to neutralise global warming. The
technique involves dissemination at the ocean surface
of small seawater droplets which, if in sufficient quan-
tities and with appropriate salt mass, can act as the
dominant cloud condensation nuclei (CCN) on which
droplets form in marine stratocumulus. It has a short
response time and low ecological impact, requiring only
seawater and air as raw materials.
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