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Abstract

The Philippine archipelago lies along the western tectonically active margin of the Pa-
cific Basin. It has a complex volcano-tectonic setting mainly as a result of the oblique conver-
gence of the NNW moving Philippine Sea Plate and the ESE movement of the Eurasian
Plate. There are 10 identified volcanic arcs, 9 of which are related to subduction volcanism.
The two major subduction zones, the Manila Trench and the Philippine Trench, are sites of
most active volcanism and intense seismicity in the Philippines.

There are 22 active volcanoes among the more than 400 volcanoes hosted by the Philip-
pine Islands. Twenty seven are recently identified by the Philippine Institute of Volcanology
and Seismology (PHIVOLCS) as potentially active and 359 are inactive. The most explosive
volcanoes in recent Philippine history are Mayon, Taal, Pinatubo, Hibok-Hibok and Parker.
At least 3 calderas with relatively young caldera-related eruptions have been identified. Taal
Caldera and Laguna Caldera is located 60 km and 20 km, respectively, from the nation’s capi-
tal, Metropolitan Manila (population of about 12 M). The last calderagenic eruption of Taal
caldera occurred between 5,380-6,830 yBP.

The Philippines has the most violent volcanoes in the world in terms of casualty. In the
20" century alone, 2,800 lives were lost in the eruptions of the four most explosive volcanoes:
200-300 (Pinatubo 1991), 500 (Hibok-Hibok 1953), 77 (Mayon 1993), 1,335 (Taal 1911), and 200

(Taal 1965). Improved monitoring capabilities, hazard mitigation and intensive hazard
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awareness campaign led by PHIVOLCS during the last two decades significantly reduced the
casualties and damages due to volcanic eruptions. For example, casualty could have been
higher if no accurate warning was issued during the 1991 Pinatubo eruption where 60,000
people were evacuated to safety and, of these, 20,000 escaped certain death. Moreover, the
early detection of precursors prior to the most recent 2001 Mayon eruption allowed volcano-
logists to issue appropriate warnings to local officials and disaster coordinating agencies
and to evacuate over 25,000 people.

Many Philippine volcanoes are explosive because of the general tectonic setting
(subduction-related), mostly silicic to intermediate compositions, high volatile contents of
magmas, and easy access of water to volcano conduits. Being an archipelago, many explosive
eruptions in the Philippines occurred because of water-magma interaction, e.g., Taal,
Laguna. Even small phreatic eruptions are equally hazardous and can be regarded as

“explosive” due to the wide extent of damage and eruption’s ability to kill a number people,
as in the case of the 1993 Mayon eruption. Historical eruptions showed that most casualties
and property damages were due to of populated communities with active Philippine

volcanoes.
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1. Introduction

The Philippines has more than 400 volcanoes mostly distributed in five young and five
older volcanic belts or arcs linked to active and inactive subduction zones. Although rare,
some young volcanoes may be related to volcanic settings other than subduction, such as the
Cuyo Island volcanoes and Amoguis Volcano (30 ka by K-Ar: JICA, 1999) in the continental
Palawan Island (Adriano et al., 2002). Among the volcanoes, at least 22 are active, several of
which have erupted in recent historic times. The Philippine Institute of Volcanology and
Seismology (PHIVOLCS) classified 27 volcanoes as potentially active and 359 others as
inactive. Philippine volcanoes dominantly produce andesitic magmas with calc-alkaline af-
finities, but basaltic to rhyolitic magmas are also generated. Two of the three identified cal-
deras in the Philippines are also of intermediate composition. The dominant volcano
landform is composite type.

Among the active volcanoes, Mayon, Taal, Pinatubo, Hibok-Hibok, and Parker are the
most explosive. The most recent explosive eruption took place at Mayon Volcano in 2001. Al-
though infrequent, eruptions of Hibok-Hibok in 1951-1953 and Pinatubo in 1991 are among
the most explosive events in the Philippine historic record. Mt. Pinatubo s violent eruption
in 1991 is considered the largest in Philippine history and the third largest worldwide in the
20" century. The eruption had inflicted long-term and widespread damage in the surround-
ing provinces. The recent crater-lake break-out on 10 July 2002 signifies the continuing haz-
ards from Pinatubo Volcano. Taal Volcano, a small island volcano in southern Luzon, has

had the most number of violent eruptions (e.g., 1754, 1911, 1965), the latest of which occurred
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in 1977. Taal is known for its violent base surges. Parker Volcano is one of the less known
but one of the most explosive volcanoes in the Philippines. Its eruption in 1641 caused dark-
ness over Mindanao and adjacent islands.

Philippine volcanoes erupt at different styles: phreatic, phreatomagmatic, Strombolian,
Vulcanian, Pelean, Merapi, and Plinian. The most explosive volcanoes in recent Philippine
history are Taal, Mayon, and Pinatubo. Taal, one of the smallest but deadliest volcanoes in
the world, is known for its violent phreatomagmatic activities (e.g., 1911, 1965). Mayon, a
volcano famous for its near-perfect symmetry, have erupted 48 times, most of which are
Vulcanian. In the climactic 15 June 1991 Plinian eruption of Pinatubo Volcano, the plume in-
truded the stratosphere to heights beyond 40 km. The head of the giant umbrella cloud ex-
panded laterally to more than 700 km within three hours, covering most of Luzon Island.

Eruption phenomena are variable for each volcano, temporally even in a single eruption
episode. The most common hazards directly associated with eruptions are lava flows, lava do-
mes, pyroclastic flows, pyroclastic surges, lateral blasts, tephra falls, and volcanic gases.
Base surge, a type of pyroclastic surge, is typical for Taal eruptions, while pyroclastic flow
is a common hazard for Pinatubo, Parker, and Mayon. Indirectly-associated hazards are la-
hars, debris avalanches, tsunamis, subsidence, secondary explosions, secondary pyroclastic
flows, and crater-lake breakout. Lahars and debris avalanches can be syn-eruption hazards.
Lahars, secondary explosions and pyroclastic flows, and lake breakout, are post-eruption
hazards of the 1991 Pinatubo eruption. There is no historical occurrence of debris avalanche
in Philippine volcanoes except for the 1628 (?) debris avalanche in Iriga Volcano (Aguila et
al., 1986).

Calderas are the most explosive volcanoes in the Philippines based on studies of their
deposits. Because of the scarcity of detailed work, only three calderas, Taal, Laguna, and
Irosin, will be described herein. These calderas are characterized by the extrusion of an-
desitic to dacitic magma in the order of tens to hundred cubic meters similar to those
erupted by calderas in Japan. The youngest calderagenic event occurred in Taal caldera be-
tween 5,380 to 6,830 yBP. This very young activity qualifies Taal caldera as “active”, accord-
ing to the definition of PHIVOLCS.

Volcano and earthquake monitoring is conducted by PHIVOLCS. At least one perma-
nent volcano monitoring station is established in each volcano in the most active category.
Additional seismic stations are established when a volcano shows signs of reactivation.

Other monitoring methods such as geophysical, geochemical, and visual observations are
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conducted on a regular basis. Volcano monitoring activities of PHIVOLCS are augmented
by partners abroad, mainly the United States Geological Survey (USGS) and other volcano
observatories in Japan.

Each of the active volcanoes in the Philippines has a different set of eruption precursors.
The most common precursors include the following: increase frequency of volcanic quakes;
increase in steam activity; crater glow; ground swelling; tilting or fissuring; localized land-
slides and rockfalls; drying of vegetation; increase in temperature of hot springs; crater
lakes and wells; variation in chemical content of volcano-related bodies; drying up of wells or
springs; and development of new thermal areas and reactivation of old ones. Volcano bulle-
tin summarizing the status of the most active volcanoes are prepared by PHIVOLCS daily.
Advisory bulletins are released more frequently during abnormal activities or as the need
arises. Alert signals to warn the public of the status of active volcanoes have been prepared
and updated after each eruption. Different alert signals were designed for each volcano, ow-
ing to the difference in precursors and eruption behavior.

Mitigation measures include hazard zone delineation mainly on the basis geologic map-
ping and historical eruptive activities. The PHIVOLCS Quick Response Team, virtually
available round the clock, is dispatched during volcanic emergencies. Information dissemina-
tion and long-term public education are also conducted in the form of lectures, seminars,
workshops, and volcano fieldtrips. General information about volcanic eruptions and haz-
ards are provided in posters, brochures, comics, videos and other media.

Here, we present an overview of volcanism in the Philippines, classification of volcanoes,
and characteristics of volcanic arcs in relation to their tectonic settings. Detailed review of
the explosive activities for the most active and explosive volcanoes - Mayon, Taal, Pinatubo,
Hibok-hibok, and Parker, are given. Historically significant eruptions are highlighted. More
detailed descriptions of the geology, eruption styles, patterns and recent activities, are sum-
marized for volcanoes where detailed studies are available. Monitoring and eruption predic-
tion techniques for each volcano are outlined. This review paper referred to a significant

number of published papers, internal reports, and relevant data on Philippine volcanoes.

2. Volecanic Ares and Tectonic Elements

2.1 Volcanic Arcs

Volcanoes in the Philippines are distributed in ten volcanic belts. The distribution of ac-
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tive and inactive Plio-Pleistocene volcanoes generally reflects the activity along subduction
zones bounding the archipelago. With the exception of the East Luzon Trough and Cuyo
Belt, all active subduction zones bordering the Philippines have their corresponding volcanic
arcs. These are (Fig. 1): (1) Central Luzon Belt in response to the Manila Trench subduction,
(2) East Philippine Volecanic Arc associated with the Philippine Trench, (3) Negros Arc re-
lated to the Negros Trench, (4) Sulu-Zamboanga Arc corresponding to the Sulu Trench, and
(5) Cotabato Belt linked to the Cotabato Trench. Other volcanic belts that may not be related
to active subduction include the following: (1) Sta. Ana Belt, (2) Luzon Central Cordillera
Belt, (3) Lanao Volcanic Area, (4) Mindanao Central Cordillera, and (5) Cuyo Belt. Cuyo Belt
appears to be unrelated to a subduction zone (BMG, 1981).

Several authors described the tectonic features, volcanism, and geochemical characteris-
tics and variations in the two major arcs, the Central Luzon Belt and the East Philippine Vol-
canic Arc. For the East Philippine Volcanic Arc, only the northern segment, the Bicol Arc,
was described by previous authors. In the absence of detailed studies on most Philippine

arcs, only the two major arcs will be described herein.

3. Central Luzon Belt

4. East Philippine
Volcanic Arc

5. Negros Belt

6. Sulu - Zambeanga
Arc

7. Lanao Volcanic Area

8. Mindanao Central
Cordillera o,

9. Cotabato Belt

10. Cuyo Belt

5
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. ]
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20 7} 20
.
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Cordillera Belt
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Fig. 1. (A) Volcanic arcs of the Philippines. (B) Tectonic map of the Philippines.
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2.1.1 Central Luzon Belt
The Central Luzon Belt (Fig. 2) is an active volcanic arc associated with the subduction
of the South China Sea lithosphere underneath the Manila Trench, initiated about 15 Ma (De-
fant et al., 1988). It is situated approximately above the 100-km depth contour line of the
Wadati-Benioff zone (Cardwell et al., 1980; De Boer et al., 1980). A total of 39 volcanic centers

Cordillera Central
NORTH LUZON

— E— .
0 10 20 30 40 50 60

Kilometers PALAWAN BLOCK

Fig. 2. Map of southern Luzon, Philippines showing major Pliocene-Quaternary volcanoes, arcs
and other tectonic elements. WBL-West Bataan Lineament, EBL-East Bataan Lineament,
WML-West Mindoro Lineament, EML-East Mindoro Lineament. The numbers on the map
correspond to the following volcanoes: 1-Mt. Pinatubo, 2-Mt. Balakibok, 3-Mt. Santa Rita, 4-
Mt. Natib, b-Mt. Samat, 6-Mt. Mariveles, 7-Mt. Limay, 8-Corregidor Complex, 9-Mt. Palay-
palay, or Mt. Mataas na Gulod, 10-Mt. Cariliao, 11-Mt. Batulao, 12-Mt. Balungao, 13-Mt.
Amorong, 14-Mt. Bangcay, 15-Mt. Arayat, 16-Mt. Taal, 17-Mt. Macolod, 18-Mt. Panay, 19-
Maricaban West Complex, 20-Mt. Casapao, 21-Mt. Sembrano, 22-Mt. Makiling, 23-Mt. Map-
inggon, 24-Mt. Bulalo, 2b-Mt. Nagcarlang, 26-Mt. Atimbia, 27-Mt. San Cristobal, 28-Mt. Ba-
nahaw, 29-Mt. Malepunyo, 30-Mt. Lingayen, 31-Verde Island Complex, 32-Mt. Macapili, 33-
Mt. Dumali, 34-Mt. Marlanga, 35-Mt. Pola, 36-Mt. Maestre de Campo, 37-Mt. Simara, 38-
Mt. Bantoi, and 39-Laguna de bay Complex. Figure adopted from Defant et al. (1988). Sev-
eral of the tectonic features were adopted from De Boer et al. (1980), Hamburger et al.
(1982), Karig (1983), and Wolfe and Self (1983).
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Fig. 3. The Ce/Yb variation in volcanoes and volcanic centers in Central Luzon. (A) Map shows
the location of the western (WVC) and eastern (EVC) volcanic chains. Numbers correspond
to the names of the volcanic centers: 1-Malobago, 2-Poelis, 3-Pitongbayog, 4-Pinatubo, b-
Balaybay, 6-Philseco, 7-Bubilao, 8-Manggahan, 9-Sta. Elena, 10-Tipo, 11-Sta. Rita, 12-Natib,
13-Samat, 14-Mariveles, 15-Limay, 16-Simsiman, 17-Cuyapo, 18-Balungao, 19-Bangkay, 20-
Amorong, and 21-Arayat. (B) The across-arc chemical variations of the silicic rocks in Cen-
tral Luzon from the west (WVC) = Balaybay to Poelis) to the east (eastern volcanic chain
(EVC)= Cuyapo and Balungao). (C) The across chemical variation of the Central Luzon basalt
to basaltic andesites from the west (WBC=Tipo to Simsiman) to the east (EVC=Arayat and
Amorong). (D) Combining the basaltic to silicic volcanic centers clearly shows the elevated
Ce/YDb of the latter compared to the former. A longitudinal variation of adakitic-tholeiitic-
calc-alkaline-adakitic spatial zonation is recognized. Symbols: closed boxes-western vol-
canic chain adakitic rocks, open boxes -western volcanic chain normal volcanic rocks, closed
circles -eastern volcanic chain adakitic rocks, open circles -eastern volcanic chain normal vol-
canic rocks. Adopted from Yumul et al. (2003).
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(Fig. 2) define the arc, extending from the Balungao volcanic group on the north to Mt. Si-
mara on the south (Defant et al., 1988). Volcanism in the arc is predominantly andesitic with
calc-alkaline affinities, although individual volcanoes can be basaltic to rhyolitic (Defant et
al., 1989). Defant and Ragland (1988) suggested that the dominant process in the magmatic
evolution of some volcanoes along this arc is crystal fractionation.

Defant and others (1989) proposed five segments for the Manila Trench-related arc: Tai-
wan (Taiwan Coastal Range and the islands of Lutao and Lashu), Babuyan, northern Luzon,
Bataan, and Mindoro (Fig. 2). Bataan and Mindoro constitute the Central Luzon Belt (De
Boer et al., 1980). The northern segment is the Bataan Arc (BA), which extends from
Lingayen-Dingalan Fault Zone southward to Verde Passage Fault Zone. The southern por-
tion is the Mindoro Arc (MA), which extends from the latter tectonic feature to the Tablas
Fault Zone. A major volcanic zone trending NE-SW, called the Macolod Corridor (MC), di-
vides the arc into two (Defant et al., 1988). A shift in the location of volcanism eastward in
both of the segments suggests that the subducting slab initiated partial melting of the man-
tle during its eastward downward migration (Fig. 3; Defant et al., 1988). Melting at two spe-
cific depths resulted to sub-parallel chains of volcanoes along Bataan Arc, the Western
Bataan Lineament (WBL) and Eastern Bataan Lineament (EBL) (Defant et al., 1988). These
two constitute the forearc-main arc and back arc regions (Fig. 3) with respect to Manila

Trench, respectively (Yumul et al., 2003).

Bataan Arc

The Western Bataan Lineament (WBL) is one of the areas with the greatest clustering
of volcanoes in the Philippines (Wolfe and Self, 1983), among which are Mt. Pinatubo, Mt.
Natib, and Mt. Mariveles. Older and eroded volcanoes (0.19-5.93 Ma) consisting of andesitic
to dacitic plugs and necks, which developed on ophiolites of the Zambales complex, are also
present in this volcanic chain (Defant et al., 1988). In contrast, the Eastern Bataan Linea-
ment (EBL) developed on predominantly clastic sediments of the Central Valley Basin (De-
fant et al., 1988). The EBL consists of volcanic centers including Mts. Balungao, Cuyapo,
Amorong, and Arayat, and whose age ranges from 0.32-0.78 Ma (Yumul et al., 2003). Vol-
canic centers in this side of the arc are sparse and smaller compared to the adjacent forearc
(Yumul et al., 2003). The dominant magma type in the volcanic belt ranges from augite-hy-
persthene andesite, biotite-hornblende andesite to minor hornblende-biotite dacite (Divis,

1980).



Several workers (e.g., Balce et al., 1979; De Boer et al., 1980; Datuin, 1982; BMG, 1981)
have discussed the across-arc variation in the Bataan Arc. A recent work by Yumul and oth-
ers (2003) shows this variation in terms of Ce/Yb values. Silicic rocks with adakitic affinity
and basaltic to andesitic volcanoes constitute the two sets of volcanic centers in Bataan Arc.
Across-arc geochemical variation in terms of Ce/Yb is readily seen among the former set
(WBL) but is not very clear among the latter (EBL). When arranged in the field, the eastern-
most and westernmost volcanic centers exhibit higher Ce/Yb compared to those in between
(Fig. 3C). The resulting across-arc variation from west to east is adakitic-tholeiitic-cale-
alkaline-adakitic zonation (Yumul et al., 2003). The across-arc geochemical variation signi-
fies the contributions from the slab, mantle, and crust compounded by the effects of geo-
chemical processes such as partial melting, fractionation, magma mixing, and mantle-melt
interaction (Yumul et al., 2003).

Volcanoes of the Bataan Arc do not only display a general younging from west to east
(De Boer et al., 1980) but also show a specific compositional trend. Volcanic centers that are
approximately 5 Ma are silicic; those between <5 to 1 Ma have basaltic to andesitic geochemi-
cal composition, while those whose age is <1 Ma show a broad range of composition from ba-
saltic to andesitic to dacitic (Yumul et al., 2003). Yumul and others (2003) interpreted the
observed spatial and temporal relationships of the different volcanic centers in Central Lu-

zon as related to the change in dip of subduction of the South China Sea crust.

Mindoro Arc

The Mindoro Arc is composed of two parallel volcanic chains, the Western Mindoro
Lineament (WML), consisting of volcanoes namely Verde Island, Mt. Macapili, Mt. Pola,
Mt. Maestre de Campo, and Mt. Simara, and the Eastern Mindoro Lineament (EML) which
includes the Laguna de Bay Complex, Mt. San Cristobal, Mt. Banahaw older volcanics
(>0.7Ma), and Mt. Marlanga (Fig. 2; Defant et al., 1988). The WML was formed along the
eastern margin of the north-trending Mindoro basin while the EML probably developed on a
basement composed of Angat ophiolites (Defant et al., 1988). The shift of volcanism eastward
is the result of the active subduction along the Manila Trench as in the case of the Bataan
Arc (Defant et al., 1988).

Unlike its northern arc counterpart, geochemical variation within the WML and EML is
difficult to assess. The incorporation of crustal component from the North Palawan Conti-

nental Terrain contaminated magmatism in the area, producing magmas with higher radio-
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genic Sr, which is present only in the Mindoro Arc. Aside from Sr, MA rocks also exhibit the
highest radiogenic Rb, Ba, Th and large-ion lithophile elements (LILE) compared with all the
other Central Luzon Arc rocks (Defant et al., 1988). Alternatively, this unique geochemical
signature can be due to subduction of a terrain composed of ophiolites and metamorphic
complexes (Hamilton, 1979; De Boer et al., 1980; McCabe et al., 1982; Karig, 1973).

The geochemical variation was both across and along the Central Luzon Arc. Recent
volcanism along this arc shows systematic regional variation (Knittel et al., 1988; Knittel
and Defant, 1988; Defant et al., 1990 and 1991). The Central Luzon Arc (i.e. EBL) shows a pro-
gressively decreasing radiogenic Nd and increasing radiogenic Sr values towards the south.
Knittel and others (1988) and Defant and others (1991) suggest that this variation could have
resulted from the incorporation of crustal materials, most likely from a fragment of North
Palawan Continental Terrain or sediments derived from it into the source regions of these

mantle-derived magmas (Bernard et al., 1996).

Macolod Corridor

Macolod Corridor, the third major volcanic zone that separates the northern and south-
ern segments of the Central Luzon Belt, is a 40-km wide NE-SW trending tectonic
depression. It extends from Maricaban Island to Mt. Sembrano (volcanoes 19 and 21: Fig. 2)
and is characterized by volcanic centers that are relatively closely spaced and vary signifi-
cantly in size (Defant et al., 1988). These include Taal Volcano, Taal Caldera, Laguna Caldera
(within Laguna de Bay Complex) and three other stratovolcanoes as well as several monoge-
netic scoria cones and maar craters. Defant and others (1988) interpreted that the recent ac-
tivities of Mt. Banahaw and Mt. San Cristobal complex as well as Taal Volcano are related
to the MC. Volcanism in this region began at about 300 ka (Defant et al., 1988). Radiometric
dates compiled by Oles (1991) within the MC indicate that volcanism began at least 2.3 Ma.

There are a number of ideas as to the possible mechanism of generation of magmas in
this region. Divis (1980) related volcanism in this area to a leaky transform fault joining the
most active parts of the Philippine and Manila Benioff zones. Defant and others (1988) pro-
posed a rift-related magmatism for MC. This NE-SW zone of extension controls the forma-
tion of basaltic volcanoes within the MC (Forster et al., 1990).

Defant and others (1988) have shown that the geochemistry of Macolod Corridor volcan-
ics is distinet from that of Mindoro Arc and Bataan Arc. MC voleanics plot primarily in the

subalkaline field but have clearly elevated alkali values compared to the WBL. The MC mag-



mas also have higher LIL elements values than those of WBL. These geochemical signatures
are a consequence of lower degrees of partial melting in the MC source than that of EBL or
WBL. The radiogenic Sr value obtained is lower than or equal to any of the samples collected
from BA or MA (Defant et al., 1988). Defant and others (1988) attributed the alkali-enrich-
ment in the Macolod Corridor volcanics to rifting. They also argued that the lower ¥Sr /%Sr
ratio as compared with the Bataan and Mindoro segments is due to the same tectonic
process. Defant and others (1988) believe that Sr values in MC are not affected by fluids from
the slab as the EBL and WBL and are not affected by the slivers of continental crust, as the
MA voleanics are. Thus magmas originating in this zone are the result of processes other
than those in the subduction zones below Central Luzon and Mindoro-Marinduque. Defant
and others (1988) proposed that MC is a rift zone.

Subsequent workers (i.e. Knittel and Defant, 1988; Knittel et al., 1988; Milklius et al.,
1991; Sudo et al., 2000) interpreted that volcanism in the MC as subduction-related. The iso-
topic and trace element studies of the lavas erupted in the Macolod Corridor, including the
recent Taal eruptive products, suggest source enrichment by contamination of a melt frac-
tion of the North Palawan Continental Terrain (Knittel and Defant, 1988; Knittel et al., 1988;
Miklius et al., 1991). Sr and Nd values of MC magmas are actually intermediate between
Bataan and Mindoro Arc magmas, which contain continent-derived materials (Knittel and
Defant, 1988; Knittel et al., 1988). MC magmas therefore may also contain continent-derived
materials associated with the South China Sea plate subduction and that magmatism in this
region may also be subduction-related and does not necessarily need a rifting mechanism
(Sudo et al., 2000). Moreover, the migration of active volcanism from the Laguna de Bay area
to monogenetic volcano areas, about 1.6-1.0 Ma, is difficult to explain by rifting. A plausible
explanation for this shift is the steepening of the subducted slab at the Manila Trench with
time (Sudo et al., 2000). The Benioff zone indicates that subducted slab along the Manila
Trench is very steep that it does not extend beneath the cluster of young and active volca-
noes, e.g., Taal. It remains controversial as to whether the present subducted slab produces
the concurrent volcanism.

As a whole, the evolution of the Central Luzon Arc through space and time is a complex
one, producing geochemical signatures distinct for each volcanic zone across and along the

length of the arc.
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2.1.2 East Philippine Volcanic Arc

The Southeastern Luzon Volcanic Arc (SELVA) or Bicol Arc (Fig. 4), is part of the linear

chain of volcanoes, the East Philippine Volcanic Arc, stretching from southeastern Luzon,

thru the Samar-Leyte islands in the Visayas, to eastern Mindanao. The SELVA itself is

within the enclosure of 122°30" E to 124°30" E longitude and 12°30° N to 14°60° N latitude, a

NW-SE oriented landmass about 250-km long and 50-km wide, encompassing an area of

about 15,000 km®. It is located between the Philippine Trench to the east, and the active, left-

lateral strike-slip Philippine Fault Zone to the west. Arc volcanism in the SELVA is related

to the westward subduction of the Philippine Sea Plate at the Philippine Trench (Aurelio,

2000), approximately 210-280 km off shore to the east, at an average rate of 8 cm/yr (MGB,

1996).
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The Philippine Fault Zone and the Philippine Trench control local structures within the
arc and the general elongate shape of the region. Another major fault known as the San
Vicente-Linao Fault transects the arc through the Pocdol mountains, southwest of Legaspi
and Mt. Mayon, in a west-northwest orientation (Fig. 5). Several northwest-southeast trend-
ing faults can also be found in the Albay and Lagonoy Gulf vicinities (Newhall, 1977; JICA,
1999).

The SELVA is composed of twelve major volcanic centers, mostly stratovolcanoes with
single eruption craters and steep-sided cones (Fig. 4). Of the twelve, three are classified by
PHIVOLCS as active, namely Mt. Iriga, Mt. Mayon, and Mt. Bulusan & Bulusan Volcano
Complex. The other nine are Mt. Bagacay, Mt. Labo, Mt. Culasi & Mt. Cone, Mt. Isarog,
Mt. Sangay, Mt. Malinao, Mt. Masaraga, Bacon-Manito Volcanic Complex, and Mount

Bintacan. New K-Ar dating of rocks, as well as earlier age data throughout the SELVA
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from Wolfe (1981), Delfin (1991), and JICA (1999), led to the recognition of three magmatic
episodes in the arc (Andal, 2002).

The first magmatic episode is represented by rocks ~70 to ~ 6 Ma old (Figs. 4 and 6).
The deposits are composed mainly of granodiorite & diorite intrusive rocks and andesite
flows (Andal, 2002). The rocks have SiO, and K,O compositions ranging from 51 to 63 wt%
and ~0.1 to 2.5 wt%, respectively, indicating basalt to transitional andesite-dacite
compositions. Multi-element plots of samples standardized to the Primitive-Mantle values of
Sun and McDonough (1989) display patterns found in typical island-arc volcanic rocks (Arcu-
lus, 1994). The pattern shows a steady increase from heavy rare-earth elements (HREE) to-
wards LILE. Breaking these patterns are strong negative Nb and Ti anomalies, and slightly
positive Sr anomalies. The first episode rocks exhibit geochemical affinity with calc-alkaline
basalt and island arc tholeiite.

Volcanic rocks with ages ranging from 5.7 to 1.1 Ma were deposited during the second
magmatic episode (Figs. 4 and 6) (Andal, 2002). These rocks are composed of rhyolite flows,
dacites, and massive basaltic andesite to andesite lava flows. Volcanic rocks have 52 to 66 wt
% Si0s, 1.2 to 2.8 wt % KO, and low MgO wt % & FeO/MgO ratios. The multi-element pat-
terns from normalized samples display a general increase from HREE to LILE, interrupted
by strong negative Ti and Nb anomalies, and positive Sr and Pb anomalies. Hornblende
borders, opacite rims, and dusty & oscillatory zoned plagioclase crystals observed in thin sec-
tions, as well as the pyroxene + plagioclase + hornblende & biotite = apatite crystalliza-
tion order suggest the island-arc affinity of the second magmatic episode (Andal, 2002).

Less than 1.0 Ma volcanic rocks represent the third magmatic episode. Basaltic andesite
and andesite are the dominant rock types (Andal, 2002) (Figs. 4 and 6). The samples have SiO;
compositions ranging from 48 to 73 wt%. They also range from low-K arc tholeiite to high-K
calc-alkaline rocks, with the majority belonging to the boundary between the calc-alkaline
and high-K calc-alkaline series. The standardized multi-element plots of rock samples from
the third magmatic episode show patterns characterized by a steady increase in HREE to-
wards LILE and depletion in HSFE’ s, with strong negative Nb and Ti anomalies, and posi-
tive Sr and Pb anomalies breaking the patterns.

In summary, the first magmatic episode emplaced silicic rocks. Silicic and intermediate
rocks were extruded during the second episode. Deposited during the third episode were in-
termediate to mafic rocks. All the three episodes exhibit calc-alkaline affinities and have geo-

chemical signatures typical of island-arc magmas.
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2.2 Major Tectonic Features
The Philippine Mobile Belt (PMB) is a zone of active deformation. It is a complex system
of subduction zones, collision zones, and marginal sea basins, bounded on the east by the
Philippine Sea Plate, and the eastern margin of the Eurasian Plate on the west. The major

tectonic features related to volcanism are: (1) the Philippine Fault, (2) Manila Trench, (3)
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East Luzon Trough, (4) the Philippine Trench, (5) Negros Trench, (6) Sulu Trench, and (7) Co-
tabato Trench (Fig. 1). Three active collision zones exist at the northern, western, and south-
ern margins of the Philippines. They are: Northern Luzon-Taiwan (continent-arc collision),

Mindoro-Panay (arc-continent collision), and Moluccas Sea (arc-arc collision).

2.2.1 Philippine Fault
The Philippine Fault or the Philippine Fault Zone is a 1,200 km-long structure travers-
ing the length of the archipelago from Luzon to Mindanao. The fault is generally left-lateral
(Nakata et al., 1977). Slip rates differ from 0.55 cm/yr to 6.85 cm/yr. Estimates of the Philip-
pine Fault’ s age range from Tertiary to Upper Pliocene.
The Philippine Fault has three varying structural regimes. As a result, three distinct
segments can be distinguished based on structural character and data availability:
1. Northern segment: Northwest Luzon to Lamon Bay
This segment of the Philippine Fault is the one responsible for the 16 July 1990
earthquake. Unlike the central segment that is restricted to a narrow zone, the
northern segment branches out into several strike-slip faults generally oriented N-
S. Furthermore, it is characterized by a transgressional regime with a dominant ver-
tical thrust component relative to strike-slip movement (Ringenbach, 1992).
2. Central segment: Bontoc Peninsula to Leyte
The central segment of the Philippine Fault exhibits a relatively simple struc-
ture, with only 2-3 well-defined branches. This segment is characterized by a left-lat-
eral strike-slip movement as implied by observational features such as truncated
surfaces, fault planes, and ruptures during earthquakes.
3. Southern segment: Mindanao and the Moluccas
Field studies and remote sensing measurements conducted in 1991 indicate that
the southern segment of the Philippine Fault bounds the Agusan-Davao Basin on its
eastern flank (Pubellier et al., 1991). This segment strikes N10°-20°W in Surigao and
N-S in Davao. More recent structural investigation of the Philippine Fault in this re-
gion has shown that this segment cuts across the Agusan-Davao Basin (Quebral,

1994).

2.2.2 Manila Trench

The Manila Trench represents the morphologic expression of the South China Sea’ s sub-



duction under the Luzon Arc (Cental Luzon Belt) (Karig, 1973; Cardwell et al., 1980). The
trench reaches depths of up to 5,100 m in the latitude of Manila (Ludwig et al., 1967), with a

corresponding Benioff zone that is steep on its southern portion but flattening to the north.

2.2.3 East Luzon Trough
The northern tip of the Philippine Trench cuts across a still poorly understood struc-
ture, which is often referred to as the East Luzon Transform Fault. The East Luzon Trough
(Fig. 7) is located north of this transform fault and east of Luzon Island. It is considered as
a newly forming subduction zone (Karig, 1973; Lewis and Hayes, 1983) since compressive
structures are generally absent on the eastern flank of Luzon and that the corresponding

volcanic arc has not yet formed.

2.2.4 Philippine Trench

The Philippine Trench accounts for the westward subduction of the Philippine Sea Plate
under the eastern Philippine Arc (Fitch, 1972; Cardwell et al., 1980; Hamburger et al., 1983).
It is suggested that the Philippine Trench is young and is presently propagating to the
south. This is due to its relatively shallow Benioff zone corresponding to a maximum of 250
km for the length of the subducted slab. Furthermore, seismic reflection profiles and ba-
thymetric data (Karig and Sharman, 1975; Karig, 1973) show that a well-developed accretion-
ary prism related to the trench does not exist.

The Eastern Philippine Volcanic Arc, which can be traced from Bicol to Leyte, is linked

to the Philippine Trench. Traces of this voleanic arc, however, are not found in Mindanao.

2.2.5 Negros Trench
The Sulu Sea Basin subducts under Negros Trench. The corresponding Benioff zone is
poorly manifested, with a subducted slab reaching a depth of only about 100 km and dipping
slightly under the islands of Negros and Panay. An active volcanic chain (Negros Arc) re-

lated to the Negros Trench, however, can be traced in these islands.

2.2.6 Sulu Trench

The Pliocene-Pleistocene magmatic activity of Zamboanga Arc is linked to the south-

ward subduction of the Oligocene-Miocene Sulu Sea back-arc basin along the Sulu Trench.
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2.2.7 Cotabato Trench

Subduction along the Cotabato Trench is relatively young as shown by an underdevel-

oped Benioff zone. An active volcanic arc related to the trench, however, can be found on the

western margin of Mindanao Island (Divis, 1983; Cruz, 1987).

3.0 Classification of Philippine volcanoes

Philippine volcanoes are classified as active, potentially active, and inactive based on

their current activities and eruptive histories. At least 22 are considered active, and several

have erupted in recent times (Table 1). Volcanoes are active if they satisfy at least one the fol-

Table 1. Active volcanoes in the Philippines. Modified from PHIVOLCS (2002).

# historical Last eruption

Name eruptions o activity Latitude Longitude Locality (Iilre;)ation Type of activity Main rock type
1. Babuyan Claro 4 1917 19 31.4N 121 56.4E Babuyan Island 0.843 Strombolian, phreatomagmatic basaltic

2. Banahaw 3 1843 14 04.0N 121 20,08 LAEUR&-QUeZOn 9169 Eyplosive with lahar andesite

3. Biliran 1 1939 11 01.4N 124 32.1E Biliran Island 1.34 Presently solfataric hb andesite

4. Bud Dajo 2 1897 06 01.0N 121 03.0E Jolo Island, Sulu 0.62 Presently solfataric basalt

5. Bulusan 15 19941995 12 46.2N 124 03.0E Sorsogon 1565 Lhweatic phreatomagmatic  andesite

6. Cagua 2 1907 18 13.3N 122 07.4E Cagayan 1.16 Presently solfataric andesite

T- Gamiguin de 1857 18 50.0N 121 5168 GaouwvanIsland o715 prosently solfataric andesite

8. Didicas 6 1978 19 046N 122 12.1F abuvan Island g gq5 - Throatic eruption and formation —,gegite

9. Hibok-hibok 5 1948-1953 09 12.2N 124 40.5E Camiguin Island 1.332  Pelean olv-bearing andesite
10. Iraya 1 1454 20 27.0N 120 0L1E Batan Island. 099 plinjan andesite

11. Iriga 2 1642 13 274N 123 274E Camarines Sur 1.14g ~ Phreatic eruption, debris basaltic andesite
12. Kanlaon 21 1996 10 247N 123 07.9E Negros Island  2.435 ggf&?ﬁﬁbﬁﬁﬁoﬁﬁﬁfﬁg andesite

13. Leonard no data (1(2}3{){]4;/BP 07 229N 126 02.8E Davao 0.2 Presently solfataric andesite to dacite
14. Makaturing 7 1882 07 38.8N 124 19.0E Lanao del Sur 1.94 no data no data

15. Matutum 1 1911 06 22.0N 125 06.5E South Cotabato 2.286 Plinian andesite

16. Mayon 48 2001 13 154N 123 41.1E Albay 2.46 Sirombolian, Vuleanisand andesite

17 Msuan 2 1867 07 52.6N 125 04.1E Bukidnon 0.646  nodata olv.hearing andestte
18. Parker 1 1640 06 06.8N 124 53.5E South Cotabato 1.784 Plinian dacite

19. Pinatubo 3 1992 15 07.4N 120 20.0E %zﬁggf;%ﬂacl.zms Plinian dacite

20. Ragang 7 1916 06 40.0N 124 30.0E 5anao del Surygi5 myplosive with lava flows no data

21. Smith 5 1924 19 32.4N 121 54.7E Babuyan Island 0.688 Phreatic (?) / explosive (?) basalt

92 Taal 33 1977 14 00.IN 120 59.1E Batangas 0311  Dhreatic phreatomagmatic  qeqite pasalt

and strombolian eruptions




lowing conditions: (1) has erupted in historic times (e.g., Mayon, Taal), (2) has oral folkloric
history which suggests that an eruption took place (e.g., Parker), (3) has shown indications
of seismic activity (e.g., Musuan), and (4) has volcanic deposits less than 10 ka (e.g., Pinatubo
prior to its 1991 eruption). Considered most active are the volcanoes which have short repose
periods, namely: Mayon, Taal, Bulusan, Canlaon, and Hibok-Hibok. Pinatubo Volcano has
been included among the most active in view of its recent activities.

Potentially active volcanoes are characterized by one or several of the following
features: (1) geologically young (<10,000 yrs for composite volcanoes; <25,000 yrs. for cal-
deras), (2) geomorphologically young (i.e. little vegetation cover, low degree of dissection,
young vent features), (3) presence of solfataras/fumaroles, (4) suspected seismic activity, (5)
documented local ground deformation, (6) geochemical indications of magmatic involvement,
and (7) geophysical proof of magma bodies. There are 27 identified potentially active
volcanoes.

Volcanoes with no record of eruption and whose landforms have been modified by
weathering and erosion are classified as inactive. There are 359 volcanoes identified in this
category. Given the short span of recorded Philippine history (600 yrs), some volcanoes
which are classified at present as potentially active or inactive may be reclassified as active

when new data become available.

4.0 Eruptive History of the Most Explosive Active Volcanoes in the Philippines

4.1 Mayon Volcano
4.1.1 Volcano Profile
Mayon Voleano, the most active volcano in the Philippines, lies in the eastern portion of
Albay Province, southeast Luzon Island (13°15.4' N, 123°41.1" E). Known for its beauty and
highly symmetrical cone, it is one of the prime tourist destinations of the country. Mayon
rises to about 2,462 m above sea level and covers an area of 250 km* encompassing Legaspi
City and seven towns. About 900,000 people live around the volcano. Mayon Volcano is part
of the local chain of volcanoes known as the Bicol Arc. The Bicol Arc is the northern segment
of the East Philippine Volcanic Arc (Fig. 4), which is related to the active westward subduc-
tion of the Philippine Sea Plate along the Philippine Trench.
Mayon is an andesitic stratovolcano with a history of at least 48 eruptions since 1616

(Table 2). It is built by four major types of volcanic processes, namely, tephra fall, pyroclas-
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tic flows, lahars, and lava flows. Its most explosive eruption occurred on 01 February 1814
and devastated the towns on the southwestern slope of the volcano. The eruption was Plini-
an, characterized by widespread fallout deposition, pyroclastic flows, and surges around the
volcano. As a result, at least 1,200 people were killed. The most recent eruption occurred in
2001. This eruption is characterized by both explosive and non-explosive activities. The erup-
tion was commenced by dome intrusion, followed by dome explosion and collapse, producing
pyroclastic flows and surges with minor ashfalls. It was terminated by lava flow effusion.
Most of the flows were emplaced along the gulleys facing Legaspi City, at the southeastern
slope of the volcano.

Mayon’ s eruptions, though sometimes destructive, bring long-term benefits to people
living around it. Its fertile slopes and surrounding plains, coupled by abundant rainfall
through the year, have made the province of Albay a rich agricultural region. Pyroclastic
flow and lahar deposits are very much suitable for coconut, rice, abaca, cassava, tomatoes,

and legume cultivation, with minimal fertilizer requirements.

4.1.2 Age Estimate

Mayon is one of the youngest stratovolcanoes within the Southeastern Luzon Volcanic
Arc. It was formed during the third magmatic episode (<1 Ma) (Fig.4) of the arc, character-
ized by the extrusion of basaltic to andesitic volcanic rocks (see section 2.1.2).

Most of the earliest deposits of Mayon are probably buried beneath its edifice, thus pre-
cise age of Mayon is unknown. The oldest exposed deposit was dated to be 5,050£250 yBP by
"C method (Meyer, 1985). The first age estimate was given by Newhall (1977) using three
methods: (1) by estimating the rate of addition of new volcanic products and the total volume
of the cone, (2) by extrapolating downward from "C dates to an assumed base of the cone,
and (3) by studying folkloric legends of the early inhabitants of the area. The first method,
using addition rate estimates from the 1928 and 1968 eruptions (Faustino, 1929; Moore and
Melson, 1969), yielded an age of approximately 5,500 yBP. The second method, using two "“C
dates of charred wood (Hamada, 1976), and working under the assumptions that the rate of
past construction is similar to the recent rate and that the base of Mayon lies approximately
at sea level, gave an age of about 69,000 yBP. The third method is a rather crude estimation
that relies heavily on religious faith and local folklore (Espinas, 1968), and thus cannot give a
reliable age for Mayon. Similarly, possible errors in the assumptions adopted by the first

two methods could be the reason for the crude order of magnitude agreement between the
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EXPLOSIVE VOLCANISM IN THE PHILIPPINES

age estimates of both methods. In the case of the second method, the age obtained by "C dat-
ing on samples correlated with the 1814 eruption was 1,370 = 85 yBP, thus suggesting that
69,000 yrs may be erroneous. Newhall (1977) concluded that the estimates from the first
method are more likely correct, but also cautioned that they should be taken only as order of
magnitude estimates because of poorly documented assumptions.

Subsequent age approximation done by Ramos-Villarta et al. (1985) using crude back-
ward extrapolation based on recent growth rate, resulted to an age estimate of 25,000 yBP.
This is similar to the age of 24,000 yBP obtained by Punongbayan (1985) based on volume of
ejecta per eruption and on the assumption that only major eruptions significantly contrib-

ute to the cone building process.

4.1.3 Geochemistry and geochemical Variations

Basaltic andesite rocks are the most common eruptive products of Mayon. Their SiOs
contents typically range from 53 to 56%. However, occasional basaltic eruptions manifest
that basaltic magma is supplied in batches to a shallow reservoir beneath the edifice, ap-
proximately once every 100 yrs, and is differentiated to basaltic andesite and andesite during
succeeding eruptions (Newhall, 1977). The most recent basaltic magma influxes occurred just
before the 1814 and 1818-82 eruptions. As in the 1814 eruption, Plinian eruptions may accom-
pany basaltic influxes, and may be succeeded by periods or relatively frequent volcanism. Ba-
saltic eruptions occur after parameters such as vesicularity, phenocrysts/groundmass
ratios, and oxide concentrations (MgO, FeO, and TiO,) reach minimum values (Newhall,
1977).

The best model that can account for the general aspects of the cyclical variation in the
mineralogy and chemistry of the lavas is the periodic influxes of basaltic magma from depth
into a shallow magma system (Newhall, 1977). Successively more andesitic lavas are pro-
duced by the fractional crystallization of olivine, augite, hypersthene, calcic plagioclase,
magnetite, and possibly pargasitic hornblende, until a new supply of basaltic magma is
introduced. The general trend toward more basic composition may be best explained by dif-
ferentiation in a deep zone of magma generation by fractional fusion of eclogite or peridotite
(Newhall, 1977). Using a new set of geochemical data from recent eruptions (1968-1993), Lis-
tanco and others (1999) reaffirmed Newhall's interpretation that magmatic differentiation is
the dominant mechanism for the observed compositional variation at Mayon.

The SiO. contents of recent lava flows from the 1984, 1993, and 2000 eruptions are



54.09%, 54.36% and 53.22-53.93%, respectively (Table 3 and Fig. 7) (Listanco et al., 1999; Arpa
et al., 2001). The very little compositional variation between these recent eruptions suggests
that their magmas came from a single batch of basaltic andesite magma (Listanco et al.,
1999). Petrographic evidence pointing to possible magma mixing was observed in the 1968-
1993 volcanic rocks (Listanco et al., 1999) and in the 2000 deposits (Arpa et al., 2001). XRF

analyses, however, showed that the light gray and dark gray pyroclasts in the 2000

4
I (Gin, 1981) ®
2 gy + others
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Fig. 7. (A) K;0 vs. SiO; and (B) Na,O + K,O vs. SiO; plots for Mayon volcanic rocks. 2000 Mayon
eruption geochemical data taken from Arpa et al. (2001). Modified from Listanco et al. (1999).
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Table 3. Major and trace element geochemistry of the 2000 lava flow, lapill: fall and pyroclastic

flow deposits. From Arpa et al. (2001).

Major element

Major o rnar Si0. TiO. ALO:Fe.0,MnO MEO . CaO Na,OK.O P.O: Total Remarks
BMAL-00-01A 54.60 0.73 19.53 8.38 0.16 4.10 865 371 L1l 031 101.28 lava flow
BMAL-00-03 5547 0.75 19.87 8.61 0.16 4.98 876 373 112 031 103.06 lava flow
BMAL-00-06 5442 073 19.30 849 0.16 4.25 857 359 110 031 100.92 lava flow
BMLV-00-1W 5417 072 19.24 842 0.16 4.16 857 359 110 031 100.44 lava flow
BMAL-00-11W 5446 0.73 19.13 8.28 0.16 4.06 843 364 115 031 100.36 lava flow
BMAL-00-12W 5436 0.73 19.45 843 0.16 411 856 360 110 031 100.79 lava flow
BMAL-00-10 53.97 0.73 19.12 850 0.16 4.23 861 361 1.09 030 100.33 lava flow
BMAL-93-09 5449 0.73 19.49 845 0.16 4.19 857 358 110 031 101.08 1993 lava flows
BMPF-00-01 5441 072 19.51 8.38 0.16 414 856 364 109 031 100.92 pyroclast
BMPF-00-02A 53.95 0.72 19.23 8.42 0.16 421 856 362 1.09 031 100.29 pyroclast
BMPF-00-03A 53.77 0.73 19.53 8.50 0.16 4.19 872 371 109 031 100.71 pyroclast
BMPF-00-05A 54.26 0.73 19.36 847 0.16 419 857 359 110 031 100.74 pyroclast
BMPF-00-05B 54.05 0.73 19.27 8.60 0.17 4.32 8.63 3.66 1.05 031 100.78 pyroclast
BMPF-00-06 53.89 0.72 19.30 8.32 0.16 4.09 851 360 1.09 031 99.97 pyroclast
BMPF-00-07 5422 072 19.44 8.35 0.16 4.10 864 359 109 031 100.62 pyroclast
BMASH-00-04A 53.28 0.80 19.50 8.82 0.16 4.09 858 356 1.02 029 100.11 airfall lapilli
BMASH-00-04B 54.05 0.75 1851 8.78 0.17 452 847 355 L1l 031 100.24 airfall lapilli
Accuracy [%] 0.20 090 030 040 2.30 3.80 030 3.40 0.80 2.50

Componttions Loy N> N (s Do T Y

BMAL-00-01A 355.38 285 079 1942 74921 188 2041 104.48

BMAL-00-03 356.02 301 114 1916 74723 241  20.13  103.92

BMAL-00-06 35222 302 291  19.08 73993 186  20.37 10474

BMLV-00-1W 356.94 313 174 1892 74842 221 2048 10437

BMAL-00-11W 39858 318 221 2016 72356 208  20.62 108.27

BMAL-00-12W 361.98 314 183 1897 74723 193  20.22 10482

BMAL-00-10 38496 319 238 1915 73923 200 2125 10450

BMAL-93-09 36707 317 210 1926 74636 173  20.88 10565

BMPF-00-01 35473 293 059 1941 74936 209 1992 105.16

BMPF-00-02 35821 294 141 1936 74510 235  20.34 10434

BMPF-00-03 35450 303 170 19.33 74108 222 1993 103.92

BMPF-00-05A 35220 306 174 1932 74611 172 19.83  103.94

BMPF-00-05B 40095 288 234 19.09 75071 235  20.28 10224

BMPF-00-06 36450 312 171 1910 74043 236  19.95 10413

BMPF-00-07 37481 320 153 1905 74886 219 2057 10421

Accuracy [%] 210 700 580 720 060 980 180  1.20




pyroclastic-flow deposit have a similar composition despite their color and textural differ-

ence (Arpa et al., 2001).

4.1.4 Recent Explosive Eruptions
Some of the 48 eruptions recorded are explosive in nature resulting to significant num-
ber of casualties and property damage around the volcano. About 1,200 people died in the
most destructive Plinian eruption in 1814. Lives were lost even in smaller and less explosive
eruptions. For example, 77 farmers were killed by surges in the unanticipated phreatic explo-
sion that occurred at the initial phase of the 1993 eruption. No one was killed during the
most recent 2000-2001 eruptions of Mayon, but it caused considerable damage to agriculture

and other properties, most of which were due to syn- and post-eruption lahars.

The 02 February 1993 phreatic explosion

In 1993, Mayon Volcano erupted after nine years of repose. The eruption started with an
explosive phreatic eruption on 02 February 1993, followed by dome intrusion and subsequent
generation of block-and-ash flows from dome growth, explosion and collapse. Increased
magma intrusion rate gave way to quiet emissions of lava flows which marked the end of the
eruption. Seventy seven farmers were instantly killed by the initial blast that devastated the
southeast side of the volcano (Fig. 10A, 10B). The eruption sequence departed from the more
common open-vent eruptions (e.g., 1978, 1984) that are accompanied by high-rising eruption
plumes, generating column-collapse type and/or boiling-over type pyroclastic flows.

In most of its activities, Mayon had showed signs of unrest, days to months prior to
eruption. However, except for pronounced changes in the groundwater level, one to two
months before 1993 (Newhall, 1993), the volcano erupted without significant precursory seis-
mic activity. Seismic patterns indicated that prior to each eruption, i.e. 1978, 1984, and 1993,
Mayon prepared for the next, in the form of small periodic magma intrusions (Newhall,
1993). Seismic swarms in 1985, 1988, 1991, and 1992 could have been manifestations of magma
influxes near the surface in preparation for the 1993 eruptive phase. The absence of seismic-
ity shortly before the 1993 event suggests that magma had reached the summit crater at
least months before the February 1993 eruption.

A phreatic explosion at 1311 hrs on 02 February 1993 at the summit of Mayon produced
a small pyroclastic flow and a surge that moved down the Bonga gully at the southeastern

flank of the volcano (Fig. 8) (Catane and Mirabueno, 2001). Eyewitness accounts indicated
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Fig. 8. Distribution map of the 1993 Mayon Volcano eruptive products. The fatality zone and

the position of one of the survivors are also indicated. Adopted from Catane and Mirabueno
(2001).
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Fig. 9. Composite sections of the 02 February 1993 phreatic explosion surge deposits and suc-
ceeding events. (A) Deposits of the ash-cloud facies covered mostly the surface of the 1984
Bonga pyroclastic fan, southeast slope of the volcano, (B) Basal avalanche deposits em-
placed at the upper reaches of Mabinit channel. From Catane and Mirabueno (2001).

that it took only 1-1.5 min for the initial flow to travel from the summit down to the base at
600 m above sea level (Newhall, 1993). The deposit consists of in-channel basal avalanche and
overbank surge facies (Fig. 9) (Catane and Mirabueno, 2001). The basal avalanche unit is 2-5
m thick, massive, and coarse-grained, consisting of hydrothermally altered blocks set in a
lapilli and ash matrix (Fig. 10C). It includes many pieces of uncharred trees and plant debris,
suggesting that the flow moved across the vegetated pre-1993 eruption surface, and that it is
indeed related to the first explosion. Degassing pipes were observed, indicative of hot em-
placement (Fig. 10D). The associated surge layer mantled the surface of the 1984 Bonga pyro-
clastic fan. Its thickness varied from a few millimeters at the margins to about 50 cm at the
central part of the Bonga fan, approximately 600 m elevation. Similar to the basal avalanche
facies, the surge deposit is composed of hydrothermally altered lapilli and ash with variable
amounts of uncharred plant debris. Juvenile material is absent in both avalanche and surge
facies. The 02 February 1993 surge differs from a typical cross-bedded surge deposit by its
massive internal structure. Interestingly, the event is a rare example of a phreatic explosion
generating both pyroclastic flow and surge. Catane and Mirabueno (2001) hypothesized that
the initial explosion generated sufficient volume of coarse and fine fragments, producing
high particle concentration flows, allowing the formation of the basal avalanche deposit.

High particle concentration and high momentum of the flow due to strong explosion energy
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=, ‘DEGASSING
PIPES
-

Fig. 10. Effects and pyroclastic products of the 1993 Mayon eruption. (A) Surge deposit and im-
bricated blown-down trees on the surface of the Bonga pyroclastic fan. Flow direction is
away from the viewer. (B) Singed vegetation at the edge of the pyroclastic surge. The flow
was from left to right. (C) Basal avalanche deposits exposed at the bottom of the Mabinit
channel. Flow unit 1, the basal unit of the 02 February pyroclastic flow, contains abundant
hydrothermally altered clasts (yellow). Flow unit 2 contains altered blocks as well as juvenile
clasts (andesite). Flow unit 2 is related to the 12-13 February pyroclastic flow. (D) A close up
view of the 02 February basal avalanche deposit showing degassing pipes and abundant lithic
components. Modified from Catane and Mirabueno (2001).

and steep upper slope of Mayon prevented deposition of particles until the flow reached the
break-in-slope at 600 m elevation. Flow separation took place at this point, allowing the over-
lying surge to spread and move as an independent flow.

The emplacement temperature range of the 02 February 1993 pyroclastic flows and
surges was estimated at 100-300°C, based on evidence in the deposit (e.g., segregation pipes,
rock components) and the degree at which objects and human bodies were exposed to heat
(Fig. 11A) (Catane and Mirabueno, 2001). The explosive nature of the phreatic eruption is evi-
denced by the following: (1) blown-down trees (Fig. 10A), (2) splintered and blasted objects

(Fig 11B, Fig. 11C), and (3) on-ramping of surge deposits on barriers and topographic highs.



Only two people survived the 02 February blast (Fig. 11A). Rapid expansion of superheated

steam and magmatic gases, whose temperature is close to magmatic temperatures, could

Fig. 11. Impact of surges on human and objects. (A) One of the two survivors of the 02 Febru-

ary pyroclastic surge who suffered up to third degree burns. The most severe burns were in-
curred on different parts of her body that were directly exposed to the moving surge. (B)
Impact and penetration marks on a coconut tree (person in photograph is 1.5 m tall). (C) A
fragment of a blasted skull found at the edge of Buyuhan channel, about 5.5 km from May-
on’ s crater. Modified from Catane and Mirabueno (2001).
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have generated the fatal explosion (Catane and Mirabueno, 2001). Although rare, the experi-
ence from the 1993 Mayon eruption showed that there is a chance of surviving a surge,
within a narrow zone (about 500 m inward from the surge margin), but as long as the person
can avoid direct surge impact, by seeking refuge behind topographic barriers/objects or

with the use of protective cover.

2000-2001 Eruptions

A combination of Strombolian and Vulecanian type of eruptions characterized the Febru-
ary to March 2000 unrest of
Mayon Volcano. The eruption
began with quiet lava effusion,
culminating to explosive a
Strombolian phase (Table 4,
Fig. 12A), which generated
small pyroclastic flows.

The 28 February to 1
March 2000 Vulcanian eruptive
phase of Mayon also generated
pyroclastic flows (Fig. 12B).
The total volume estimate of
the pyroclastic flow deposits
emplaced in 14 channels around
the volcano is 13.9 M m’. Bor-
nas et al. (2000) documented the
following lithofacies for the
2000 pyroclastic flow deposits
(deposition channels are in

parentheses): (1) juvenile cauli-

flower bomb-rich units

(Mabinit, Buyuan, Basud, Fig. 12. (A) Strombolian phase of the 2000 eruption of

Buang), (2) lithic clast-rich Mayon. (B) Multiple pyroclastic flows generated dur-

_ o ing the initial Vulcanian phase of 2000 Mayon eruption.
block-and-ash unit (Mabinit, Photo A was taken in Legaspi City by an unknown pho-

Basud, West Bulawan, Buang), tographer; photo B by PHIVOLCS.



Table 4. Chronology of the 2000 (Bornas et al., 2000) and 2001 (Corpuz and Laguerta, 2003)

Mayon eruptions. From Bornas, et al. (2000); Corpuz and Laguerta (2003).

Date

Time

Activity

Areas affected

Other
observations

2000 MAYON ERUPTION

12 Feb

Emergence of a lava pile
at the summit vent; incipi-
ent lava flow and rockfall.

Bonga Gully

24, 26
and 27
Feb

Lava effusion progressed
into Strombolian activity;
pyroclastic eruptions pro-
duced 200 m -3 km high
ash columns and small
volume pyroclastic flows

Bonga and Miisi Gullies

28 Feb
1 Mar

Culmination of eruption
with an explosive Vulca-
nian activity; eruption
columns reached 12 km;
pyroclastic flows
generated from eruption
column collapse were em-
placed along 14 major
channels.

All sides of Mayon in a ~3
km radius.

3 Mar

Lahar Activity

Anoling-Salvacion,
Tumpa, Quirangay, and
Maninila Channels

2001 MAYON ERUPTION

January
to April

Lava dome growth on the
summit; sporadic ash ex-
plosions; edifice
deformation, and very
high gas outputs.

Apparent ascending
magma, Alert Level 2
was raised.

11 May

5:52 PM

Series of explosions eject-
ing mostly ash and
bombs.

12 May

Partial collapse of the SE
portion of the summit.

13 May

Ascending magma ex-
truded on the southeast
flank of the growing lava
dome.

Bonga Gully

17 June

A stubby lava flow was
formed.

20 June

Lava extrusion was more
or less continuous; gas
discharge became more
voluminous and contains
more ash particles.

22 June

Lavas had partially bur-
ied the summit dome.

23 June

Conspicuous summit
glows.

7:09 PM

Low-level lava
fountaining and descent
of lava flow units from
the summit to about 500
m elevation.

8:00 PM

Minor lava fountaining
commenced.

Bonga Gully

COSPEC

readings of Sulfur Di-
oxide reported about
7,000 tonnes per day
(t/d).

Alert Level was raised
from 3 to level 4; haz-
ardous eruption immi-
nent within days.

24 June

3:17 AM

Series of explosions
formed a 1-km ash
column; ash fell on the
northern flank of the
volcano.

Barangays Amtic and
Tambo of Ligao and Ba-
rangays San Vicente, San
Antonio, Quinastillojan,
Bantayan, Tabiguian,
and Buang of Tabaco.

24 June

1:00 PM

First major pyroclastic
flow.

Bonga Gully and Baran-
gay Buyuan

Alert Level 5 was
raised.
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2:44 PM

Large explosions
generated multiple pyro-
clastic flows around the
cone.

Ash blanketed the north-
ern areas, particularly
the cities of Ligao and
Tabaco.

Eruption column rose
to about 10 km
altitude.

29 June

4:05 PM

Small pyroclastic flow
within the Bonga Gully.

30 June -
19 July

Mayon's activity waned.

Volcano status even-
tually lowered to
Alert Level 3.

20 July

Seismographs around the
volcano again recorded
high frequency-type
short duration tremor re-
lated to rockfalls.

21 July

Sulfur Dioxide flux in-
C;gased threefold to 7,400
t/d.

Crater glow increased
and rockfalls
intensified.

25 July

4:18 AM

Continuous high-
frequency tremors; lava
boulders detached from
the blocky lava flow, caus-
ing rockfalls.

26 July

2:19 AM

Mild lava fountaining

5:38 AM

Explosion formed 500-me-
ter high ash cloud accom-
panied by low-frequency
type earthquake.

7:45 AM

Another ash explosion.

Alert Level 4 was in
effect.

7:56 AM

First large explosive erup-
tion; column rose to
about 10,000 meters
altitude.

2:20 PM

Another episode of
eruption.

Pyroclastic flows along
Bonga (southeast) and
Basud (east) Gullies. Small
volume pyroclastic flows
descending the Mi-isi and
Anoling Gullies (generally
southern flanks).

5:49
to 6:10 PM

Third and final eruption
episode.

Ashfall of about 7mm
thick in Camalig (south-
west); thinner ashfalls in
Daraga to the south and
Guinobatan to the south-
west; 5 mm thick in Le-
gazpl (southeast) and

Lidong (east-southeast).

27 July

Effusive state; SO, flux
remained at 6,450 t/d.

10
August
onwards

Decline of seismic activi-
ty; SO, fluxes are still
high - up to 6,600 t/d.

End of
August

Evacuees returned to
their homes.

(3) ash-rich massive to stratified block-and-ash unit (Buyuan, Basud, West Bulawan,

Buang), and (4) lithic clast-rich block-and-ash unit. Geochemical analysis of the 2000 lavas

and pyroclasts revealed a basaltic andesite composition, with SiO. contents of 53-54 wt%

(Arpa et al., 2001). Two types of pyroclasts were recognized in the pyroclastic flow deposits -

light gray and dark gray pyroclasts (Arpa et al., 2001). Mineral assemblage is the same for

both types (clinopyroxene, othopyroxene, plagioclase, olivine, and magnetite) but differs in

crystallinity and groundmass texture. Dark gray pyroclasts exhibit lower degree of crystal-

linity and have brown glass in the groundmass. They are chemically similar except for

higher Ba content in the light gray pyroclast.



2000 lava flow
reworked deposits

2001 PF deposits

Fig. 13. (A) Pyroclastic flows of the 2000 Mayon eruption. Photo by PHIVOLCS. (B) Pyroclastic-
flow deposits of the 2000-2001 eruptions along Mabinit channel. The lower 90% of the out-
crop constitutes the 2000 products. The upper left of photograph is the 2000 lava front.
Photo by S. Catane.
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The 2001 Mayon eruption occurred in two episodes (Table 4). The first unrest was recog-

nized in early January, culminating to explosive eruptions on 24 and 29 June (Fig. 13). Resur-

gent magmatic activity began on 20 July and climaxed on 26 July. In the morning of 26

July, Mayon Volcano ejected a 10 km high ash column, generating pyroclastic flows that

went down mainly in Bonga and Basud channels (Arpa, 2001; Corpuz and Laguerta, 2003). It

was followed by two more explosive events in the afternoon of the same day. Fortunately,

15
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Fig. 14. Distribution of the eruptive products of 2000 and 2001 Mayon eruptions.
PHIVOLCS: /n Arpa (2001).



2000 Ia_va flows

2001 Ia_\_fa flows

Fig. 15. Lava flows of the 2000 (dark gray) and 2001 (black), overlying units with prominent
flow levees) Mayon eruptions. Photo by S. Catane.

early detection of precursors allowed volcanologists to make warnings, giving sufficient lead
time for local officials to evacuate over 25,000 people (Corpuz and Laguerta, 2003). Low-level
lava spattering and active degassing continued until mid-August of the same year.

The total volume of the July 2001 eruption is about 10 M m®. Most eruptive products
were emplaced at the southeastern slope of the volcano (Figs. 14 and 15). The most volumi-
nous pyroclastic flow deposits are found in Buyuan, Basud, and Miisi and were formed
within the 6 km radius Permanent Danger Zone. The lava flow effused on July 2001was esti-

mated to be 3.8 M m®.

4.1.5 Style and Patterns of Eruptions
The eruptions of Mayon are mostly explosive. In many of its historical eruptions, the
dominant style is Vulcanian, characterized by the emission of ash and ash-laden gases, form-
ing huge cauliflower-like ash columns, and extrusion of basaltic andesite to andesite

magma. One large Plinian eruption occurred in 1814, ironically producing basaltic tephra
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(Fig. 16). The occurrence of Plinian eruptions is roughly 100 yrs as a result of injection of ba-
saltic magma in the magma reservoir (Newhall, 1977). Mirabueno (2001), however, obtained a
basaltic andesite composition for the 1814 tephra, in the range of 53.5-55wt% SiO,.

Mayon exhibits one or more eruption styles for the entire duration of a single eruption.
Two contrasting sequences in Mayon were recognized based on historical accounts (Ramos-
Villarta et al., 1985): (1) airfall to pyroclastic flows (and lahars), and finally to lava flows,
and (2) quiet emission of lava flows to relatively explosive ejection of ash and lapilli which
produced tephra falls and pyroclastic flows. The first pattern is interpreted to be a result of
progressive decrease of magma vesiculation rates. In the second sequence, extrusion of rela-
tively degassed magma remaining in the conduit after a previous eruption resulted to lava
flows, followed by explosive eruption as new batch of fresher and volatile-rich magma is re-

plenished in the vent. The recent 2001 eruption followed the second pattern, tapping proba-

1814 falls/surges

pre-1814 lahar

Vi 4 A T S .:-\\:“"'\.

Fig. 16. The lapilli-rich surge/fall(?) layer (dark gray to almost black bed in the middle) of the
1814 Plinian eruption exposed along the lower reaches of the Mabinit channel. Note the ir-
regular thickness and erosive base of the deposit. The two layers just above it are fallout or
surge beds probably associated with the same eruption. Thick, massive unit below the 1814

layer is an older lahar deposit. Photo by S. Catane.



bly residual magmas of the 2000 eruption. The third type of eruptive sequence is solely
Strombolian, which starts with minor ash ejections and terminates with quiet lava effusion,
as in the 1978 eruption.

More detailed visual and instrumental monitoring of the 1993 and 2000-2001 eruptions
provided opportunities to observe more discrete eruption patterns of Mayon. The 1993 erup-
tion commenced with a phreatic explosion resulting to a widening of the notch at the south-
eastern side of the volcano. This was followed by viscous extrusion of lava, forming a steep
dome. Instability due to continued dome growth resulted to the collapse and emplacement of
block-and-ash flows for more than a month, followed by an influx of more degassed lava
flows that marked the end of the eruption. This is considered as the fourth pattern.

The formation of a dome makes the 1993 eruption distinct from the other patterns.
Mayon has been regarded as an open-vent system until 1993 when the summit crater was
plugged and virtually “closed” by a dome for almost two months. The mechanism for
pyroclastic-flow generation was controlled by the existence of the dome, from which pyro-
clastic flows were derived, and the breaching of the crater rim on the southeastern side,
which became pathways for the flows. Pyroclastic flows were emplaced via explosive disrup-
tion of the dome, instead of the collapse of a Vulcanian plume common in an open-vent
system. The possible implications of open and closed vent systems in relation to the varying
eruption styles of Mayon have not been fully investigated.

Unlike the 1993 eruption, the 2001 occurred in two phases (Table 4):

a) Phase 1- The eruption started with lava dome growth and stubby lava flow. Low-
level lava fountaining ensued before explosions began, followed by a series of pyroclas-
tic flows. Mayon’s activity waned from 30 June to 19 July.

b) Phase 2- Resurgent magmatic activity began on 20 July and climaxed on 26 July.

Low-level lava fountaining on July 26 was followed by explosive eruption and forma-
tion of a 10-km eruption column and pyroclastic flows. Low-level lava spattering and
active degassing continued until mid-August.

The June and July 2001 eruptions occurred so close in time that they must have tapped
a single batch of magma (Corpuz and Laguerta, 2003). From accounts of previous activities,
a major eruption of Mayon may be preceded one or two years by minor explosions or seismic
precursors, presumably as the magmatic system is reactivated. This places the 2000 and 2001
eruptions in the same time span for which a beginning precursor (e.g., 22 June 1999 or ear-

lier) is followed by one or more episodes of eruptions and eventually a distinct waning phase
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(Corpuz and Laguerta, 2003). The interval between the 2000 and 2001 eruptions was initially
considered a waning phase, but upon re-examination of tiltmeter data and seemingly persis-
tent summit explosions in the months following March 2000, it appeared that this interval
was in fact inflationary (Corpuz and Laguerta, 2003). Thus, trends and events prior to the
discovery of the lava dome on 08 January 2001 should have been viewed as precursors and
not as post-eruption events. However, this is not clear because high seismicities, elevated SO,
fluxes and above-average summit activities such as thermal outputs and rockfalls, often oc-
cur for some time after a major eruption. A promising discriminant between precursor and
post-eruption activity is ground deformation (Corpuz and Laguerta, 2003). The placement of
tiltmeters on one flank at varying elevations resolved a general inflation trend that strongly
suggested that continued intrusion was taking place (Corpuz and Laguerta, 2003).

Based on the chemical and petrographic analyses of 51 sequential lava flows, Newhall
(1977) detected a cyclical variation in modes and chemical compositions that can be related to
the eruptive styles of Mayon. The two most recent cycles are from 1800 to 1876 and from
1881 to the present. The cycles can be explained by geochemical-temporal variations in
Mayon rocks. Although basaltic andesite (53-56 wt% Si0O,) is the most common eruptive prod-
uct of Mayon, occasional basaltic eruptions related to basaltic magma injection in a shallow
magma chamber beneath the edifice, occur approximately every century (Newhall, 1977). Ba-
saltic magma is differentiated to basaltic andesite and andesite during succeeding eruptions.
Newhall (1977) inferred that the next two to three eruptions from 1978 should be similar to
the 1928-1978 eruptions and should end that cycle. Most recent influxes occurred just before
the 1814 and 1818-82 eruptions.

Using erupted magma volume data, Punongbayan (1985) recognized cyclical patterns in
Mayon’s major eruptions involving at least 20 M m® of volcanic ejecta. Completed cycle dura-
tions range from 41 to 47 years. The 1968 cycle is the latest and is only on its 37" year. He
predicted that within 3 to 5 years after the 1984 eruption, there will be one or two major
eruptions to complete the cycle.

Lizardo (1986) conducted statistical analysis of the eruptive events of Mayon Volcano
from 1766 to 1984. The existence of two phases characterized by generally decreasing repose
patterns was identified. The period from 1800 to 1897 constitutes the first phase, while the
second spans from 1900 to 1984. The transition from the first to the second phase implies
that a minor change in the volcanic system or the triggering mechanism, possibly took place

between 1897 and 1900. In the second phase, it was found out that explosivity is dependent to



the repose period. Longer repose periods tend to be succeeded by more explosive eruptions.

Goto (1993) compared the viscosity of ash and volcanic bombs from the 1993 Mayon erup-
tion with essential ejecta of 1988-1989 Tokachi-dake eruption and Unzen dome-1 lava. The vis-
cosity of Mayon ash is a little higher than that of Tokachi-dake s, but about one order
lower that that of Unzen s. Mayon and Tokachi-dake exhibit the same eruptive style. The
viscosity of magma of the destructive 1814 Plinian eruption of Mayon is lower by a factor of
three than that of the less explosive 1993 eruption (Pelean and Merapi types). This implies
that factors other than viscosity control the explosivity of volcanic eruptions at Mayon.

The near-perfect symmetry of the volcano indicates that eruptions have repeatedly util-
ized the central vent and that these have never been sufficiently violent to destroy its cone.
Recent eruptions were directed toward the southwestern, southern, and eastern sectors, in
contrast with older deposits distributed in the northern and western quadrants. The loca-
tion of the notch on the crater rim may have been variable throughout Mayon’ s eruptive his-
tory to allow an almost even distribution of deposits in all quadrants. In the recent
eruptions, gravity flows have utilized the lowest part of the rim of the crater. The present
notches, which are connected to the largest gullies, Bonga and Basud, are facing the south-
eastern and eastern sectors of the volcano. They have been utilized and progressively en-
larged by pyroclastic flow erosion and summit explosions during the 1993, 2000, and 2001
eruptions. Although much of the lower segment of the Bonga gully was filled with lava
flows, its upper section was severely widened and deepened, leaving a narrow, pie-shaped seg-
ment of the cone bounded on the east by the other deeply incised Basud gully. The seemingly
unstable chunk of the cone faces the side of Legaspi City. This warrants further studies on
the potential hazards due to cone instability and collapse.

On the basis of the recent eruptive activities of Mayon, the resulting morphology of the
crater rim formed during a previous eruption, mainly controls the direction of gravity flows

in the succeeding eruptions.

4.1.6 Volcanic Hazards
Volcanic hazards in Mayon vary greatly in type, lateral extent, duration, and destruc-
tive potential. The hazards are the consequence of Mayon' s three eruption types namely
Strombolian, Vulcanian, and Plinian as well as dome-formation related hazards. Hazards of
Mayon are ballistic fragments, lava flows, pyroclastic flows and surges, tephra falls, and

lahars.
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Lava flows

Lava flows of Mayon are relatively large, coherent and elongated streams of incandes-
cent molten volcanic rock materials that originate from the summit crater or a point near
the summit area. Some lava flows may originate from lava fountain activity during Strom-
bolian eruptions, or from domes at the summit crater. Lava flows cascade down along gul-
lies and ravines in the steep upper cone, but slow down upon reaching the basal slopes. At
the initial phases of the 1993 and 2001 eruptions, lava outflow started out as a viscous dome
inside the crater. Lobate morphology, steep flow margins, prominent flow levees, and blocky
surface are typical of Mayon lava flows. The moderately high viscosity of the lava flows
tends to retard lateral spreading. The farthest distance attained by lava flows is only 6 km
from Mayon’ s summit.

Because lava flows of Mayon move slowly, they can be avoided and thus they do not
pose as a direct hazard to people. However, lava flows destroy everything along their path,
and grounds covered by lava flows may remain barren and useless for decades. When lavas
move on steep slopes, red-hot blocky fragments detach from the moving flow and roll down
the front and sides, endangering people and property. Cascading lava flows may have indi-
rect hazards. Active moving flows may trigger landslides and rockfalls. The 1984 lava flow
triggered a small earthflow on the southwestern slope of the volcano.

PHIVOLCS has delineated the lava flow hazard zone at Mayon as an array of narrow
zones radiating outwards from the summit crater. These areas define the gullies and crevices
radiating from the volcano’ s summit crater and extend from 6-7 km downwards. There are
at least 23 of these gullies around Mayon Volcano. The three largest gullies have been
formed in 1984 mainly due to erosion by pyroclastic flows, making them most susceptible to
lava encroachment. The largest and deepest gully, the Bonga gully, has been repeatedly util-
ized by lava flows during the last three eruptions of Mayon Volcano. The volume of lava
flows varies significantly in each eruption. The estimated volume of the 1928 lava flow was
60 M m?* 20 M m® for each of the 1968 and 1984 eruptions, and 3.8 M m® for the 2001 eruption.
With the Bonga gully’ s estimated channel capacity of 15 M m® (pre-1993 eruption estimate),
overflow is expected if this volume is exceeded. Because of the significant channel capacity re-
duction of the Bonga channel due to the deposition of lava flows during the 1993, 2000, and
2001 eruptions, the other gullies on the eastern and southwestern slopes of the volcano may

funnel the lava flows in the next eruptions.



Pyroclastic flows

Pyroclastic flows from Mayon originate in four ways: (1) collapse of pyroclastic materi-
als from a tall eruption column during Vulcanian and Plinian eruptions (Moore and Melson,
1969; Cruz et al., 1985; Ramos-Villarta et al., 1985); (2) boiling-over directly from the vent
(Cruz et al., 1985); (3) dome explosion and collapse (Pelean-type) (Catane and Mirabueno,
2001); and (4) passive dome/lava collapse (Merapi-type) (Catane and Mirabueno, 2001). The
first and second types were typical of the 1814 Plinian, and 1968, 1978, 1984 Vulcanian erup-
tions, while the 1993 and 2001 produced types 3 and 4. Pyroclastic flows generally follow gul-
lies and low-lying areas along the flanks of the volcano. They are channel-confined on the
upper slopes, but overflow and spread at the break-in-slope, forming broad pyroclastic fans,
e.g., Bonga pyroclastic fan (Cruz et al., 1985). Pyroclastic flows associated with Vulcanian
and Plinian eruptions are commonly emplaced in all directions around the summit crater.
The direction of pyroclastic flows related to dome disruption, however, depends on where on
the slope of the volcano a dome has grown. Dome-derived pyroclastic flows are confined
along channels adjacent to the dome. In the case of the 1993 eruption, the dome that was
growing inside the summit crater was exposed by breaching on the southeast side of crater
by the 02 February phreatic explosion. Consequently, pyroclastic flows were emplaced in
this direction.

An expanded, less dense, more mobile ash-cloud surge overrides the main body of pyro-
clastic flow. Because of higher mobility, ash-cloud surges may separate from the main flow
and follow different path. In the 1993 eruption of Mayon, while the main flows followed the
base of channels, the surges climbed and hugged channel levees, and some even overtopped
ridges. The initial surge of the 1993 eruption killed 77 farmers.

Pyroclastic flows and surges pose a major threat to life and property because of their
high temperature, mobility, and direct impact. There is but a slim rate of survival if caught
by an advancing flow or surge. Mayon pyroclastic flows commonly reach 5-8 km from the
crater. In 1897, however, pyroclastic flows extended to the sea, east of the volcano, at a dis-
tance of 12 km. Pyroclastic flows travel at great speeds. It took only 1-1.5 min for a small py-
roclastic flow/surge during the 1993 phreatic eruption to move down from the summit to the
base of the volcano (Newhall, 1993). Many of the boiling-over type pyroclastic flows were em-
placed at higher velocities in the order of a few minutes at an aerial distance of 6-7 km from
the summit crater (Cruz et al., 1985). The volume of pyroclastic flow and surge deposits var-

ies in each eruption. The 1984 eruption deposited a volume of 40 M m®, 10 M m® for the 2001
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eruption, and only 2 M m?® of pyroclastics (mostly from surges) was emplaced during the
1993 eruption.

The pyroclastic flow hazards zone (Fig. 17) is the outward extension of the lava flow
hazard. This zone extends downward to an elevation of 200 m. The zone is extended on the
east side along Basud gully in Sto. Domingo village since it has been severely affected by his-
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Fig. 17. Pyroclastic flow hazard map of Mayon Volcano by PHIVOLCS as of April 2003.



toric eruptions. Currently, the area of greatest hazard lies along the 3 largest gullies lying
on the eastern, southeastern and southwestern flanks of the volcano. The Bonga gully faces
the villages of Mabinit, Bonga, Matanag and Buyuan - all of Legaspi City. The vulnerability
of this area is compounded by the tilt of the crater rim to south. Other likely paths of deadly
pyroclastic flows are Basud gully (E side) and the Daraga-Camalig gully (southwest side).
The notches connected to the two gullies, Bonga and Basud, were further widened during the
latest eruption in 2001, thus making them convenient pathways of pyroclastic flows in the

future.

Ballistic fragments, lapilli fall, and ashfall

Tephra consists of explosively ejected clots of incandescent magma or fragments of
older solid rock. These particles are explosively thrown up into the air from the crater by
explosion. Tephra particles are of various sizes, from ash (< 2 mm), to lapilli (2-64 mm), to
blocks/bombs (> 64 mm). Tephra derived from fresh magma are termed juvenile.

Bombs/blocks are large tephra derived from either new fresh molten materials or old
rocks that are blown out from the vent with ballistic trajectories. Spasmodic ejection of vol-
canic bombs occurs during Mayon’ s Strombolian phase. Large blocks ripped off from the
vent and crater walls by explosions are emplaced in the same manner but are more common
at the early, vent-clearing stage of eruption. These falling debris can damage any object or
structure present in the area of direct impact. Hazard zones for ballistic projectiles cover
only areas near Mayon’ s crater at distances of 0.5-1 km depending on the explosivity of the
eruption.

Lapilli fall are smaller than bombs and blocks (a few milimeter up to 8 ecm for Mayon).
Unless eruption is phreatic type, most are derived from newly erupted magma. The 1814
Plinian eruption produced abundant lapilli, some of which reached as far as 18 km from the
crater. Up to 8 cm diameter of juvenile fragments fell out on the southwest slope of the vol-
cano during the 2001 eruption. The relatively high temperatures of lapilli may ignite objects
or cause forest fire. It may also cause burns, scalding and other physical injuries related to
their relatively high impact velocities.

Ash fall is a variety of tephra consisting of particles mostly < 2 mm in diameter. They
are produced by explosive fragmentation of the magma. Because of their small size and low
density they can hurled up high in an eruption column and can be entrained in the atmos-

phere for prolonged periods. They can be transported away from the volcano by prevailing
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winds. Ash falls are derived from both vertical eruption column and overlying ash cloud of
pyroclastic flows. In Mayon, ash fall is the most common hazard from Mayon and they are
mostly associated with Vulcanian and Plinian eruptions.

Heavy downfall of volcanic ash poses a direct threat to people, animals, crops, houses,
buildings, machineries, and aircrafts. Fine volcanic ash is often respirable and inhalation of
ash may result to or aggravate respiratory ailment. Other effects of ash fall are: (1) extreme
darkness during the day, (2) aviation accidents or damage to aircraft engines, (3) crop dam-
age by burial and introduction of chemical substances in the ash, (4) collapsing roofs due to
heavy accumulation of ash, (5) metal corrosion by acid-bearing ashes, and (6) inhibition of
water infiltration due to ash mantling newly erupted pyroclastic materials, thus promoting
initiation of lahars.

PHIVOLCS defines high hazard zone as areas that will likely receive heavy ash fall of at
least 20 cm. This definition assumes that eruptions are similar to the 1968 and 1984 Vulca-
nian eruptions. The hazard zone forms an overlapping elliptical-shaped pattern with a
prominent northeast-southwest elongation, following the prevailing wind stream in Albay
province. However, dispersion of ash from an eruption column is dependent on the prevailing

wind speed and direction at various altitudes.

Lahars

Lahars, sometimes called mudflows or volcanic debris flows, are flowing mixtures of vol-
canic debris and water. It is a spectrum of different flow types depending on the water-sedi-
ment ratio. High sediment concentration flows have high viscosities (debris-flow type), while
low sediment concentration flows behave more like normal stream flows (hyperconcentrated
stream flows). There are two types of lahars in Mayon: (1) primary lahars are rain induced
and occur during volcanic eruptions; and (2) secondary lahars are those that occur after erup-
tion has ceased. Primary lahars are hot and often larger in volume and more destructive
than secondary lahars. Debris-flow type lahars are more common during eruptions. Lahars
originate from the upper and middle slopes of Mayon Volcano. Loose, unconsolidated, and
newly deposited pyroclastic materials on the slopes, are remobilized by heavy rains, produc-
ing a debris-water mixture that flow down along gullies on the slope of the volcano. Lahars
at Mayon generally follow pre-existing gullies and ravines, but upon reaching the lower
slopes, spread out and leave thick and extensive deposits. The build-up of deposits by series

of lahar events, produce a fan-shaped morphology. At least two major lahar deposits fans



were formed during the 1984 eruption. Pre-historic lahar fans with well-preserved surface
morphologies are common at the lower basal slopes of Mayon.

Lahars are considered as the most destructive and persistent hazards in Mayon. Lahars
destroyed and buried houses, buildings, and infrastructures with mud and pyroclastic

debris. They blocked drainages, raised river beds, and caused flooding adjacent to flat areas.

Rockfalls and landslides

Rockfalls at Mayon are triggered by ground deformation due to pressure exerted by ris-
ing magma near the crater, just before an eruption. They are also associated with actively
moving lava flows, where huge incandescent blocks break, detach and roll down from the
steep front and margins of flows. Cascading lava flows on steep slopes can destabilize rocks
and soil and trigger landslides, i.e. the 1984 Camalig earthflow. Another potential source of
landslides in the future is the seemingly unstable side of the cone bounded by the deeply in-
cised Bonga and Basud gullies. This was a result of progressive erosion of the notches dur-
ing the last three eruptions of Mayon. Collapse can be triggered by an eruption, explosion or
a strong earthquake and may endanger the villages at the southeastern slope of Mayon. Con-
sidering that relatively large volume of rock debris can be dislodged from the summit, as-

sessment of the cone stability is deemed necessary.

4.1.7 Hazard Zones

For Mayon, the area surrounding the volcano within 6-km radius from the summit is re-
garded as the Permanent Danger Zone, where the danger is present at all times and the haz-
ard involved is high during an eruption (Fig. 17). This area is risky for habitation and
permanent settlement should not be allowed. The area within 6-8 km from the summit is con-
sidered a moderate hazard zone during eruption periods. At the onset of an eruption, people
living within this hazard zone are alerted for possible evacuation. PHIVOLCS recommends
specific areas for evacuation, depending on the possible course and nature of volcanic
activity. The area up to 10 km from the summit is endangered only if Mayon erupts
violently. Once a sign of violent eruption is observed, the towns covered by the 10 km radius
will be alerted for possible evacuation. PHIVOLCS has also prepared maps for specific vol-
canic hazards such as ballistics, lava flows, pyroclastic flows, airfall, and lahars. These maps

are updated after each eruption or as the need arises.
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4.1.8 Volcano monitoring and eruption prediction technigues

In 1955, the first seismograph installed was a three-component Ishimoto acceleration
seismograph at the Bureau of Air Transportation office in Legaspi City, located about 10
km south of the volcano’ s summit. In 1957, the Commission on Volcanology (COMVOL), the
predecessor of PHIVOLCS, installed a water-tube tiltmeter at Mayon Resthouse Observa-
tory (IMRHO), situated about 4 km north-northwest of the summit at an elevation of 760 m
above sea level. An Askania Vertical Magnetometer was also obtained, and this facilitated
routine magnetometric survey. A Hilger and Watts (Wilmore) electromagnetic-type seismo-
graph was acquired in 1965, and installed at the Legaspi Station. One component Hosaka
Vertical Seismograph was added at MRHO, and a three-component Akashi seismograph
was established at the Sta. Misericordia Station (SMS) located 8.5 km east of the summit.

Prior to the 1984 eruption, PHIVOLCS has been maintaining the two volcanological sta-
tions, the MRHO and the SMS. Both stations are equipped with 3-component Hosaka elec-
tromagnetic seismograph with a natural period of 1.0 second. MRHO operates normally at a
magnification range of 4,000 to 10,000x, while at SMS, the range is lowered (1,000 to 4,000x)
due to high noise level brought by traffic. A Philippine Atmospheric, Geophysical & Astro-
nomical Services Administration (PAGASA) local weather station, also maintains a Tele-
dyne seismograph in the Legaspi Seismic Station (LSS) with a magnification of 56,000x and
located about 12.5 km south of the summit.

At the height of the 1984 eruption, the SMS station was abandoned since it was within
the danger zone and along the direct path of pyroclastic flows. A monitoring station was
temporarily established in Legazpi City. After the eruption, a permanent observatory, the
Lignon Hill Observatory (LHO), was established on the promontory of Lignon Hill in Le-
gazpi City.

Several types of volcanic quakes and tremors are being received in the seismic stations.
They are classified as LT/S-, SX-, B-, A-, E- and SDH-type quakes or tremors (Pefia, 1986).
The LT/S or local tectonic quake is believed to be associated with fracturing as magma
forces its way up. The SX-type has no distinct p and s phases and has several appearances.
The A- and B-types have no distinct p and s waves, but differ in period: the A-type ranges
from 0.5 to 0.8 s while the B-type varies from 0.8 to 1.0 s. The X-type is a series of A-type
tremors that lasts for several minutes. SDH-types are short duration harmonic tremor.

The seismic records obtained by the different stations are rather incomplete during the

early 80s due to frequent power shortages and instrument breakdown. This resulted to the



very late issuance of warning and evacuation order during the 1984 eruption. In the previous
eruptions (i.e. 1968 and 1978), it was found out that seismicity usually begin to increase at
least six months prior to the eruption, but discernable trends or sharp increases occur at
least one to two months before (Pefia, 1986).

Seismic monitoring was also applied in the detection of mudflows/lahars after the 1984
eruption of Mayon. The seismic signals generated by mudflows are high frequency non-
monochromatic tremors with fluctuating amplitudes belonging to spasmodic type of trem-
ors (Bautista et al., 1986). A lead-time of approximately 20 minutes upon detection of mud-
flows is available for warning the people that are threatened.

Monitoring of SO, emission rates was first carried out on Mayon Volcano during the
1978 eruption and later during the 1993 eruption. SO; measurements were conducted using a
Barringer correlation spectrometer (COSPEC), lent by the USGS, and a COSPEC Model V
donated by the Canadian government. SO, flux ranged from 300 — 4,000 t/day during the
first eruption phase from 3 February to 19 March. It increased to 3,000 — 6,000 t/day start-
ing 18 March, coinciding with vigorous lava outpouring. It was observed that in Mayon, pe-
riods of explosive eruptions are preceded or accompanied by sharp increases in SO, flux
(Tubianosa et al., 1999). COSPEC measurements were also proven useful in forecasting explo-
sive phases of the most recent 2001 eruption.

When Mayon was declared abnormal on August 1988, a summit thermal anomalies sur-
vey was conducted remotely, using a handheld Minolta/Land infrared radiometer, and di-
rectly at the summit, by recording fumarole temperatures using a chromel-alumel type
thermocouple. Moderately high temperatures recorded (maximum in excess of 285°C) sug-
gest that magma is present at relatively high levels within the volcano (Oppenheimer, 1988).

At present, PHIVOLCS is maintaining three observatories - LHO, MRHO, and SMO.
MHRO has a three-component Hosaka seismograph. The MHRO also houses a watertube
tiltmeter. LHO has a three-component Kelunji seismograph and receives telemetered data
from SMO and MHRO annually. Three tiltmeters on a radial line through MRHO are te-
lemetered to LHO. Recently LHO has begun monitoring the water table on the southeastern
side of Mayon. Binoculars are used for 24-hour visual observations such as the presence of
crater glow, bluish fumes, and volume of steam emission. A leveling line is located in the
northwest sector while two EDM lines are in the northwest and southeast. Surveys are con-
ducted every quarter and during crises. Plume monitoring of Mayon using a video capturing

system was set-up in 2003 by Prof. Kisei Kinoshita of Kagoshima University, Japan. This
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can be accessed via real-time video streaming through the internet.

Ramos-Villarta and others (1985) enumerated the eruption precursors of Mayon as
follows: (1) increase in the frequency of volcanic earthquakes; (2) ground tilt and deforma-
tion; (3) fissuring at or near the crater; (4) increase in frequency of rockfalls in the summit
area; (b) change in steam color (from white to brown to grey) indicating increase in volume
of entrained ash; (6) volume increase of steam emission; (7) rumbling sounds; (8) crater glow;
and (9) abnormal animal behavior (i.e. descent of wild pigs and other wild animals into popu-

lated areas).

4.2 Taal Volcano
4.2.1 Volcano Profile
Taal Volcano (14°02" N, 120°57 E) is the most destructive and violent among the active
volcanoes in the Philippines. The last two major eruptions in the 20" century alone killed at
least 1,525 people. Taal is located in the province of Batangas in southwest Luzon, about 60
km south of Metro Manila. It is one of the volcanoes in the Central Luzon Belt associated
with the subduction along the Manila Trench. Volcanism in Taal and the rest of the South-
ern Tagalog Volcanic Field is related to the northeast-southwest cross-arc lineament re-
ferred to as the Macolod
Corridor, an apparent pull-
apart rift zone separating the
Philippine and West Luzon
shear zones (Defant et al., 1988;
Knittle and Oles, 1995).
Taal Volcano is an island
that lies inside a 25 km caldera
lake now occupied by Taal Lake

(Fig. 18). Its highest point is 311

m above sea level making it one

of the world” s lowest volcanoes.  Fig. 18. A view of Taal Volcano Island and its caldera
There are about 47 eruptive cen- (Taal Caldera). The prominent cone on the forefront of
the island is Binintiang Malaki. The volcano at the fore-
ground is Mt. Macolod which forms part of the south-
ern margin of the caldera. This photo was taken from

ters within the island consist-
ing of tuff cones, tuff rings,

scoria cones, and cinder cones. the northern caldera rim (PHIVOLCS).
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Fig. 19. Geomorphologic (left) and geologic (right) map of Taal Volcano Island. From Listanco
(1994).

The most prominent volcanic cones are Binintiang Malaki, Binintiang Munti, Pira-piraso,
Calauit, and Mt. Tabaro eruption site (Fig. 19). Underwater topography suggests the exis-
tence at least 35 other volcanic centers at the bottom of the caldera lake. At least one of the
historic eruptions occurred underwater, off Calauit in 1716. Roughly in the middle of the
Volcano Island is the freshwater-filled 2-km wide Main Crater, which has been the site of his-
toric and the most explosive eruptions of Taal. Twelve of Taal Volcano s eruptions, from
1749 to 1911, occurred here. Mt. Tabaro eruption site, on the southwest flank of the island, is
the locus of the most recent eruptions from 1965 to 1977.

The Taal topographic depression now largely occupied by Taal Lake is a result of at
least two overlapping calderas within a graben setting. Taal Lake has an area of 267 km® and
rises 2 m above sea level. It is 100 m deep at the northern portion and 150-260 m deep at the
southern portion (PHIVOLCS, 1997). It is drained by the Pansipit River into Balayan Bay on
the southwestern shore. Taal Caldera is 25 km across and was formed by piecemeal collapse
between 140,000(?)-5,380 yBP (Listanco, 1994). The youngest calderagenic activity determined
using "C is 5,380-6,830 yBP (Listanco, 1994; Martinez and Williams, 1999). This eruption pro-
duced the Taal Scoria Flow. The volume estimate of the deposit is 50 km® and it can be traced
at the northern side of the caldera (Listanco, 1994). Several pre-caldera inactive volcanoes

namely Macolod, Batulao, Sungay, Makiling and Malepunyo sit around the caldera. Taal
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Volcano Island is considered as a post-caldera feature.

A total of 33 eruptions were recorded at Taal. The most violent and catastrophic erup-
tions occurred in 1754 and 1911. In 1754, the towns of Sala, Lipa, Tanauan and Taal, then bor-
dering Taal Lake, were destroyed and were re-established to their present sites. The 1911
eruption completely devastated the entire Volcano Island and led to a casualty of 1,334. Ash
fallout covered an area of 2,000 km* and reached as far as Metro Manila.

Historic eruptions of Taal are mostly explosive and typically phreatic or
phreatomagmatic. Base surges are commonly associated with these eruption types. A few of
the eruptions such as in 1968 and 1969 were Strombolian, characterized by lava fountaining
from several active vents and effusion of lava from the base of the cones.

Despite the hazards posed by the volcano, Taal Volecano Island has been attracting mi-
grants because of its fertile soil and rich fishing grounds. The island has been declared as a
national park in the early 80s by then President Ferdinand Marcos. In spite of this, the popu-
lation continues to grow. The island had a population of 5,800 as of 1991 (PHIVOLCS, 1992).

4.2.2 Morphological and Geological Features

Taal Volcano Island, whose center is the Main Crater, is a low stratovolcano with tuff-
ring-like morphology and high tephra to lava ratio (Listanco, 1994). The ratio of at least 9:1
is high compared to the typical stratovolcano, and can be attributed the magma system’ s
easy access to water. The main cone structure and stratigraphy is virtually unexposed due
to its youthfulness and active tephra deposition. Inside the Main Crater are mostly inaccessi-
ble exposures of airfall and base surge sequences, indicating the importance of magma-rock-
water interaction even at the early stage of eruptive history. At least four lava flows and a
thick lava agglutinate are exposed along the nearly vertical crater wall. Plug and/or dike-
like bodies are exposed on the south-southeastern walls and northern side of the crater (Lis-
tanco, 1994).

Most of the flank cones can be classified as monogenetic tuff rings on the basis of pa-
rameters including height, basal diameter, crater width, crater depth, and crater floor
height (Listanco, 1994). They occupy the northern half of the island and are conspicuously
less in the southern part (Fig. 19). This may be partly due to the presence of a more domi-
nant northeast-southwest trending structure. The only two tuff cones include the more
prominent Binintiang Malaki (BK) and Look 2 (LC2) (Figs. 19, 20). Of the flank tuff rings,

the Pulang Bato (PB1) seems to be peculiar: it has the morphological parameters of a tuff
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Fig. 20. Block diagram for the evolution of Taal Volcano Island. From Listanco (1994).

ring, but dominated by scoriaceous spatter bombs. Thus, it may be better described as a “sco-
ria ring” (Listanco, 1994).

Figure 20 shows the spatial and temporal patterns in the location of eruption centers at
Volcano Island (Listanco, 1994). Based on its volume and stratigraphic relation with other
edifices, the main cone must have played a central and major role as an eruption center
through time. The overall pattern is one of general outward migration of eruption centers,
accompanied by a strong northeast-southwest trending structural control.

The rock composition of Taal Volcano varies from basalt to basaltic andesite. Miklius
and others (1991) recognized two distinct and contemporaneous series at Volcano Island: the
calc-alkaline and magma-mixed BM, and the iron-enriched Tauran series. They further sug-
gested that the two series were derived from discrete, separately evolving primitive melts,
with mixing confined within each.

Only a few geophysical works have been conducted to reveal the subsurface structure
and magma source of Taal Volcano. Nishigami and others (1994) reported a fan-shot seismic
profile indicating increased S-wave attenuation below 1 km and strong reflectors at 710
km depth beneath the island. The authors interpreted these seismic properties as evidence of

a magma chamber between 1 and 7 km depth. Lowry and others (2001), however, interpreted
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the abovementioned anomalies as corresponding to hydrothermal overpressuring and altera-
tion of volcaniclastics similar to other large caldera systems, because those depths are too
shallow for such a widespread partial melt system to remain in stable equilibrium. Besana
and others, (1995) interpreted the presence of partial melt at 18 km depth beneath the north-
ern caldera rim as inferred from 15% reduction of shear wave velocity using receiver function

analysis.

4.2.3 Historic Eruptions, Eruptive Style, and Patterns

Taal Volcano has erupted 33 times since its first recorded outburst in 1572. Its last erup-
tion was in 1977. Accounts of historical eruptions were given by Centeno (1885), Saderra
Maso (1911), and Worcester (1912), and reviews by Andal and Yambao (1978), Masigla and
Ruelo (1987), Newhall and Dzurisin (1988), and PHIVOLCS (1991b). Table 5 shows a summary
of the historical eruptions of Taal Volcano. The center of eruption within historical times
has shifted from the Main Crater to different locations within Volcano Island and Taal
Lake. Masigla and Ruelo (1987) divided the historic eruptions into four series based on spa-
tial relationship (Table 5): (1) A- series (central and main crater), (2) B-series (flank: Bininti-
ang Malaki, 1707 and 1715; Binintiang Munti, 1709 and 1929 A; Calauit, 1716; near Pira-
piraso, 1731, (3) C-series (central: 1749-1911), and (4) D-series (flank: Mt. Tabaro eruption
site, 1965-1977). The duration of Taal eruptions lasts from 1-2 days (e.g., 1977) to more than
6 months (e.g., 1754). Repose period varies from 1 yr to 62 yrs.

Taal had four very explosive eruptions in historical times, i.e. 1749, 1754, 1911 and 1965.
The short-lived 1749 eruption extruded 100 M m® of volcanic debris, devastated the whole of
Volcano Island and nearby lakeshore towns, and resulted to casualties. The six month long
1754 eruption destroyed the old towns of Sala, Lipa, Tanauan, and Taal, then located on the
margins of Taal Lake, and were subsequently relocated to their present sites. Ramos (1986)
deduced that syn-eruption underwater landslides may have been responsible for the destruc-
tion of some of these towns, based on lake underwater investigation. The eruption produced
a volume of 150 M m? of tephra. In 1911, the volcano claimed 1,334 lives and completely devas-
tated the entire Volcano Island. The greatest destruction was due to a rapidly expanding
eruption cloud (base surge) at the base of the eruption column that swept down the slope of
the Main Crater and out across the surrounding lake. Eruption column height was about 15
km and the volume of ejecta was estimated at 80 M m?, severely affecting an area of 230 km®.

More than fifty years later, another explosive eruption took place in 1965. Violent base
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Fig. 21. The 1966 phreatic eruption of Taal Volcano. Note the base surges that laterally move
out from the base of the eruption column. COMVOL 1966 photo: /n PHIVOLCS (2003).

surges similar to the 1911 eruption swept out the southwest sector of the island, affecting
towns across the lakeshore. The eruption opened up a new vent (1.5 km x 1.3 km) at Mt. Tab-
aro eruption site, on the southeastern portion of the island. Eruption column heights
reached 15-20 km and deposited fine ash as far as 80 km downwind.

Taal Volcano eruption style is primarily phreatic (Fig. 21) and phreatomagmatic, and
rarely, Strombolian and Plinian. The infrequent Plinian activities in 1749 and 1754, charac-

terized by extensive tephra fallout, were the most explosive within historic times (412 years
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for Taal). The two other explosive eruptions, 1911 and 1965, were phreatomagmatic, domi-
nated by base surges. The 1911 eruption has been classified as phreatic, but a more recent
study shows that the deposits contain fresh and quenched juvenile scoria fragments and
glass shards (Knittel, 1998, pers. comm.), thus, it can be described as phreatomagmatic. If so,
it explains the relatively wide area of devastation by the eruption. Most of Taal s eruptions
have been phreatic and phreatomagmatic mainly due to easy access of lake and groundwater
into the vent system. Only two eruptions, 1968 and 1969, were Strombolian, characterized by

lava fountaining and non-explosive lava effusion.

4.2.4 Volcanic Hazards

The entire Volcano Island has been declared as a Permanent Danger Zone, barring from
permanent settlement. Nonetheless, it is inhabited by more than 5,800 people. Hazardous ar-
eas shown in the hazard map in the foregoing section are based on areas previously affected
by Taal Volcano’ s historic eruptions. In particular, lakeshore towns west and northwest of
the island are threatened by explosive eruptions similar to the 1754, 1911, and 1965.

Hazards from Taal Volcano can be either direct or indirect. Direct hazards are processes
and events directly resulting from an eruption. These are: base surges, ashfalls, ballistic pro-
jectiles, lava flows, toxic gases, and acid rain. Indirect hazards are consequences of the direct
hazards, they include: seiche/tsunami and flooding, fissuring, ground subsidence, and lake-

shore landslides (Ramos, 1986).

Base Surges

Base surges are low-concentration, turbulent mixtures of volcanic debris, steam and
gas, that flow rapidly outward in all directions from the base of the main eruption column.
Base surges of Taal have lower emplacement temperatures but in general more mobile than
pyroclastic flows. The 1911 eruption devastated the whole island and lakeshores across Taal
Lake, while two-thirds of it was destroyed in 1965, including mainland lakeshore villages on
the southwest. The main characteristics and effects of the base surges based on accounts of
the 1911 and 1965 eruptions are: (1) surges travelled at speeds of more than 50 m/s; (2) base
surges carried all sizes of pyroclasts but dominated by ash and lapilli; (3) surges were non-in-
candescent, (4) surges travelled a maximum of 6 km from the vent (1965 eruption); (5) wet
mud and ash were plastered on standing objects such as walls and tree trunks:; (6) sandblast-

ing effect of surges (removed and shredded bark of trees); and (7) survivors suffered minor
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Fig. 22. Taal Volcano base surges hazard map by PHIVOLCS as of 1999.

degree burns indicating low temperatures (<100°C).

Figure 22 shows the hazard zonation map for base surges. The high danger zone corre-
sponds to the areas that had been affected by the most explosive eruptions such as the 1754,
1911, and 1965 base surges. These areas will likely experience the severest damage in case
eruptions of similar magnitude will occur. The area within a 6-km radius from the Main Cra-

ter corresponds to the places highly prone to base surges.

Ashfall

Taal has a 9:1 pyroclastic-lava ratio. Great quantities of ash and lapilli are released dur-
ing explosive eruptions. Release of steam and gas pressure during explosions causes these
tephra to be thrown vertically upward and become entrained in the eruption column, as high
as 20 km from the crater. Coarser materials immediately fall back to the surface but the
finer ash remains suspended for some time and dispersed by prevailing wind. The dispersal
of ash and affected areas depend much on the prevailing wind direction at the time of the
eruption and wind vectors at different altitudes. In the eruptions of Taal, ashfall constitute

the second greatest hazard. Deaths and injuries have been attributed to heavy ashfalls.
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Heavy ashfalls caused collapse of many houses and structures, damaged crops, killed ani-
mals, and affected people’ s health mostly due to respiratory ailment. Ashes from the 1754
eruption blocked the Pansipit River (lone outlet of Taal Lake) causing water level to rise, in-
undating the towns located along the lakeshores. In this eruption, one-meter thick ash was
dispersed in an area of 400 km® Both the 1911 and the 1965 eruptions deposited 25-cm thick
ash over an area of 230 km® and 60 km? respectively.

Prevailing wind direction and eruption column height were the primary basis for the
hazard zonation for ashfall. Two sets of hazard maps were prepared by PHIVOLCS corre-
sponding to eruption column heights of below three kilometers and greater than three
kilometers. In both cases, the high danger zone is the area likely to receive at least 10 cm
thick ashfall; 1-10 em thick for moderate danger zone; and <lem thick for low danger zone.

The axes of the lobes are parallel to the seasonal northeast-southwest wind vectors.

Ballistic Projectiles

Projectiles of Taal eruptions include volcanic lapilli to bombs and blocks (>2 ecm). They
can destroy objects or inflict injury by direct impact or by rolling down the slopes of the
volcano. In the 1911 eruption, a 250 kg block was thrown out and settled on the Main Crater
rim. Projectiles have destroyed houses and crops on the island according to accounts. The
high danger zone for ballistic projectiles covers an area within a radius of 5 km from the

Main Crater on the basis of historic eruptions and studies on explosive eruptions worldwide.

Lava Flows

Lava flows in Taal Volcano are quiet, non-explosive effusions of molten rock from a
vent or fissure. Taal extruded lava twice during historical times, first in 1968 the other in
1969. The lava flows moved slowly, about tens of meters per hour, but had high tempera-
tures, sometimes as high as 1,175 C. Probable path and damage by Taal Volcano lava are lim-
ited within Volcano Island. Thus, the entire Volcano Island is succeptible to lava
encroachment. Another potential hazard associated with lava flows are secondary explo-
sions generated by hot lava-lake water interaction as they encroach the shore. Pyroclastic
fragments generated by the explosive fragmentation of lavas can cause injury to people and

destroy structures in the immediate vicinity.



Toxic Gases and Acid Rain

The Main Crater lake is highly acidic with a pH of 2.8-3.0. There have been no direct
measurements on the acidity of ash particles or reports of acid rain during the historic erup-
tions, but fallout from the eruption cloud emanating from the Main Crater would have high
a probability of being acidic because airborne particles can easily absorb gases and com-
pounds present in the eruption cloud. Some survivors of the 1911 eruption sustained acid
burns. In 1904, people on the lakeshore felt strong burning sensations when showered with
acidic mud rain settling out of an eruption cloud. Acids can also be carried by base surges
and can cause scalding. Volcanic gases killed all livestock on Volcano Island and damaged
vegetation on the leeward side of the crater during the 1874 eruption. Gas dispersion is con-
trolled by gas density and wind pattern. It also depends on the location of the gas vents.
Gases denser than air will tend to crawl along gullies and topographic lows, thus the hazard
zone 1s restricted in these areas. Also, gas odor such as sulphur stench has annoying effect.
The danger zone for acid rain and gases adhering to airborne particles follows the danger

zone for airfall.

Seiches/Tsunamis and Flooding

Incoming tsunamis and waves induced by seiches can cause considerable damage to life
and property especially along the lakeshore. They can engulf and wash away structures
along these areas. Seiches in Taal had been due to the impact of surges on Taal Lake. Boats
fleeing the island capsized due to seiches, accounting for some of the deaths during Taal
eruptions. Places succeptible to tsunamis, seiches, and flooding are low-lying areas less than

20 m above sea level on the island and lakeshores of the mainland.

Fissuring and Ground Subsidence

Earthquakes usually accompany eruptions of Taal Volcano. Strong quakes were felt
during the 1749, 1754, and 1911 eruptions. During the earthquakes, fissures and ground sub-
sidence occurred in many places, e.g., 1749 eruption. After the 1911 eruption, the Taal Vol-
cano Island had subsided by 2 to 3 meters. Areas that subsided were flooded or submerged
like what happened to an island northeast of the volcano that sunk. Fissures had caused
damages to properties particularly infrastructures. In the 1911 eruption, fissures were ob-
served as far as Sto. Tomas located northeast of Taal caldera. Areas prone to fissuring and

ground subsidence had been confined between the two previously defined sub-parallel fissure
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lines trending N35-40E. The upper line extends from Sinisian to Cabuyao, and the lower line
from Lemery to Calamba. The fissure zone is parallel to the general trend of the Macolod

Corridor.

4.2.5 Monitoring Techniques and Devices

PHIVOLCS maintains two volcano observatories in Taal Volcano: Pira-piraso Volcano
Observatory and Buco Volcano Observatory. Both observatories have 3-component Hosaka
electromagnetic seismographs. Pira-piraso station, located in Volcano Island, has a water
tube tiltmeter and a telescope. Around Taal Lake are installed tide gauges as part of the lake
tilt system. Precise leveling and EDM benchmarks are located in the southwest of Volecano Is-
land near the 1965 eruption site. These sites are revisited quarterly to record any changes in
ground condition. Several ground probe holes whose temperatures are determined every
other day are located in this site. The Main Crater, site of the violent 1911 activity, is also be-
ing monitored using water level and temperatures of the lake and surrounding fumaroles.
Water samples from the Main Crater and Taal lakes are collected twice a month and ana-
lyzed for its geochemistry. Eruption precursors at Taal Volcano include the following:
rumbling/booming sounds, tremors, increase in lake temperature, crater glow, change in
crater lake color, increase in lake level, increase in steaming and bubbling activity on crater

lake, fissuring, and increase in probe hole temperature.

4.3. Pinatubo Volcano
4.3.1 Volcano Profile and Summary of Recent Activities
Mount Pinatubo (15°7.4N, 120° 20.0E) belongs to the chain of composite volcanoes along
the Luzon Volcanic Arc (Fig. 23). The arc parallels the west coast of Luzon Island and re-
flects eastward-dipping subduction along the Manila Trench to the west (Defant et al., 1989).
The other major volcanic centers forming the chain are Mts. Natib and Mariveles, and
smaller cones including Mts. Malasimbo, Balakibok and Negron. Mount Pinatubo is among
the highest peaks in west-central Luzon. Its former summit, at 1,745 m elevation, may have
been the crest of a lava dome that formed about 500 years ago, during the most recent pre-
1991 major eruptive episode (Newhall et al., 1996). After the 1991 eruption, the summit
height was reduced to 1,445 m above sea level and replaced by a 2-km wide, 600-800-m deep
summit caldera. The volcano s lower flanks that are highly dissected and covered by dense

vegetation prior to the 1991 eruptions are composed largely of pyroclastic deposits from vo-
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Fig. 23. Regional geologic map of the Mt. Pinatubo area. Inset shows major tectonic features
of Luzon. Volcanoes are indicated by triangles. Major geologic units: R-recent sdiments, Qv-
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Complex. From Delfin et al. (1996).

luminous, explosive pre-historic eruptions (Wolfe and Hoblitt, 1996). Older Quaternary
andesitic-dacitic volcanic deposits (Pinatubo volcanics), consisting of lava flows and pyroclas-
tics, comprise the older sequence of Mount Pinatubo and adjoining peaks.

In June 1991, Pinatubo Volecano erupted after 450 years of repose. The eruption was the
third largest in the 20" century. At least 4.8-6.0 km® of tephra were deposited around Pina-
tubo and in the South China Sea (Wiesner et al., 2004). A 2-km diameter caldera was formed
due to the collapse of the volcano s summit during a lateral blast in the 15 June climactic
phase. Much of the pyroclastic deposits emplaced on the slopes of Pinatubo were subse-
quently reworked to form lahars. A lake began to form in September 1991 from groundwa-

ter inflow and rainfall. In July 1992, a small mud cone (5 m x 100 m size) was formed near the
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center of the caldera lake. The initial mud cone developed into a dome which grew sporadical-
ly, and by September of the same year, the dome’ s size was 300 m x 400 m. The dome was to-
tally submerged in 1997 due to continuous rise in lake level. Lahars ensued from the 1991
eruption until 1999, causing widespread destruction of properties and infrastructures
around the volcano. The Pinatubo giant ash cloud intruded the stratosphere and resulted to
slight global cooling. The caldera lake continued to rise through the years, leaving a cliff-
edge freeboard of 45 m on 07 May 1998 to only 2 m on 30 August 2001 at the Maraunot
Notch, the lowest point of the crater rim. Aware of the possibility of a natural catastrophic
crater-lake breaching, PHIVOLCS and the Department of Public Works and Highways
(DPWH) decided to construct a drain canal to induce artificial breaching at a predetermined
time, after people had been evacuated for safety. On 06 September 2001 the breach was
opened at 6:53 am (local time), but breaching did not occur because the water discharge rate
of 0.1 m*/s is too slow to induce erosion. A year later, on 10 July 2002, at the height of south-
west monsoon rains, the notch gave way unleashing about 65 M m® of water along Bucao
and Botolan Rivers (Bornas, 2002). The lahars and flood waters overtopped the Bucao Bridge
and damaged Botolan’ s river spur dikes northwest of the volcano. The breakout event, how-
ever, did not cause fatalities and damages were insignificant.

On January 2004, an unusual change in color of the crater-lake water took place, from
bluish or emerald green to dark brown and almost blackish. PHIVOLCS gave two possible
explanations for the change in water color: (1) the effect of increased dissolved Fe- and Mg-
oxides in water from sediments inside the crater, or (2) due to increase in biogenic activity as
a result of decline in volcanic activity since 1995 (PHIVOLCS, 28 Sept. 2004). As of this writ-
ing, PHIVOLCS, along with the assistance of the Industrial Technology Development
Institute-Department of Science and Technology (ITDI-DOST), University of the Philippines-
Institute of Biology (UP-IB), and others, is still undertaking more exhaustive investigations
to pinpoint the most probable cause of the lake’ s coloration and to assess potential hazards

if any.

4.3.2 Geology and Eruptive History
The eruptive history of the volcano has been divided into two major periods, namely, the
ancestral and modern Mount Pinatubo (Fig. 24) (Newhall et al., 1996). The ancestral Mount
Pinatubo was a Pleistocene andesite-dacite stratovolcano whose remnants are preserved in

topographically elevated terrain surrounding the pre-1991 Pinatubo dome. Contemporane-



ous with this ancestral Mount Pinatubo stratocone are the domes of Mounts Negron, Cuad-
rado, and Mataba, and the Bituin plug (Delfin, 1983). Modern Mount Pinatubo is a dacite-
andesite dome complex surrounded by sheets of dacitic pyroclastic flows and related lahars.
New “C dating and stratigraphic analyses (Newhall et al., 1996) revealed at least six distinct
eruptive episodes of modern Pinatubo, beginning with a caldera-forming event (Inararo epi-
sode) >35,000 "C yBP.

The Pinatubo volcanic rocks are cut by predominantly northwest- and north-trending
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dip-slip faults (Figs. 23, 24). De Boer and others (1980) proposed the existence of a major
northwest-striking structure, the Iba Fracture Zone, passing beneath Mount Pinatubo,
which manifests as the Maraunot Fault, the Dagsa Fault, and the northwest-southeast
alignment of surface hydrothermal discharges on Mount Pinatubo (Delfin, 1983). Shorter
and less dominant northeast- and east-trending faults cut the major structures without any
apparent offset. These shorter and easterly trending faults are particularly well defined

near the summit region of the volcano.

Ancestral Pinatubo

Ancestral Pinatubo was an andesite and dacite stratovolcano whose center was in
roughly the same location as the modern Pinatubo. It was as high as 2,300 m from the projec-
tion of dip slopes upward from the existing terrain. A high-silica andesite intrusive on the
east flank of Pinatubo (UTM 1675.7N, 220.5E) yielded a K-Ar age of 1.10£0.09 Ma (Ebasco
Services, Inc., 1977). A similar age of 1.09£0.10 Ma (Bruinsma, 1983) was obtained from a
hornblende andesite lava flow on the western slope of the volcano.

Ancestral Pinatubo is exposed in relict walls of an old 3.5 x 4.5-km caldera, recognized
by Delfin (1983) and named the Tayawan Caldera (Fig. 24). Such size is expected from an
eruption of 10 to 15 km® dense-rock equivalent (DRE) of magma (Newhall et al., 1996). Promi-
nent points on the relict rim of that caldera include Mount Donald Macdonald (southeast cal-
dera rim) and Mount Tayawan (north-northeast caldera rim). Several patches of high,
erosion-resistant terrains outside that caldera (e.g., Mount Dorst) were part of the dip slopes
of ancestral Pinatubo (Fig. 24). Lava flows on the caldera walls and rim are mostly two-
pyroxene-hornblende andesite (augite + hypersthene =+ hornblende = biotite;
plagioclase=Ang) and are interbedded with pyroclastic flows and near-vent fall breccias
(Newhall et al., 1996). Lower on the volcano's flanks, deposits of ancestral Pinatubo are indu-
rated, yellow-brown andesitic and dacitic breccias of mostly lahar origin. An andesitic
debris-avalanche deposit exposed along the Sacobia valley east of the volcano may have been
derived from the ancestral cone (Geronimo-Catane, 1994).

Deep erosion in the Sacobia, Porac, Marimla, and Porac River valleys, coupled with deep
weathering and induration of its products, suggests that activity of the ancestral volcano
ended several tens of thousands of years before the caldera-forming eruption and initial

growth of the modern Pinatubo.
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Modern Pinatubo

Modern Pinatubo is divided into six eruptive periods. They are: Inararo, Sacobia, Pas-
bul, Crow Valley, Maraunot, and Buag. The clustering of six eruptive periods for modern Pi-
natubo was based on radiocarbon ages obtained by Newhall et al. (1996). The samples were
from the bark or outermost part of in-situ trees that were rooted in soil underlying the
deposits. Each eruptive period is short in relation to intervening repose periods.

Most of the lithologic and tephrochronologic descriptions herein were referred from
Newhall et al., 1996. Constructed composite sections from stratigraphic relations and "“C
ages of multiple outcrops are shown within the lettered boxes in Fig. 25.

1. Inararo Eruptive Period: >35,000 "C yBP

Occurring before 35,000 “C yBP, the Inararo Eruptive Period is known to be the largest
eruption in the history of modern Pinatubo, depositing as much as 100 m-thick pumiceous
pyroclastic-flow materials on all sides of Mount Pinatubo in the proximal parts of the
Sacobia-Pasig-Potrero pyroclastic fan, north to northeast of Mount Dorst, and are buried
beneath alluvium at their distal end, at least 21 km from Mount Pinatubo's summit.

The estimated original volume in the Sacobia-Pasig-Potrero fan is about 5 km® (bulk), as-
suming an average thickness of 30 m over an area of 160 km® of inferred deposits (Newhall et
al., 1996). The 1991 deposits in the Sacobia-Pasig-Potrero system are about one-fifth of the
total volume of 1991 pyroclastic-flow deposits, so assuming a similar azimuthal distribution
then and now, the Inararo pyroclastic flows might have had a volume of 25 km®. These depos-
its are now found as distinctively eroded "pinnacles," erosional remnants within a deep den-
dritic drainage network between the Abacan and Pasig-Potrero Rivers, between 100 and 500
m above sea level (Section A: Fig. 25).

The Inararo pyroclastic-flow deposit is incipiently welded and exhibits columnar
jointing. The deposits contain pumice blocks of biotite-hornblende-quartz dacite with about
64-67 wt% silica. These deposits are distinguished from those of younger eruptive periods by
the relative abundance of biotite and quartz phenocrysts, and the only occurrence of euhe-
dral quartz in the Pinatubo sequence. Cummingtonite, present as rims on hornblende pheno-
crysts in some of the pumice blocks, indicates a pre-eruption magmatic temperature and
pressure similar to those in the 1991 magma body. At least two separate pyroclastic-flow
units are present within deposits of the Inararo eruptive period, evidenced by the absence of
cummingtonite in pumice blocks from some outcrops, slight differences in weathering char-

acteristics, and apparent onlap relations.



2. Sacobia Eruptive Period: ~17,000 yBP

The only known remnant speculated to belong to an eruptive period about 17,000 years
ago 1s the outcrop of two pumiceous, hot(?) debris-flow deposits capped by a silt layer in the
north bank of the Sacobia River opposite Clark Air Base (Section B: Fig. 25). These deposited
debris-flows and their included pumice clasts closely resemble those of the 1991 eruption.

3. Pasbul Eruptive Period: ~9,000 yBP

Pyroclastic-flow and tephra-fall layers exposed along the road between Sitio Pasbul,
Camias, Porac, and the Gumain River, including one pyroclastic-flow deposit with an age of
8380180 "C yBP (Section C: Fig. 25), represent a large eruption that overtopped the south-
eastern rim of the Tayawan Caldera, and nearly or completely filled the valley of the Gu-
main River.

The dated pyroclastic-flow deposit near Pasbul contains two pumice types, a dominant
hornblende plagioclase porphyritic dacite and a subordinate, gray, finer-grained pumice.
Biotite occurs only as cores within hornblende phenocrysts, and relict olivine xenocrysts oc-
cur as rare cores within hornblende-magnetite reaction clots. Distinguishing features of de-
posits of the Pasbul eruptive period include a relatively low SiO, (63-64 wt%) and scarce
quartz and biotite.

4. Crow Valley Eruptive Period: ~6,000-5,000 yBP

The most prominent exposures of major eruptions about 5,500 years ago are the deeply
dissected pumiceous pyroclastic-flow deposits along both sides of upper Crow Valley, and up-
stream from Bunker Hill (Section D: Fig. 25).

Pyroclastic-flow deposits of the Crow Valley eruptive period within the O'Donnell River
watershed covered an area of about 20 km’ to an average depth of about 30 m, for a volume
of about 0.6 km®. The 1991 pyroclastic-flow deposits in the same watershed were about 0.3
km3, or 0.05 of the total 1991 pyroclastic-flow deposit. Assuming the same azimuthal distri-
bution of deposits, the volume of Crow Valley pyroclastic-flow deposits had been about 12
km®.

At least four thick pyroclastic flows separated by erosional unconformities were identi-
fied along Crow Valley and in small valleys just to its west. The two oldest units occur in dis-
sected, topographically high deposits along the walls of the valley. The lower unit is a
crudely stratified, 20-m-thick, fine grain-poor pyroclastic-flow deposit with abundant char-
coal (Section E: Fig. 25). The upper unit, as much as 40 m thick, contains at least three

pyroclastic-flow layers. Two additional pyroclastic-flow deposits are found topographically



EXPLOSIVE VOLCANISM IN THE PHILIPPINES

below, but stratigraphically above the aforementioned 40-m-thick deposits, in recently
eroded cuts into the valley floor. Of these, the lower unit yielded a "C age of 5,100+ 70 years
(Section E: Fig. 25); the upper one is typically a massive, poorly sorted pyroclastic-flow de-
posit that yielded a “C age of 4,960+=70 (Section E: Fig. 25).

Almost all pumice fragments sampled from deposits of the Crow Valley eruptive period
are cummingtonite-bearing hornblende dacite. Cummingtonite occurs as relatively thick
rims on hornblende phenocrysts with two subtypes; a phenocryst-rich white pumice and a
phenocryst-poor gray pumice, occuring in deposits of the Sacobia and Pasbul. Both pumice
types contain the same phenocryst minerals and are chemically similar, with 65-66 wt% SiO..
The fine-grained gray type contains dominantly broken crystal fragments rather than the
mostly intact phenocrysts seen in the coarser grained white samples.

5. Maraunot Eruptive Period: ~3,900(?)-2,300 yBP

A widespread, moderately well-preserved deposits of pyroclastic flows, lahars, and
streamflows that have yielded ages from 3,590+110 to 2,330=110 “C yBP, or about 3,900-
2,300 calendar yBP (Section F: Fig. 25), characterize the Maraunot eruptive period. Pyroclas-
tic flows also traveled far down the O'Donnell, Sacobia, Abacan, Pasig-Potrero, and Marella
Rivers.

About 3,000 yBP, a series of eruptions produced the largest known pyroclastic flows of
the Marella drainage. During the same period, other pyroclastic flows filled the Sacobia val-
ley to such a depth that lahars and fluvial sediments spilled onto and covered most of today's
Clark Air Base. Bulk volume of deposits of the Maraunot eruptive period was roughly equal
to that of the Crow Valley eruptive period, an estimated 10 to 15 km®.

The dominant pumice type in deposits of this eruptive period is cummingtonite-bearing
hornblende dacite. Most of the analyzed samples have about 65 wt% SiO.. Dacite pumice frag-
ments with mingled andesite bands are present in several pyroclastic-flow deposits of the
Maraunot eruptive period; the andesite bands are finer grained and contain resorbed olivine
xenocrysts rimmed by hornblende. Also as products of other eruptive periods, the dacite
pumice occurs in two forms: a dominant, white, coarsely vesicular, and coarsely porphyritic
pumice, and a subordinate, gray, finely vesicular, and finer grained pumice.

6. Buag Eruptive Period: ~500 yBP

Primary deposits of this period include a pumiceous pyroclastic-flow deposit high in the

Sacobia drainage, a little-dissected lithic-rich pyroclastic-flow deposit in the Marella drain-

age, and little-dissected pyroclastic-surges or blast deposits in the O'Donnell and Bucao wa-



tersheds, near and beneath the village of Patal Pinto. From these three primary deposits,
only the pumiceous unit yielded charcoal with an age of about 500 yBP.

Radiocarbon ages of pumiceous lahar deposits imply that explosive eruptions of this pe-
riod began at least by 600 yBP and perhaps as early as 800 yBP.

During this period, lahars filled channels of the abovementioned rivers to levels equal to
or slightly higher than the 1991 to 1993 fill. Because lahars of the Buag eruptive period filled
the Abacan valley, eruption(s) of this period were approximately the same size as that of
June 15, 1991.

A lahar deposit of the Buag eruptive period in the Pasig River drainage contains blocks
of biotite-, cummingtonite-, and quartz-bearing 65 wt% SiO; dacite pumice. Cummingtonite
is present as relatively thin rims on hornblende crystals. Quartz and biotite are relatively
abundant in several of dacite samples of the Buag eruptive period. In contrast to the biotite-
and quartz- rich samples of the Inararo period, quartz phenocrysts in the Buag samples are
resorbed. Mafic inclusions and mingled dacite pumice blocks with dark olivine-augite bear-
ing andesite bands and mafic inclusions are also present within this deposit. In contrast to
the hybrid andesite of 1991, olivine crystals in samples of the Buag eruptive period lack horn-
blende reaction rims, their absence being suggestive of entrainment immediately prior to
eruption.

The late-Buag summit dome from the undated but morphologically young lithic
pyroclastic-flow deposit in the Marella valley, is a biotite- and quartz-bearing high-silica an-
desite (62 wt% Si0.) with highly resorbed xenocrysts of olivine and augite (both rimmed by
hornblende). This disequilibrium mineral assemblage suggests that the pre-1991 summit
dome represents a mixed magma, possibly analogous to the mixed andesite lava dome that,

in 1992, began to refill the 1991 caldera (Daag et al., 1996).

4.3.3 The 1991 Mt. Pinatubo eruption
At 1342H of 15 June 1991, after more than five centuries of repose, the Pinatubo climac-
tic eruption began (Fig. 26A), lasted for nine hour, led to the collapse of the volcano's sum-
mit, and ultimately formed a 2.5-kilometer-diameter caldera (Fig. 26B) (Wolfe and Hoblitt,
1996). The gigantic plume rose to heights of more the 40 km before drifting to the South
China Sea. Although Rosi and others (2001) claimed that the climactic eruption deposits were
substantially derived from both Plinian and co-ignimbrite clouds, Dartevelle and others

(2002) concluded that they originated from co-ignimbrite clouds through a giant ash cloud.
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Fig. 26. (A) Giant ash cloud during the Mt. Pinatubo 12 June 1991 eruption. USGS Photo by
D.H. Harlow, 1991: /n Newhall and Punongbayan (1996); (B) Caldera resulting from the 15
June climactic eruption. From Punongbayan et al, (1996).



Estimated erupted magma is between 3.7 to 5.3 km® depositing 8.4 to 10.4 km® total bulk vol-
ume of ejecta composed of 5 to 6 km® ignimbrite (Scott et al., 1996) and 3.4 to 4.4 km? fall-out
deposits (Paladio-Melosantos et al., 1996). Based on numerical models using remote sensing
data, Holasek and others (1996) provided an estimate of 4.8-7.8 km® DRE. In a more recent
study, Wiesner and others (2004) came up with a volume of 4.8-6.0 km® DRE on the basis of
combined South China Sea deep-sea cores and on-land data.

Hoblitt and others (1996) divided the 1991 to 1992 Pinatubo eruption into eight phases as
summarized in Table 6. Precursory activities were characterized by seismic swarms, intense
steaming activity, and phreatic explosions that culminated about three months before the
main eruption in June 1991. On 02 April 1991, vigorous steam vents opened on the upper
north slope of the volcano. Steam jetted to heights of 300 to 800 m and sporadic ash emis-
sions reached heights of 1,500 to 3,000 m. In late May, steaming intensified and amounts of
ejected ash increased. By 09 June, continuous ash emission and occasional small explosions
produced ash clouds dense enough to flow slowly down the volcano's western slopes. A series
of strong explosive eruptions began at 0851 on 12 June 1991, and, starting at 2218 on 14
June, the eruptions slowly became more frequent and culminated in the violent climactic

eruption of 15 June (Sabit et al., 1996).

Table 6. Mt. Pinatubo 1991-1992 eruption chronology. Modified from Hoblitt et al. (1996).

Phase Duration/Date Description

1991 Eurption Phases

Felt earthquakes beginning on March 15, phreatic explosions on April 2,
Phase I March 15 - 31 continuing emission of steam and minor ash, constant release of seismic energy,
and generally increasing SiO, emission.

Escalating seismic-energy release, concentration of shallow earthquake )
Phase II June 1-7 hypocenters beneath Pinatubo's summit, diminution in SiO emission, inflationary
tilt, and increasing ash emission culminating in birth of a lava dome on June 7.

Phase 111 June 7 - 12 Dome growth, increasingly heavy emission of ash, escalating seismic-energy release.

Four vertical eruptions with minor pyroclastic flows, continued dome growth, and
Phase IV June 12 - 14 heavy emission of ash.

Multiple surge-producing eruptions beginning at about 1516 on June 14 and
Phase V June 14 - 15 continuing until the climactic phase.

The climactic phase of activity, beginning at 1342, consisting of a large vertical
Phase VI June 15 eruption with the production of voluminous pumiceous pyroclastic flows. This phase
culminated in formation of a collapse caldera.

June 15 - Postclimactic phase of activity wherein initially voluminous, continuous ash
Phase VII early September emissions slowly waned through the middle of late July; intermittent small ash
¥ =ep eruptions continued until early September.
1992 Eruption Phase

Phase VIII: | July - October Growth of small dome of andesite lava
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Caldera Formation

The collapse of Mount Pinatubo's edifice during its explosive eruptions on 15 June 1991,
created a 2.5-kilometer wide caldera. By early September 1991, water accumulating through
spring discharge from the walls of the caldera, rainfall, and surface runoff led to the forma-
tion of a caldera lake (Fig. 26B). From October 1991 to December 1992, the lake s pH dropped
from 6 to 1.9. Lake temperature remained constant at 3812°C during the same period
(Campita et al., 1996).

A panoramic sketch by Newhall and others (1996) was made from photos taken from
various points inside the caldera from October 1991 to November 1992. From vantage points
inside the caldera, many of the units appear stratified, with little apparent dip and consider-
able lateral continuity, some stretching almost halfway around the caldera. Stratified units

are locally cut by domes and many small faults.

Pyroclastic Flows

Scott and others (1996) provided the detailed characteristics and distribution of the 1991
pyroclastic flows. Pyroclastic flows of 15 June traveled as far as 12 to 16 km in all directions
from the vent located near the head of Maraunot valley, about 1.3 km northwest of the old
summit (Fig. 27). The estimated volume of pyroclastic-flow deposits during the climactic
eruption is 5-6 km®. These directly impacted an area of almost 400 km* and altered the land-
scape dramatically. In proximal areas, flows were highly erosive and left little deposits,
whereas in medial and distal areas, valley fills and fans of ponded pyroclastic-flow deposits
were thick and broad, forming veneers on ridges and uplands.

Identified pyroclastic flow deposits comprise three facies. First, and by far the most vo-
luminous, are massive pumiceous deposits that form the valley fills and fans. Little evidence
exists for individual flow or emplacement units except in some upland areas and near distal
limits. Second are stratified pumiceous pyroclastic-flow deposits that veneer uplands in me-
dial areas and consist of numerous beds several centimeters thick. Stratified deposits grade
laterally into, and are therefore co-genetic with, massive pyroclastic-flow deposits. Third is
a prominent lithic-rich facies formed of clasts of Pinatubo's former summit dome overlying,
or interbedded in the upper parts of, pumiceous pyroclastic-flow deposits in medial areas of
all major drainages.

Scott and others (1996) hypothesized that a large amount of lithic debris was created as

the summit dome foundered. The collapse disrupted the vent and forced fragmenting pyro-



clastic material to escape through growing fractures and faults in the old summit dome.
Large amounts of dome rocks were then entrained during this process. Some of the dense
lithic materials settled through the flows near the vent and some traveled farther to form
lithic-rich pyroclastic-flow deposits. The great bulk of these deposits are sandy and
pumiceous. The minor and aerially restricted lithic-rich facies is composed of gravel-size,

dense lithic clasts.

i .

- 1991 pyroclastic-flow deposits
- Lahar deposits

Fig. 27. Distribution of pyroclastic flow, lahar, and tephra deposits of the 1991 Pinatubo erup-
tion by PHIVOLCS.

& Tephra-fall isopach, in cm
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The asymmetric distribution of the pumiceous pyroclastic flows was controlled chiefly
by the preexisting topography (Fig. 27). The June pyroclastic flows were able to spread out
towards the western broad, lower relief terrain, consequently burying large parts of the pre-
existing landscape. Distal areas also contained broad, thick fills of up to 200 m of ponded py-
roclastic flow deposits. In contrast, deposition towards the mountainous eastern sector
occurred only in distal Sacobia and Pasig valleys and in several narrow canyons.

The thickest pumiceous pyroclastic-flow deposits occur in broad ponds that cover areas
of 10 to 30 km* and bury former valley floors to depths of 100 to 200 m. Terraces and interflu-
ves between the former valley floors have thinner, discontinuous accumulations. As a result,
thick valley fills of pyroclastic-flow deposits blocked numerous tributaries to major drain-
ages and created flooded or poorly drained areas, some of which became temporary lakes.
Most lakes were shallow and short lived; many drained early in the rainy season of 1991 as
they overflowed, and outlet channels were rapidly incised through poorly consolidated
pyroclastic-flow deposits. Such events produced lahars (Pierson et al., 1996; Umbal and Ro-
dolfo, 1996). Some lakes filled and drained repeatedly as secondary pyroclastic flows, gener-
ated by avalanching of thick pyroclastic-flow deposits (Torres et al., 1996), or lahars rebuilt
blockages. Lakes and poorly drained areas in tributaries were also sites of secondary steam
explosions driven by heated surface and shallow ground water; such areas were character-

ized by numerous craters with aprons of surge and fall deposits.
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Fig. 28. Representative stratigraphic section of the 1991 tephra-fall deposits southwest of Mt.
Pinatubo. Sketch of section located at Sitio Upper Kakilingan, San Marcelino, about 13 km
south-southwest of the volcano. From Paladio-Melosantos et al. (1996).



Tephra Fall Deposits

The major eruptions of Mount Pinatubo is reflected in the stratigraphy of the fall depos-
its, which consists generally of a fine ash layer, a lapilli layer commonly including pumice
grains of >1 c¢m in diameter, and a lapilli-bearing volcanic sand layer, in ascending order.
The giant eruption cloud covered an area of 60,000 km* and expanded radially for five hours
to an area more than 300,000 km® (Koyaguchi, 1996).

The stratigraphic section shown in Fig. 28 indicates the typical tephra-fall deposits of
southwest of Mt. Pinatubo. The most voluminous deposit of the 1991 eruption is layer C
(Fig. 28), composed of dacitic pumice-fall deposit with a bulk volume of about 3.4 to 4.4 km®
(Paladio-Melosantos et al., 1996).

Each layer of the stratigraphic section was produced by an eruptive phase. Layer A was
deposited during a brief explosive eruption on the morning of 12 June. Bulk volume is esti-
mated at 14 M m® of andesitic scoria, ash, and some lithic fragments southwest of the
volcano. The numerous pyroclastic-surge producing eruptions on 14 to 15 June emplaced
about 0.17 km® of laminated, mostly fine-grained ash-fall deposits referred to as layer B. The
wide dispersal of this layer was induced by ash clouds convecting upward from the pyroclas-
tic surges that moved radially outward (>10 km) from the vent, and by the onset of low-alti-
tude northerly to westerly winds as a tropical storm approached the area. Layer C, the most
voluminous deposit, was produced during the climactic eruption on the afternoon of 15 June
1991 (Paladio-Melosantos et al., 1996). Most of Luzon Island and a 3 to 4 M km’ area of
Southeast Asia were affected by the tephra fall. Slowly reducing ash emissions continued
from several vents in the caldera for about six weeks after the climactic eruption, depositing
a fine-grained laminated tephra-fall layer D that has a bulk volume of about 0.2 km®.

These Plinian fall deposits are relatively thin and inconspicuous partly due to the pass-
ing of Typhoon Yunya during the eruption, which spread the ash in all directions over a
broad area. Near-source tephra were scoured by pyroclastic flows and the tephra along the
main lobe was blown into South China Sea (Fig. 29).

The ash blown into South China Sea were dispersed in a southwesterly elongate lobe
with inflection to west-northwest, reflecting both an upper-level wind field and the north-
easterly moving Typhoon Yunya, during the climactic phase (Wiesner et al., 2004). Fully
automated collection devices (sediment traps), designed to collect particulate matter settling
through the water column for a designated period in a preprogrammed sequence, provided a

rare opportunity to study the transport of ash in the water column. The sediment traps
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Fig. 29. Thickness contours (in mm) of the 15 June 1991 Mt. Pinatubo ash fall deposit in the
South China Sea (isobaths in m) and on Luzon Island (unlabeled isopach is 200 mm). On-land
thicknesses (layer C) were taken from Paladio-Melosantos et al. (1996) and E. Listanco (un-
published data, 1991). Marine core sites are denoted as follows: circles R/V Sonne cruises
S0O-132 in 1998 and SO-140 in 1999 triangles SO-95 in 1994 (Wiesner and Wang, 1996);
squares SO-114 and R/V Ocean Researcher 1 cruise OR-455, both in 1996 (Kuhnt et al., 1996;
Wiesner et al., 1997; Wang, 1999); pentagons SO-115 in 1996,/1997 (Stattegger et al., 1997);
diamonds 1997 cruises of R/V Explorer (F. Siringan, 1998); inversed triangles 1998 cruises
of R/V Xiangyanghong-14 cross 1990-1992 sediment trap mooring station SCS-C (Wiesner et
al., 1995). Filled symbols ash thickness measured; half-filled symbols ash observed, thick-
ness not reliable due to core disturbance or postdepositional redistribution; open symbols no
macroscopically visible ash. Numbers at core sites refer to those sections that were ana-
lyzed by sieving/pipetting. From Wiesner et al. (2004).

were attached to fixed mooring array at depths of 1,190 and 3,730 m and laid out in the
South China Sea prior to the eruption. Within less than three days after the release of the
major eruption plume, each of these traps simultaneously intercepted a total amount of 9
kg/m’ of ash (Wiesner et al., 1995). On the basis of the mean grain density (2.34 g/cm® and
average porosity (52.5%) of this material, the calculated depositional thickness is 0.8 cm at
about 500 km from Pinatubo Volcano.

The tephra falls from the 15 June 1991 climactic eruption deposited a discrete layer on
Luzon Island and across the South China Sea, covering an area of about 4 x 10° km* (Fig. 30)

(Wiesner et al., 2004). The submarine facies consists of two units, a basal layer (Unit I), and
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Fig. 30. Stratigraphy and grain size distributions of the submarine Mt. Pinatubo ash fall de-
posit in four representative cores downwind along the main dispersal axis (distance from
source is given in brackets ; see inset for core locations). Open bars unit |; black bars unit Il;
grey bars single ash layer. From Wiesner et al. (2004).

an upper layer (Unit II), separated from each other by a sharp contact. Unit I is a normally
graded unit with unimodal grain size while the overlying Unit II is a finer-grained, struc-
tureless layer showing grain size bimodality. Unit I correlates with the subaerial tephra fall
deposit, layer C, whereas the upper unit does not appear to have an on-land counterpart.

To explain the origin of the units, Wiesner and others (2004) proposed two distinct depo-
sitional processes. Unit I was deposited as discrete particles following Stokes’ Law. The
coarse-grained fraction of Unit II may have settled in the same manner as Unit I. However,
to account for the short settling time for the fine-grained fraction of Unit II a separate
mechanism was sought. Comparison of field data with earlier experimental observations
and tephra flux records in the deep sea (Wiesner et al., 1995; Carey, 1997; McCool, 2002) sug-
gests that fine ash was transported via vertical density currents (Wiesner et al., 2004). In
spite of this, convection sedimentation did not affect the order of arrival of tephra onto the
sea floor, allowing the preservation of the original stratigraphy. Atmospheric processes,
rather than oceanic processes, largely determined the depositional mode of the tephra units

in the South China Sea.



EXPLOSIVE VOLCANISM IN THE PHILIPPINES

Lahars
FEast Side Lahars

The tropical climate of the Philippines provided ample rainfall to trigger lahars in all
major watersheds east of Mt. Pinatubo. Alteration of watershed hydrology by volcanic de-
posits was also a necessary condition for the formation of these lahars. Disturbed catchment
headwaters prior to the climactic eruption, played a key role in the formation of peak-dis-
charge lahars, damaging vegetation, reduced infiltration capacity of the substrate, smooth-
ened the natural relief of the hillslopes, and impacted channels along the mountain front
from Porac River to Sacobia River (Major et al., 1996).

The total volume of volcaniclastic sediments deposited in 1991 in the east side basins is
about 0.38 km’, equivalent to about 30% of the total volume of 1991 pyroclastic source depos-
its in the upper basins (Pierson et al., 1996). Along the mountain front, peak flows were as
deep as 6 m or more with instantaneous velocities of 6 m/s. In distal areas, peak flows were
less than 1-3 m deep and mean peak flow velocities were less than 4 m/s (Major et al., 1996).

East side drainages have contributing catchment areas of 50-250 km®* Typical post-erup-
tion lahars were estimated to be 2-3 m deep, 20-50 m wide, and moved at 4-8 m/s. Peak dis-
charges range about 200-1,200 m?®/s with flow durations of two to four hours (Pierson et al.,
1996). In effect, sediment aggradation on the east side fans, ranging 0.5 to 5 m thick, caused
rivers to avulse out of existing channels and spread deposition in broad, braided channels
over large areas of countryside.

Worse than sediment aggradations, densely populated alluvial fans of Tarlac and Pam-
panga were heavily damaged by lahars that triggered lateral bank erosion and aggraded

mainstream channels leading to backflooding of stream channels (Major et al., 1996).

Southwestern Lahars

The 1991 eruption of Mount Pinatubo deposited about 6 km® of pyroclastic debris on the
volcano's slope, of which 1.3 km® was emplaced as the Marella Pyroclastic Fan covering 25
km® of the southwest sector (Umbal and Rodolfo, 1996). The fan is drained by the Marella
River, along which numerous hot lahars, generated by intense monsoon rains from July to
November 1991, transported about 185 M m® (14%) of the new pyroclastic-fan deposits down-
stream, and thus affected an area of 46 km”.

Approximately 15-25% of the materials remaining in the new Marella Pyroclastic Fan

will need to be remobilized before lahars aggrade the Marella-Santo Tomas channel to the



level of the highest prehistoric river terraces (Umbal and Rodolfo, 1996). Typically, sediment
delivery rates are highest during the first few years after the eruption and are expected to
decline exponentially over the next five to ten years. Typhoons delivering intense rain over
the volcano, however, may modify this predicted schedule by generating lahars of cata-
strophic proportions.

Enhanced surface runoff from the tephra-fall- and pyroclastic-flow-impacted water-
shed, coupled with the steeper stream gradient of the Marella channel, enabled hot laharic
debris flows and hyperconcentrated streamflows to block outflow from the Mapanuepe
River. A bedrock constriction just below the confluence of these two rivers, created a backwa-
ter effect that promoted deposition from hyperconcentrated streamflows. Later, the constric-
tion was repeatedly plugged by hot debris flows, which caused subsequent lahars to flow
upstream and deposit in the Mapanuepe Valley. As each episode of lahar activity in the Mar-
ella waned, rising lake waters eventually overtopped and breached the debris dam and re-
leased floodwaters that bulked to hyperconcentrated streamflows by incorporating
sediments from previous lahar deposits. At its maximum extent in 1991, the lake flooded an

area of 6.7 km?, and impounded an estimated 75 M m® of water.

4.3.4 Pinatubo Crater Lake Artificial Breaching — A Mitigation Measure

The 1991 cataclysmic eruption of Mt. Pinatubo resulted to the formation of a summit
caldera of approximately 2.5 km in diameter, the lowest point of which is known as the Ma-
raunot Notch, which drains into the Maraunot River on the northwest quadrant of the
volcano. This topographic low will serve as the spillover point once lake level reaches this
elevation. The Maraunot Notch and upper reaches of the Maraunot River coincide with the
northwest-southeast trending Maraunot Fault related to the Iba Fracture Zone proposed by
De Boer and others (1980).

Over the last decade, the crater has impounded water and has risen at a rate of 13.3
m/yr (Campita et al., 1996). PHIVOLCS has been closely monitoring the lake level rise since
1998. Also, Oxfam Great Britain (Oxfam GB), a non-government organization, commis-
sioned a group of geologists to assess the hazards posed by the inevitable breakout of the
Maraunot Notch.

The sole municipality that covers the flood path from the notch is Botolan, with a total
population of more than 46,000. To put these residents out of danger, several mitigation

measures were proposed to reduce the hazards posed by the Maraunot Notch breaching. Fir-
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st, a monitoring and warning system must be put in place in order to alert people in case the
notch is breached. On the engineering side, the controlled draining of the lake by a drain
tunnel/canal, pumping or siphoning, or scraping and reinforcing the notch to allow water to
spill harmlessly, would be the preferred measure.

PHIVOLCS and the Department of Public Works and Highways (DPWH) opted to con-
struct the drain canal to induce an artificial breaching. DPWH started working on the notch
on 17 August 2001, while evacuation procedures were implemented downstream. The breach
was then opened at 6:53 a.m. of 06 September 2001. At the end of the day, the reported dis-
charge was only 0.1 m®/s. The plan for a deliberate triggering a large flood and lahar did not
happen, since the excavators contracted by the DPWH did not leave the planned narrow plug
at the lake edge, and that the slope of the canal was too low to induce rapid erosion of the
notch.

A year later, presumably on 10 July 2002, the notch was breached. PHIVOLCS had re-
ported peak lahars overtopping the Bucao Bridge and damaging Botolan’ s river spur dikes.

Luckily, the breakout event caused no significant damage and casualty.

Chronology of Events Prior to Breaching

Accumulation of lakewater and spring Table 7. Freeboard measurements at Marau-

discharge began as early as September 1991 not Notch from May 1998 to August 2001.
(Campita et al., 1996). The catchment area of From Rodolfo (2001).
2 Freeboard Rise/day
the caldera was calculated to be at 5.4 km’, Date et (o A Source
and lake area at notch elevation at approxi- 07-May-98 45.00 PHIVOLCS
mately 3.0 km® On February 2001, a study 2T-Apr-99 21.00 o1 PHIVOLCS
10-May-00 18.00 24 PHIVOLCS
made by undergraduate students from the 98- Jun.00 16.00 41 PHIVOLCS
University of Washington at Maraunot 05-Aug-00 14.30 45 PHIVOLCS
Notch revealed that it was made of loose, 16-Aug-00 14.10 1.8 PHIVOLCS
. . X 16-Sep-00 11.60 8.1 PHIVOLCS
poorly consolidated pyroclastic breccia.
13-Oct-00 11.35 0.9 PHIVOLCS
About ten meters of the notch face was still 93-Nov-00 10.78 1.4 PHIVOLCS
exposed when the study was conducted. 27-Dec-00 10.33 1.9 PHIVOLCS
PHIVOLCS began lake level measure- 26-May-01 880 14 Oxfam-GB
o ) 27-Jun-01 6.50 5.6 PHIVOLCS
ments when freeboard (the remaining height {1-Julo1 5.00 107 Nippon Koei
of the dam) was at 45 m on 07 May 1998. 30-Jul-01 4.50 2.6 Oxfam-GB
30-Aug-01 2.00 8.1 Oxfam-GB

Shown in Table 7 is the sequence of free-




Maraunot Notch
May 26, 2001

Fig. 31. Mt. Pinatubo summit caldera (A). Also shown is the Maraunot Notch (B). Photos taken
on 26 May 2001 by Oxfam-GRT (2001).
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Fig. 32. Monthly average rainfall in Zambales based on data from PAGASA at lba (1956-1985).
From Rodolfo et al. (1996).

board measurements and rate of lake level rise since May 1998. Roughly a year, from May
1998 to April 1999, a lake level rise of 18 m was recorded. In about the same length of time
from April 1999 to May 2000, an 8-m rise in lake level was recorded (Fig. 31). More frequent
measurements taken in 2000 allowed for a better view of lake level rise during the southwest
monsoon season. As shown in Table 7, lake level rise per day followed a similar pattern, with
minor variations, on the months of May to September for the years 2000 and 2001. The
monthly average rainfall indicates that during the month of August, Iba, the nearest rain
gauging station to Mt. Pinatubo, experienced the highest amount of rainfall, causing maxi-
mum lake level rise (Fig. 32).

From 26 May to 30 August 2001, lake level rise averaged 1.2 m/mo. With a remaining
freeboard of 2 m on 30 August 2001, it was expected that a breaching event would occur be-

fore 2001 ended.

Mitigation Measures/Engineering Intervention

Based on the general strength (erodability and level of compaction) of the notch, it will
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Fig. 33. The planned canal of Maraunot Notch. A narrow plug at the lake edge was proposed
and will serve as the trigger for breaching. Also shown is the expected released lake water
volume once overflow erodes down 10 or 20 m of the notch. From Rodolfo (2001).

be unable to remain intact once water begins to overtop, and will erode to a maximum depth
of 20 m (Fig. 33). If this happens, a total of 60 M m® of water will be released (Bornas et al.,
2001). It will then bulk up five times once it flows downstream, incorporating all materials
that crosses its path. With this bulking up factor, a total of 300 M m® of a rapidly flowing
mixture of rock debris and water would flow down to the Maraunot River, then to the Balin
Baquero and Bucao Rivers, breaching the dikes and then wiping out barangays in Botolan,
before finally exiting to South China Sea.

With such a worst-case scenario, evacuation plans were implemented to put at least
46,000 residents of Botolan out of the flood paths. People were gathered on topographically

high areas where they can be safe from consequent lahar/flood inundation.

06 September 2001 Artificial Breaching

To prevent a deadly deluge on the town of Botolan, workers (primarily Aetas) with high-
pressure water hoses, started blasting the notch on 17 August 2001 (Fig. 34). On 30 August
2001, Oxfam GB-commissioned geologists discovered that the diggers did not leave the
planned narrow plug at the lake edge.

At first, the canal was intended to reduce the size of a possible flood. Since the canal

was dug much too late when lake water was already close to spilling, it was then planned to
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Fig. 34. (Top) Oblique photo of the Maraunot trench looking northeast, taken before unplug-
ging day. Top righthand inset shows the mouth on 01 September 2001, about 2 m above lake
level; bottom lefthand inset is the profile of the trench. (Right) View of the mouth of the ter-
raced inner geometry of the trench, 06 September 2001. From PHIVOLCS: /n Bornas and
the Quick Response Team (2001).

deliberately trigger a large flood and lahar, at a specific time when people have evacuated
already. On 06 September 2001, the notch was opened at 6:53 a.m. with a water discharge of
only 0.1 m®/s. Apparently, the slope of the constructed canal was too low to induce rapid

erosion.

10 July 2002 Natural Breaching

A PHIVOLCS Quick Response Team (PHIVOLCS-QRT) sent to the Pinatubo area ob-
served hyperconcentrated flows (HCF; "dilute lahars") to muddy stream flows (Bornas et al.,
2002) and debris flows (Rodolfo, 2003, pers. comm.) in several channels in Pampanga and

Zambales, on 10 and 11 July 2002. Peak lahars reportedly overtopped the Bucao Bridge in
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Fig. 3b. The Mt. Pinatubo crater lake after the 10 July 2002 breakout. A lake drop is evident
from the distinet high-water mark circumscribing the crater walls. The high-water mark (yel-
low arrows) represents the crater lake level prior to breakout and lowering and is distin-
guished by the lack of vegetation at the crater walls. Photo by PHIVOLCS (2002).

Botolan, Zambales between 1030H and 1100H of 10 July, prompting local officials to close it
until noon. Peak lahars also damaged Botolan’ s spur dike and nearly overtopped its princi-
pal dike at San Juan. PHIVOLCS team confirmed that the peak dilute lahars experienced
along Bucao on 10 July were in fact triggered by a massive breach at the Maraunot Notch.
Approximately 65 M m?® of lake water (Bornas et al., 2002) drained through the breach, as de-
duced from lake level drop indicated by a distinct high water mark circumscribing the crater
walls (Fig. 35). The measured lake level drop was 23 m. The lake level drop also led to the re-
surfacing of talus fans at active landslide sites around the crater. Downstream, the breakout
flood generated 160 M m® of lahars, remobilizing loose materials along the contiguous Ma-
raunot, Balin-Baquero, and Bucao Rivers. Consequently, the produced lahars buried the en-
tire 50-km’ river valley with sediments three to five meters thick (Bornas et al., 2002).

A survey of the Maraunot Notch confirmed that it has been breached down to bedrock
or dacite formation. Specific observations at the Maraunot Notch are summarized as follows
(Bornas et al., 2002):

1. All breccia and ash comprising the eroded channel dam have been removed, such
that the notch valley is now wholly comprised of bedrock (dacitic dome rock).
2. Lakedrop resulted in the lakeward movement of the shoreline by approximately 20

m.
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3. The new outlet channel is

approximately two to four
meters wide in the first 20
m-reach before spreading
20 m to 30 m wide across a
U-shaped valley. The width
of the outlet channel at the

mouth of the outlet was

measured at 3.7 m. Ob- Fig. 36. Before (A) and after (B) view of the Maraunot
Notch, taken 30 September 2001 and 02 August
2002, respectively. Note excavated breccia and ash
dam in (A) has been eroded off the notch in (B).
greater than the <1 m"/sec From PHIVOLCS: /n Bornas et al., 2002.

served discharge at the out-

let was 2-4 m®/sec, which is

discharge measured last 18

June 2002 (Fig. 36).

4. Preliminary data from the PAG-ASA Iba Station indicated that potentially 740 mm
of rain fell in the crater watershed from 1 to 9 July, contributing 4 M m® of water to
the lake. An additional 121 mm of rain equivalent to 0.6 M m® fell on 10 July, the
likely day of breaching.

5. Based on GIS calculations, approximately 65 M m® of lake water was released from
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Fig. 37. Post-breakout geology of Maraunot Notch. From Bornas et al. 2002: /n Catane et al.,
2003.



Fig. 38. The Maraunot Fault exposed along the notch after the 10 July 2002 lake breakout.
Photo by S. Catane.

the lake.

The 10 July 2002 lake-breakout lahars were sufficient to threaten inundation to Botolan
(Bornas, 2002). With the presence of the drain canal constructed a year before, the rate of
breaching, the volume of breakout lake water, and the magnitude of consequent lahars were
greatly reduced (Bornas et al., 2002).

The breaching of the Maraunot Notch provided an opportunity for geologic mapping.

Figure 37 shows the different lithologic units and the Maraunot Fault (Fig. 38).

4.3.5 Volcanic Hazards
The hazards related to Pinatubo Volcano eruptions include ashfall, pyroclastic flows, la-
hars, and crater-lake breakout. The apparent recurrence interval of explosive eruptions
ranges from 500 to a few thousands of years. Lahar is considered as the most persistent haz-

ard of Pinatubo Volcano. After the 1991 eruption, lahar activities prevailed for several years
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- ZONE 1: Areas at high susceptibility to lahars, ZONE 4: Areas safe from lahars but prone to excessive
sediment-laden (muddy) stream flows and siltation and flooding
flash floods
ZONE 2: Areas at moderate susceptibility to ZONE 5: Areas safe from lahars but prone to persistent (=1 week) or
- lahars and high susceptibility to sediment-laden recurrent flooding, and/or backflooding related to river processes
streamflows andfor flash floods. invelving the 1991 eruption deposits of Pinatubo Voleano
ZONE 3: Areas at low susceptibility to lahars, i
- flash floods and sediment-laden streamfiows 1991 Pyroclastic flow deposit

Fig. 39. Pinatubo Volcano hazard zones by PHIVOLCS as of February 2002.

until 1999 (Fig. 39). Some of the post-eruption lahars and floods were associated with the
breakout of small temporary lakes formed by the damming of tributaries by 1991
pyroclastic-flow deposits at the upper slopes of the volcano.

Still-hot pyroclastic-flow deposits from the 1991 eruption were sources of secondary py-
roclastic flows. They were generated by the collapse of channel walls due to lateral scouring,
or secondary explosions related to rainwater infiltrating into the hot pyroclastic-flow
deposits. Secondary pyroclastic flows persisted until 1996.

Another hazard, crater-lake breakout, has been recognized in association with the ris-
ing level of the caldera lake. Lake breaching on 10 July 2002 produced 160 M m® of lahars and
damaged structures downstream. Renewed breaching may occur if: (1) blockage of the Ma-
raunot Notch will occur anew; or (2) significant displacement occurs along the Maraunot

fault (which coincides with the notch) in an event of an earthquake. Exposures of lake depos-



its along the crater walls suggest the existence of ancient crater lakes roughly in the same lo-
cation as the present crater. This implies that Pinatubo has a cyclic history of lake
formation and modification, either by draining or sedimentation. On the basis of crater-wall
stratigraphy, lake sedimentation, crater breaching, dome intrusion, and faulting appear to

be inherent in the Pinatubo crater evolution.

4.3.6 Volcano Monitoring

In the absence of historical eruptive activities of Pinatubo Volcano, no monitoring net-
work was established prior to its 1991 eruption. Distant stations detected few earthquakes in
the vicinity of Mount Pinatubo following the 7.8-magnitude Luzon earthquake of July 1990.
On 02 April 1991, Pinatubo was reactivated from nearly five centuries of repose, with
phreatic explosions and vigorous fumarolic activity. PHIVOLCS responded by setting up a
temporary monitoring network, consisting of several analog and digital seismometers, in
the village of Yamut in Botolan, Zambales (west side of Pinatubo) on 05 April 1991. The tem-
porary station closely monitored the volcano s growing unrest. In May 1991, the Yamut sta-
tion was transferred to Burgos and then to Poonbato. The temporary station was
responsible for issuing daily updates and hazard warnings on the volcano’ s activity. As the
volcano s unrest persistently increased, the Pinatubo Volcano Observatory (PVO) was estab-
lished inside the Clark Airbase compound in Pampanga, with assistance from the U.S. Geo-
logical Survey's Volcano Crisis Assistance Team (VCAT). The first state-of-the-art seismic
telemetry and ground deformation networks were set up, with Pinatubo Volcano Observa-
tory as its central station. The seismic telemetry network was linked to computers for effec-
tive and rapid location of earthquakes. Other significant monitoring activities included gas
studies using Correlation Spectrometer, and periodic aerial surveys. However, due to the dif-
ficulty and harsh environmental conditions in maintaining remote monitoring stations, the
telemetry system was pulled out after Pinatubo Volcano's activity returned to quiet and nor-
mal conditions.

At present, there are two seismic stations: a vertical component seismic station at P12
high on the volcano s slopes, and the JICA Kelungi three-component seismic station at
PVO. As of late 2001, there are no working rain gauges or AFM’ s. For ground deformation,
occasional GPS recordings has been conducted jointly by M. Hamburger and PHIVOLCS.
Most of the monitoring work since the 1991 eruption has been to track potential lahar and

flood activities. Lake levels have been constantly monitored since 1998. Crater-lake breakout
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Fig. 40. Crater lake water color changes noted in January 2004. (A) Lake water had a bluish-
green colour (photo taken on November 2003). (B) Lake water changed to brown to blackish

color on Janauary 2004. (C) Brown precipitates along the lakeshore. (D) Algal growths on
lakeshore rocks. Photos C and D were also taken on January 2004. From PHIVOLCS (28 Sep-
tember 2004).

at the Maraunot Notch on 10 July 2002 generated lahars and floods on the northwest side of
the volcano. On January 2004, the previous emerald green crater-lake water color turned to
brownish black (Fig. 40). The lake water’s color, chemistry, possible biological activity, and
their causes are currently being monitored and studied by PHIVOLCS and collaborating
agencies. By May 2004, the water gradually shifted back to its original emerald green color

(Mirabueno, 2005, pers. comm.).

4.4 Hibok-Hibok Volcano
4.4.1 Volcano Profile and Summary of Recent Activities
Hibok-Hibok (09°12.2' N, 124°40.5 E) is a 1,330-m high active composite volcano located

at the northwestern end of Camiguin Island, an island province approximately 10 km off the
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Fig. 41. Photogeologic map of Camiguin Island volcanoes. From PHIVOLCS (1991c¢).

north coast of Mindanao in southern Philippines. Camiguin is a volcano island consisting of
other prominent volcanic centers that include Mt. Vulcan, Mt. Mambahao, Mt. Uhay and
Ginsiliban Peak (Fig. 41). Of the five most prominent volcanoes in the island, Hibok-Hibok is
at present, the only volcano manifesting activity. Its first recorded eruption occurred in
1827. It is not yet fully established whether the volcanism in Hibok-Hibok and the rest of vol-
canoes in the island is related to the currently active Philippine Trench (about 200 km to the
east) or to an older volcanic arc, the Mindanao Central Cordillera (northern segment of the
Sangihe Arc).

The most recent activity of Hibok-Hibok started in September 1948 and lasted until 1953
(Alcaraz et al., 1952). The most violent phase of the eruption occurred in December 1951 when
pyroclastic flows (glowing avalanche or nuee ardente) rolled down swiftly toward Mambahao,
the provincial capital. The eruption claimed about 500 lives (Alcaraz et al., 1952). The hurri-
cane speeds and the high temperatures of the pyroclastic flows caused widespread damage to
properties and structures on the north-northeast side of the volcano. A 1,280-high new dome
at the summit marked the end of the 1948-1953 eruption. The violent eruption of Hibok-Hi-

bok Volcano in 1951 led to the creation of the Commission on Volcanology, the predecessor
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of PHIVOLCS, on June 1952, with the foremost objective of safeguarding life and property
against volcanic eruptions.

The eruptions of Hibok-Hibok have been classified as Pelean, an eruption type consid-
ered to be very dangerous because it is characterized by explosive disruption of viscous lava
dome and the formation of hot, swiftly moving pyroclastic flows. Both the 1871 and 1948-

1953 eruptions followed this eruption style.

4.4.2 Evolution of Hibok-Hibok Volcano

Mt. Hibok-Hibok has a bare summit consisting of coherent and loose volcanic rocks. It
has several small craters at or near its crest, some forming shallow lakes. Andesitic lava
flows, which radiate outwards, predominantly constitute the summit area. Fallout deposits
are also exposed on the summit and flanks of the volcano, while pyroclastic flows and lahars
are found on its basal slope (PHIVOLCS, 1991c; PHIVOLCS, 1997). A 1,280-m high dome was
formed during its most recent activity (1948-1953). Another 150-m wide unnamed crater,
bounded by two 1,300-m high old domes, sits at Hibok-Hibok's summit. On the volcano’s
flanks are three other domes: Mt. Carling, Mt. Tibane and Piyakong Hill. On the northwest
base of Hibok-Hibok is Mt. Vulecan, a volcanic dome that grew to a height of 671 m above sea
level during the 1871-1874 eruptive period. Mt. Vulcan's base measures 1.4 km x 1.8 km.
(PHIVOLCS, 1997).

Punongbayan and Solidum (In: PHIVOLCS, 1991c¢) proposed the evolution of Camiguin
Island, including Hibok-Hibok Volcano, mainly on the basis of photogeologic interpretation.
The sequence of evolution is summarized in Fig. 42 (A-I). They envisioned that volcanism
started from the seafloor of Mindanao, continued build-up via submarine eruptions, until it
emerged as an island (Fig. 42A). The volcano named Camiguin Tanda Volcano continued to
grow subaerially by the piling up of lava and pyroclastic materials. Flank cones on its south-
eastern slopes, Mt. Butay and Guinsilaban Peak, were formed through phreatic eruptions
(Fig. 42B, 42C). The activity of Guinsilaban appeared to have been short-lived. However, Mt.
Butay continued on, through the ejection of pyroclastic materials from its central vent and
flank eruptions, mostly monogenetic, although some with associated lava flows (Fig. 42D).
Mt. Mambajao grew initially as a flank eruption on the southeastern slopes of Camiguin
Tanda (Fig. 42E). Mt. Mambajao ejected mainly lava flows and domes and less pyroclastic
materials. Dome building activities were significant in its growth and evolution (Fig. 42F).

Mt. Catarman started to build its cone at the northwestern flank of Camiguin Tanda,



when its southeastern half got almost fully covered by Mt. Mambajao (Fig. 42H). Mt. Catar-

man, through the effusion of lava flows and pyroclastic materials, and the formation of lava

Fig. 42. Proposed evolution of Camiguin Island by R. Punongbayan and R. Solidum. From
PHIVOLCS (1991c¢).
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domes, buried almost completely the remaining northwestern half of Camiguin Tanda. Its
subsequent activities shifted to its northwestern slope, to form the Mt. Hibok-Hibok (Fig.
421). Hibok-Hibok Volecano continued to build-up by the ejection of lava and pyroclastic
materials. A large lava dome, Mt. Vulcan, subsequently formed on its northwestern basal
slope (Fig. 42J). Hibok-Hibok is the only active center in the entire Camiguin Island.
Despite the destruction brought by Hibok-Hibok s eruption in the early 1950s,
Camiguin Island has flourished on its volcanic soils, the fertility of which has made the is-
land suitable for the cultivation of coconut, copra, and other agricultural products.

Camiguin is now a major copra producer in the region.

4.4.3 Historical Eruptions and Eruptive Patterns

There are no available written records of volcanic activities prior to 1871. The first re-
ported eruption of Hibok-Hibok was in 1827, followed by a similar activity in 1862, which
both caused destruction to agricultural lands. A Spanish friar, Sadera Maso, wrote a de-
tailed description of the 1871 eruption and succeeding solfataric activities of Hibok-Hibok
Volcano from 1897-1902 (PHIVOLCS, 1997).

The January —April 1871 event began with earthquakes and subterranean rumbling
sounds on the north end of Camiguin Island. Earthquakes triggered landslides and fissur-
ing, and destroyed trees and plantations. When the seismic activity ceased, an explosion oc-
curred, veleasing gases, volcanic ash, and larger pyroclasts. A new crater was formed at the
base of Hibok-Hibok, about 13.5 km to the southeast. The explosion completely destroyed
everything within a 3-km radius from the new vent (PHIVOLCS, 1997). The eruption lasted
for a week and a lava dome began to grow. For four years, lava dome building, with small,
intermittent dome disruption, ensued, giving rise to Mt. Vulcan. Since then, Mt. Vulcan' s
activity has been limited to steam emissions from the crevices of its summit (PHIVOLCS,
1991¢;PHIVOLCS, 1997).

In 1897, white sulfurous vapors issued out from the area occupied by the present dome
(1948-1953) of Hibok-Hibok. This destroyed farmlands on the northeastern and southwest-
ern slopes of the volcano. As described by Maso, a new solfataric vent was subsequently
formed opposite the crest of the volcano, and solfataric activity continued up to 1902
(PHIVOLCS, 1997). Frequent subterranean sounds were noted during the activity, which
lasted for 8-10 days.
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The 1948-1953 eruptions

The most recent activity of Hibok-Hibok Volcano was preceded by tremors that started
on 31 September 1948. On the next day, a violent explosion, accompanied by a strong earth-
quake occurred. A steam blast opened a crater (Kanangkaan) at the norhteastern slope of
the volcano. Eruption clouds overwhelmed the town of Mambahao and adjacent areas.

On June 1949, steam blast eruptions of relatively weaker intensities occurred. A new ex-
trusion of incandescent material from the crater area was observed to have flowed towards
Barrio Itum, forming the Itum Flow adjacent to the Kanangkaan Flow. The cycle recurred
in September 1950. On 15 September 1950, steam blasts similar to those in 1948 occurred.
During the 1950 activity, the third blocky lava flow was formed, the Ilihan Flow, and then in
December 1951 a fourth cycle took place (PHIVOLCS, 1991c).

On 04 December 1951, the steam blasts exceeded those in the earlier eruptive phase in in-
tensity and destructiveness, and had temperatures much higher than in previous blasts. No
attendant tremors or unusual crater activity were observed. The steam blast produced what
has been referred to by volcanologists at that time as nuee ardente — a dense, boiling, heavily
charged, ash-laden glowing cloud seen as cauliflower shaped cloud from a distance
(PHIVOLCS, 1991). High-speed and high-temperature (estimated up to 800 °C) pyroclastic
flows rolled down swiftly toward Mambajao, causing widespread damage along their path.
Trees were blown down and charred. Houses were burned down. Animals and people were ei-
ther charred or mummified. The activity claimed about 500 lives and damaged hundreds of
thousands of pesos worth of properties and structures (PHIVOLCS, 1997).

On 06 December 1951, 41 hours after the steam blast, a series of explosions in the crater
area illuminated the volcano vicinity. Incandescent materials were emitted and a dense dark
eruption cloud formed above the volcano, with strong electrical discharges. Activity shifted
toward Itum, adding new extrusives to the 1949 Itum Flow (PHIVOLCS, 1991c). The 1948 to
1952 eruptions of Hibok-Hibok had three eruption sites. These were Kanangkaan Crater
(1948), Itum Crater (1949), and Ilihan Crater (1950) (PHIVOLCS, 1997).

Alcaraz (1954) proposed that the 1948-1951 eruption of Hibok-Hibok followed a cycle con-
sisting of four phases (Table 8): Phase 1- a short period of steam explosion and rock ava-
lanches; Phase 2- explosions or steam blasts with a thick steam and ash cloud and high
pyroclastic-flow generating possibility: Phase 3- the eruption of incandescent materials and
large volumes of ash and steam, and formation of flows and occasional crater explosions;

and Phase 4- decrease in the amount of steam and ejecta from the crater. From Phase 4, the
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Table 8. Cycle of activities for the 1948-1953 Hibok-Hibok eruption. Modified from Alcaraz
(1952).

Phase Duration/Date Activities

Phase I Approximately on the last | Emission of steam from the crater and rockfalls/slides of volcanic
week of Aug. 1948 materials, with or without accompanying tremors.

Phase 11 Explosions, or steam blasts, with release of heavy clouds, ashes

(Main gas phase) and other volcanic fragments.

Strong possibility of development of nuee ardentes

01 Sept. 1948 First steam blast - explosive outburst, with the extrusion of dense
5:00 PM black cloud described as a cauliflower- or mushroom-shaped cloud
that dissipated in about 0.5 hour.

First lahar occurred simultaneously with or immediately after the
initial blast.

02 Sept. — Two similar but weaker outbursts occurred.

03 Sept. — Intensity III earthquake followed by tremors of moderate intensi-
ty; two eruption clouds observed - one vertical, the other laterally
directed to the south.

04 Sept. — Eruption clouds reached maximum heights, rising every 10 min.
with increasing volume; sulfuric smell noted.

Phase IIT Extrusion of incandescent materials; emission of ash-laden steam
in large amounts; formation of block-and-ash flows and occasional
minor crater outbursts.

Possibly started on 04 Sept. | Increased frequency of rockfalls.
On the evening of 04 Sept. Crater glow was observed for 4 nights.

Extrusion of blocky lava started after the initial steam blast of 01
Sept. 1948. Lava broke off from the crater area and cascaded down
the volcano slope; lava broke further into smaller pieces as it hit
protruding points or other obstacles.

(This describes the generation of block-and-ash flows)

Phase IV Could have started on Decrease in amount of steam and pyroclasts from the crater.
08 or 09 Sept.

09 - 10 Sept. — Gas emission continued in Catarman main crater; at Hibok-Hibok,
extrusion of viscous lava piled up to plug the crater; fumarolic
activities prevailed.

Kanangkaan lava flow was formed; moved at an average of 19.7
meters per day and reached a distance of 4.8 km; stopped upon
encountering a spur of Mount Mambajao in April 1949.

Build-up of a cone at the crater area to a height of 60 m.

activity can start again with Phase 1 and a cycle is completed in a period between 9 to 14

months.

4.4.4 Volcanic Hazards and Hazard Zones
Hazards posed by Hibok-Hibok s eruptions include tephra falls, pyroclastic flows
(steam blasts, nuees ardentes or glowing avalanche), earthquakes, and lahars. Fissuring,
subsidence, and tsunamis may likewise be triggered by volcanic eruptions. Figure 43 shows
the hazard zonation map for pyroclastic flows and lateral blasts of Hibok-Hibok Volcano.
For Hibok-hibok, the area within a 3-km radius from the crater area is the Hibok-Hibok

Restricted Area. It is considered a high danger zone because of its constant exposure to dan-
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Fig. 43. Hazard zonation map for pyroclastic flows and lateral blasts of Hibok-Hibok Volcano.
From PHIVOLCS (1997).

ger from landslides, lahars or gas emissions, even when the volcano is not in an eruptive
state. Permanent human settlement is not allowed in this area. Also vulnerable is the Poten-
tially Dangerous Area, which covers the entire portion of Camiguin Island, north of a line
connecting the village of Tangaro in Catarman town and Tupsan village in Mambahao. Peo-
ple residing in this area have been advised by PHIVOLCS to be vigilant for signs of volcanic
unrest and be prepared to evacuate in the event of renewed activity. The danger zone covers
ten villages and the town center of Mambahao and 11 villages of Catarman. Around 21,000

people are living within the danger zone.
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4.4.5 Volcano Monitoring and Eruption Precursors

Hibok-Hibok is one of the deadliest volcanoes, with more than 500 casualties in the lat-
est eruption in 1948-1953. Since then, no sign of renewed activity has been noted. PHIVOLCS
currently maintains a three-component Hosaka seismograph and watertube tiltmeter at
Hibok-Hibok Volcano Observatory, 4.7 km from the summit. Ground deformation (EDM
and precise levelling) surveys are conducted periodically to determine swelling or inflation of
the volcanic edifice. Installation of sea gauges and additional levelling and EDM lines around
the island are underway. Hotspring geochemistry is also being monitored.

Precursory signs such as localized earthquakes, crater glow, and others, preceded the
past eruptions of Hibok-hibok. The following precursors were observed prior to Hibok-Hi-
bok eruptions:

1. Increased seismicity and rumbling. Local earthquakes and volcanic tremors, some of
which were felt, occurred several months before an eruption. These gradually, but
progressively, increased in number and intensity as eruption approached. Some of
these quakes were accompanied by subterranean rumbling sounds.

2. Ground deformation. In May 1949, a dome-like structure was extruded through the
ITtum crater. This later collapsed, probably due to lifting of earth materials around
the base of the dome, resulting in the steepening of the slope (inflation or swelling)
and consequent sliding. A 30-m long fissure was also observed on the northwest side
of the summit crater.

3. Increased steaming activity. Moderate to strong emissions of steam were manifested
most of the time prior to the eruption.

4. Crater glow. Based on the crater glow observed after 1952 eruption, it is expected
that Hibok-Hibok will manifest crater glow, weeks or months prior to its eruption,

as a result of magma migration to the surface.

4.5 Parker Volcano
4.5.1 Volcano Profile
Parker Volcano (6°6.8 N, 124°53.5 E) is a complex andesitic-dacitic composite cone lo-
cated in the south-central Sarangani Region of Mindanao Island, southern Philippines. It be-
longs to the northern segment (Mindanao Central Cordillera Arc) of the Sangihe Volcanic
Arc, a Quarternary volcanic chain running from Sulawesi, Indonesia to Central Mindanao.

The summit of Parker Volcano is occupied by a 3-km diameter caldera, onto which the 2-km

—104—



wide Maughan Lake lies. Parker, locally known as Falen, is 1,784-m high and surrounded by
extensive, youthful pyroclastic-flow deposits that suggest similarity to Pinatubo Volcano.
Ga-ao River, on the northwest slope, drains the lake.

Because of the apparent absence of historical activity, Parker Volcano was unknown to
most volcanologists until only recently. It is now known to be the site of a major explosive
eruption in 1641 that was previously attributed to Awu Volecano on Sangihe Island, Indone-
sia (Delfin et al., 1997). The eruption was huge and caused darkness over the island of
Mindanao. The 1641 eruption produced voluminous pyroclastic flows and lahars and re-
sulted in the formation of the summit caldera. This was the last of the three major explosive
eruptions from Parker during the last 3,800 years (Defin et al., 1997). Parker Volcano re-
mains quiet since this eruption.

On 06 September 1995, the caldera wall breached and resulted in a disastrous flood that
killed nearly 100 people on the northwestern slopes. About 30 M m® of lake water was re-
leased along Ga-ao and Allah Rivers, and resulted to a lake level drop of about 10 m
(PHIVOLCS Quick Response Team, 1995). Floods destroyed 300 houses, nine bridges, and dis-
placed about 50,000 people. High water discharge resulted in undercutting and destabiliza-
tion of the river walls upstream of the Ga-ao Creek consequently forming several landslides
along the channel. In the absence of evidence for renewed activity, PHIVOLCS concluded
that the breaching was not, in anyway, associated with volcanic activity. The real cause of
the breaching remains controversial and unresolved up to this date.

Only a month later, a large landslide dam was observed along Ga-ao creek. The lake
level began to rise again in late 1995, resulting in a net lake level increase of more than 8 m
as of January 2002. The dam did not collapse until 06 March 2002 when a Magnitude 6.8 (Ms)
earthquake (Palimbang earthquake) jolted Mindanao, affecting the four provinces of Saran-
gani, South Cotabato, Sultan Kudarat, and Davao del Sur. The tremor induced a breach of
the landslide dam at the crater outlet of Parker Volcano. The resulting floods damaged agri-
cultural lands and communities along Ga-ao-Allah River floodplain, but no casualty was
incurred. The 2002 Ga-ao Creek landslide dam breached and caused the lake level to drop by
9.1 meters, unleashing about 27 M m® of lake water (PHIVOLCS, 2002b). Emplaced deposits
from the floods and debris flows were traced at least 80 km downstream of Ga-ao-Allah

River.
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Fig. 44. Geologic map of Parker Volcano and vicinity. From Delfin et al. (1997).

4.5.2 Geology

Parker Volcanic Complex is part of a northerly trending arc of volcanoes in the Min-
danao Central Cordillera Are, which stretches from Hibok-Hibok Volcano to the north to
Balut Island volcano to the south. Of the volcanoes along the arc, only the northernmost,
Hibok-Hibok, in the island of Camiguin, is presently active.

Parker Volcano consists of a steep-sided cone with a 2.75 km x 2.9 km summit caldera,
surrounded by an extensive apron of pyroclastic-flow and related deposits. The caldera floor
is occupied by Lake Maughan, the water level of which lies at an elevation of 1,300 m. No hy-
drologic survey was ever conducted, thus the depth and morphology of the lake bottom is
unknown. The lake’s only outlet, and the caldera’ s lowest point, is in the northwest, where
it drains into the Ga-ao River.

Delfin and others (1997) described the geology of Parker as a volcanic cone composed
largely of generally fresh hornblende andesite extrusives (QP1: Fig. 44). The predominant li-
thology is hornblende andesite lava flows, medium-K, and high silica (>60 wt%) (Table 9, Fig

45). Other units of QP1 include crystal lithic tuffs, tuff-breccias, and rare olivine basaltic
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Fig. 45. K,O vs. SiO, variation diagram for selected Parker rock samples. Delfin et al. (1997).

lavas. These deposits overlie an older sequence of the Quaternary Parker volcanics (QPo),

whose remnants are expressed as topographically elevated terrain south and east of the Mt.

Parker cone. The QPo deposits consist of altered andesitic lavas, breccias, and tuffs erupted

from an ancestral Parker Volcano and outlying vents. Chemically, the QPo deposits range

from basaltic andesite to dacite.

Extensive fans of pumiceous pyroclastic deposits and lahars (QPf) form the youngest de-

posits of Mt. Parker. They extend more than 20 km northwest, east, and south of the

volcano. In the south, the pyroclastic flows crossed and draped over pre-existing topographic

highs composed of QPo and TCs units. The pyroclastic-flow deposits are generally loosely
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Table 9. Major element analyses of pumice, lithic fragments, and lava flows from Parker
Volcano. From Delfin et al. (1997).

Sample name SiO, TiO, Al,O; Fe.O; MnO MgO CaO Na.O K,O P.0O; Sample Description

Maan - 3a* 63.55 0.48 1643 448 0.09 2.88 590 451 153 0.16 Phenocryst-rich QPf pumice
Maan - 3b* 64.16 0.46 16.31 431 0.09 2.78 5.60 445 1.67 0.16 Phenocryst-poor QPf pumice
PAR 110 60.55 0.63 18.54 6.48 0.11 269 563 4.07 112 0.18 QPo lava from Bluhal Riv.

PAR 211a* 64.06 0.46 16.75 4.10 0.09 259 556 465 1.58 0.15 Phenocryst-rich QPf pumice
PAR 211b* 63.83 0.46 16.95 4.25 0.09 258 5.68 4.51 1.50 0.17 Phenocryst-poor QPf pumice

PAR 215* 59.74 0.60 16.10 5.84 0.10 4.71 6.99 4.28 145 0.21 Lithic clast in QPf

P93-INC 50.37 0.86 14.38 9.21 0.17 1141 943 286 1.08 0.24 Mafic inclusion in QP1
P93-1a 63.83 0.54 17.85 3.58 0.07 250 547 450 145 0.20 QPIlavain crater lake
P93-1b 62.32  0.53 17.19 4.81 0.09 3.10 591 448 142 0.16 -do-

P93-2 60.61 0.56 16.66 5.26 0.11 4.09 641 474 139 0.17 QPIllava below crater rim
P93-3 60.20 0.59 1742 557 0.12 3.08 6.92 450 137 0.22 QPIlava at crater rim
P93-3a 60.36  0.59 1746 554 0.12 3.07 6.89 439 137 0.21 -do-

P93-4 60.03 0.58 17.47 554 0.12 341 6.84 443 135 0.22 QPIlava outside crater rim
P93-5 63.29 0.64 17.34 478 0.09 1.68 4.76 440 2.55 0.47 Phenocryst-poor QPf pumice
P93-6 55.71  0.71 1631 7.10 0.14 6.58 829 3.88 1.03 0.24 QPo lava at Basag

P93-7 64.27 050 17.27 435 0.05 216 519 465 140 0.14 QPo lava west of Basag
P93-Ta 64.35 0.50 17.29 4.27 0.05 214 515 472 139 0.14 -do-

P93-8 63.69 0.47 16.89 4.57 0.05 247 563 4.75 133 0.16 QPo lava southwest of Basag

*Analyses by Philipps PW 1404 X-ray fluorescence at Geological Survey of Japan by Y. Kawanabe.
All others done by P. Castillo and R. Solidum at Scripps Institution of Oceanography,
University of California, San Diego, CA, USA.

consolidated, massive, and poorly sorted. The pumice juvenile clasts are composed mainly of
dacite, with minor hornblende andesite occurring as lithics. The eruption of voluminous
pumiceous pyroclastic deposits of QPf has led to the formation of Mt. Parker's summit cal-
dera (Bayon and Salonga, 1992).

Two pumice types are observed in the field: a phenocryst-rich variety, and a less abun-
dant, finer-grained phenocryst-poor type. These two pumice types, however, differ only tex-
turally as both have similar phenocryst assemblage and bulk rock composition (Table 9, Fig.
45). The phenocryst-rich variety contains 30-40% phenocrysts (0.8-1.1 mm size), while the
phenocryst-poor pumices are so fragmental, that it is made up of only 5-10% phenocrysts (0.2
mm median size) by volume. Co-existence of two pumice types that is mineralogically and
chemically similar, but texturally distinct, has been reported in the 1991 Mt. Pinatubo dacite
(Bernard et al., 1996; Luhr and Melson, 1996; Pallister et al., 1996). The explosive fragmenta-
tion of crystals in pumice, particularly during the most explosive phases of climatic erup-

tions, is regarded to have been the principal mechanism of producing phenocryst-poor
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Table 10. C ages for Mt. Parker. From Delfin et al. (1997).

Radiocarbon age Calendar age range

Sample name (yBP) (*1s) Sample Location / Outcrop Description
PAR 237 27,790 £ 820 - Tambler quarry, 28 aerial km SE of Parker / lahar deposit
PAR 234X 23,150 £ 310 - About 3 m above PAR 237 / shell in beach sands
Ridge above barrio Salvan, elev. 685 m / pumice-rich pyro-
PAR 210 3,780 = 35 --- clastic flow
Near barrio Salacafe, elev. 940 m / coarse pumice-bearing
PAR 221 585 25 1318 - 1406 AD pyroclastic flow
PARK 02* 505 = 90 1326 - 1445 AD Makar river, elev. 495 m / massive pyroclastic flow
BASAG 1-C1 350 = 30 1473 - 1629 AD Near barrio Basag, elev. 560 m / massive pyroclastic-flow
Road cut between Salvan and San Jose, elev. 500 m / masive
PAR 204A 320 = 35 1492 - 1641 AD pyrocastic-flow
PAR 241 390 + 30 1494 - 1640 AD Makar river north bank, elev. 140 m / Im-thick lahar de-
- posit
PAR 216B 315 + 35 1494 - 1649 AD Makar river near 'MC Village', elev. 150 m / 2 m-thick la-
- har deposit
PAR 207 305 *+ 35 1516 - 1645 AD Makar river, elev. 495 m / massive pyroclastic flow
Makar river, elev. 335 m, just below San Jose / pumiceous
PAR 203 205 = 40 1651 - 1955 AD pyroclastic-flow
PAR 224A 205 + 50 1649 - 1955 AD Road cut near Motokling, elev. 650 m / pyroclastic flow
PAR 224B <200 --- Same as PAR 224A
PAR 217 <200 o Road cut between Laconon and Salacafe / stream deposit

below youngest lahar

* Sample analyzed at the Geochron Laboratories (Cambridge, Mass., Phil. Geoth. Inc., pers. comm., 1995). All other
samples analyzed at US Geological Survey, Menlo Park.

pumice from the phenocryst-rich parent magma.
“C ages for Mt. Parker volcanics are shown in Table 10. Four major radiocarbon-age

groups were identified: 23-27 ka, 3.8 ka, ~600 ybp, and ~300 ybp (Delfin et al., 1997).

4.5.3 Historical Evidence for the 17th Century Eruption of Parker Volcano
Only a few volcanological works have been conducted at Parker Volcano because of the
absence of historical eruption. Historical evidence using oral traditions and written records
are supported by new “C ages obtained by Delfin and others (1997). The historical evidence
that appeared in the Delfin and others (1997) paper is summarized herein. Translations of

historical documents also by Delfin and others (1997), were kept in their original form.

Oral tradition

Stories referring to an eruption of Parker “many generations ago” were told by elders
of the B’ laan group, on the east slope of Parker Volcano, and two T boli residents of Sala-
cafe, on the northwest slope of Parker. They described the events as follows: a “torrent lake
of fire” , falling of the great tree, and formation of the modern Lake Maughan. One story-

teller related that the torrent of fire preceded the modern lake; another claimed that the lake
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and the great tree were already in existence prior to the torrent of fire. The following are

the accounts paraphrased by Delfin et al. (1997):

“Long ago, a torrent swept the entire countryside, destroying and burning the for-
est, and leaving a lake of fire (lanao lifo). The torrent carried trees; the lake smelled of
burning sulphur.”

“There once was a great tree in the middle of a forest where the lake now exists, and
it was the stairway to heaven. One day, an evil man who was unfit for heaven tried to
climb the tree but couldn’t. In anger, he spent the next 40 years chopping down the
tree and, when he finally succeeded, the formerly dry place filled with a lake and the
land all around Parker was ravaged. Sampulan (or Sanggulan), a person-like god,
lives by a large rock that can still be seen above the north side of the lake.”

“At around the same time as the lanao lifo, there was also on the T  boli side a “katubo

holon”, a (hot?) flood as if the dike of a fish pond has just been opened.”

The terms used — lanao lifo in B’ laan and lanao ofi in T" boli — refer to an event, the tor-
rent of fire, or the result, a lake of fire, or both. Local residents do not consider this event a
volcanic eruption and claimed that Parker has never erupted, but one storyteller referred to
an explosion. Delfin and others (1997) interpreted the lanao lifo as pyroclastic flow(s) or fresh
pyroclastic-flow deposits. Residents who have seen fragments of charcoal in the pyroclastic-
flow deposits ( “in the soil” ) believe that they are pieces of the great tree. The katubo holon
refer to hot, rain-induced lahars that surely occurred, or to the sudden discharge of the lake.

Holon refers to the caldera lake; kayubo implies growth (Delfin et al., 1997).

Written historical evidence

Delfin and others (1997) reviewed old historical documents and concluded that a giant
eruption occurred in the Sarangani area of south Central Mindanao. Errors of date and
place of the eruption must have been due to subsequent, second- and third-hand accounts.
Among the documents, the best source is the account of Magisa (1641), who has written an
account in the same year as the eruption. The original Spanish version of the following ex-

cerpt was translated to English and appeared in Delfin and others (1997):

In the last days of December of 1640, ash fell strongly twice near the Presidio of Zam-
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boanga of the Island of Mindanao, covering fields like a light hoar frost ... On Janu-
ary 3", at 7 p.m., we suddenly heard some noise about half a league distant, which
created some concern in Zamboanga. It sounded like a musketry, and artillery ... On
the following day, January 4" by 9 a.m., the (supposed) artillery fire increased to
such an extent that it was feared that the squadron (sent to investigate) might have
run into some Dutch galleons. It lasted for about half an hour. People soon became
convinced, however, that the noise originated from a volcano which had opened up, be-
cause by noon we saw a great darkness approaching from the south which gradually
spread over the entire hemisphere ... By 1 p.m., we found ourselves in total night, and
at 2 p.m. is such profound darkness that we could not see our hands before our eyes ...
This darkness ... lasted until 2 a.m., when a little moonlight appeared, to the great re-
lief of Spaniards and Indios who had had feared that they would be buried beneath the

mass of ash which started to fall on them at 2 p.m.

A fleet was following the coast of Mindanao, headed for Ternate and was already
close to Cape San Agustin, near an island called Sanguil, on which a volcano suddenly
erupted. Darkness enveloped the fleet earlier than it did Zamboanga, for at 10 a.m.,
the ships found themselves in such deep darkness and terrible blackness, that they be-
lieved that Judgement Day to be at hand. It started raining so much rock, soil, and
ash, that the ships considered themselves in grave danger and had to light the lan-
terns and quickly lighten the heavy load of soil and ash that was accumulating. They
observed for sometime that on Sanguil Island, plumes and fiery columns rose rapidly

into the sky, setting fire to the neighboring forests when descending.

The darkness spread over the greater part of said island, Mindanao, which is very lar-
ge, and ash fell as far away as Cebu, Panay, and other surrounding islands. Especial-
ly, it fell on Jolo, which is probably more than forty leagues from Sanguil, where the
volcano had erupted. There, on account of the darkness, people did not realize where
(the ash) was coming from. Later, when it became light, they found that, not only had
the first volcano in Mindanao and Sanguil (erupted), but that the elements had re-
belled (in Jolo), too, and that a second volcano had erupted on a small island which is
opposite the bar of the main river of Jolo, where our presidio is located. A great earth-

quake had opened the earth, and begun to hurl fire mixed with trees and large
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boulders. So great was the uproar and concussion of the elements that it reached from
the bowels of the earth to the sea, vomiting, through the same mouth which had
opened at the shore, large numbers of shells and other things from the sea floor. To-
day the mouth of this volcano remains open, is very large, and the entire outline of

the island remains burnt.

... The latest and most extraordinary and wondrous miracle of this 4" day of January
is the noise described in this letter, which commenced in the air between 9 and 10 a.m.,
and which was heard not only in Manila but also in the provinces of Ilocos and Cagay-
an, probably 140 leagues distant, as well as all in the Philippine Islands and the
Moluccas. (The sound) went as far as the Asian mainland, including the kingdoms of
Cochin-China, Champa, and Cambodia, as reported by several members of the clergy
and other credible persons who came from these kingdoms to Manila. Within a circle
of more than 300 leagues diameter and 900 leagues circumference, the sound was si-

multaneous and of equal loudness.

Delfin and others (1997) noted that succeeding authors repeated excerpts from Magisa
and mentioned the existence of volcanoes in the area after Murillo Velarde (1734). An early
on-the-ground reconnaissance was reported by Le Gentil de la Galaisiere (1779-1781), who

wrote:

The island of Mindanao also contains a number of volcanoes, which produce a great
deal of sulphur. The King of Mindanao gets this substance from the ancient volcano
of Sangil, the mines of which are inexhaustible, for each eruption of the volcano adds

a new stratum of sulphur to the old deposit.

In January, 1640 (sic), one of the mountains of Mindanao, situated in the territory of
the King Buyaen, sixty leagues from Zamboanga, made a frightful noise and spread
alarm and terror far and wide. The eruption was so violent that the summit was
blown into the air and was carried by two leagues or more away ... different errors
concerning the true place from which the sound of the explosion came were doubtless
due to the echoes from the mountains of these Islands. But the truth soon became

known in Zamboanga. The sky was completely overcast and the people were enveloped
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in a darkness so obscure that they were obliged to have recourse to artificial light ...
The mountain cast forth such vast quantities of ash, and it was carried to such a
height that the wind was able to transport it to incredible distances, for it to fell on
the distant parts of the Philippine archipelago, in the Spice Islands, in Borneo, and in
Manila. Zamboanga suffered severely, and at the present time one may still see evi-
dence of the damage in all parts of the town. Whenever a spade is stuck into the

ground, volcanic ash is encountered.

... The destruction of that mountain formed a lake at its foot, the water of which was
white for a long time thereafter, because of the great quantity of ash it contained; but
finally this lake, through its overflow, carried away the ash so that at the present

time its water is as clear as crystal.

The same eruption was also related by Perry (1860) in detail but added a new interpreta-

tion when he wrote:

... As for the (location), which we believed to be Sanguil, and was generally considered
as being situated on Mindanao Island, is for us the volcano of Sanguir Island, which

Fr. Nieremberg writes as Sanguiz, and which is found between Mindanao and Ternate.

In fact, ... all these circumstances of the (Nieremberg) report then coincide to make us
identify in the Island called Sanguiz the present Island of Sanguir, where is found, in
fact, a volcano, Awoe or Aboe (pronounced Avou or Abou), whose existence has been

well established.

4.5.4 "C Ages in Support to Historical Evidence
The 300 yBP explosive eruption of Mt. Parker, which formed the present summit cal-
dera, corresponds to the event described by Magisa (1641) and Le Gentil (1779-1781) despite
the confusion on date and place brought about by subsequent retelling of the event (Delfin et
al., 1997). This is supported by at least seven "C results.
Analysis of historical documents by Delfin and others (1997) revealed that confusion oc-
curred on the date and the location of eruption. The following is a summary of their their

interpretations:
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1. Date of eruption

Le Gentil might have unintentionally changed the date of the eruption to 1640 ei-
ther because he was actually referring to preclimactic eruptions of December 1640 or
the voyage that begun in 1640. Subsequent authors (e.g., Von Buch, 1825; Berghaus,
1832; Bowring, 1859; Nieto Aguilar, 1894) inherited Le Gentil s mistake of a large 1640
explosive eruption.

2. Site of eruption

Magisa’ s (1641) account placed the eruption close to Cape San Agustin, at Sanguil
Island. Le Gentil (1779-1781) likewise placed Sangil Volcano in Mindanao but Perry
(1860) contended that the Sanguil in Magisa’ s account refers to Sanguir (Sangihe) Is-
land between Mindanao and Ternate and that the eruption could have come from Awu
Volcano. The name “Sanguil”, “Sangil’, “Sanguir’ or “Sanguiz’ is common to both
Mindanao and the islands to the south. The Sarangani region of Mindanao was also
referred to as Sanguir in the 17" century. Nevertheless, if the Spanish squadron ob-
serving the eruption was off Cape San Agustin, then the volcano must be closer to
Mindanao than to Sangihe Island to the south. Cape Sarangani might have been mis-
taken for Cape San Agustin. Jagor s (1873) interpretation of a Sarangani source for
the 1641 event is supported by Le Gentil s claim that the eruption occurred in the ter-
ritory of the Kingdom of Buayen, sixty leagues from Zamboanga. Sixty leagues dis-
tance is roughly equal to 300 km, the distance of Parker to Zamboanga. In addition,
Buayan today is a district of General Santos City located where the Buayan (Crocodi-
le) River flows into Sarangani Bay. Forrest (1780) described an area along the west
coast adjacent to the “Great Bay of Sugud Boyan” (Sarangani Bay) as “remarkable
land of an even outline”. Forrest must be referring to the surface of the young, 300
year-old lahar deposits forming smooth, gently sloping apron around Parker Volcano.

3. Eruption of Awu volcano (?)

No independent report was obtained prior to the one by Alexis Perry (1860), re-
porting of a large eruption of Awu Volcano in 1641. Instead all reports of the 1641
eruption of Awu seem to derive from Perry (1860). Moreover, Indonesian volcanolo-
gists doubt that such a large eruption occurred. Matahelumual (1985) described an
eruption in Awu Volcano between December 1640 and January 1641, but there were no

fatalities, and the eruption was phreatic.
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Fig. 46. Preliminary hazards map of Parker Volcano by PHIVOLCS as of 1999.

In summary, primary historical reports favour a Sarangani Peninsula source for the

1641 eruption, near or at what is presently known as Parker Volcano.

4.5.3 Volcanic Hazards and Monitoring
Delfin and others (1997) has established a 1641 eruption of Mt. Parker and a 300-year in-
terval, at least, for the last two eruptions. The number of “C ages though is insufficient to
determine the frequency of events. The historical and geological evidence clearly demon-
strates the explosive activity of Parker, and thus requires a greater level of study and vol-

cano monitoring. Figure 46 shows the preliminary hazard map of Parker Volcano.
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As demonstrated by the 06 September 1995 and 06 March 2002 floods, an important haz-

ard of Parker Volcano is due to crater-lake breakout. This can be triggered by an eruption

or earthquake, as in the 06 March 2002 landslide dam breakout. After the 1995 flash flood, a

permanent remote seismic station was installed at Bagong Silang village, located about 6 km

east-southeast of Lake Maughan. This relays data acquired to the manned seismic station of

PHIVOLCS at the Mindanao State Uni-
versity (MSU) Campus in Tambler, Gen-

eral Santos City.

5. Philippine Calderas and Their

Activities

5.1. Taal Caldera

5.1.1 Geologic Setting

Taal Caldera is a young volcanic

center that lies within a fault-bounded
volcano-tectonic depression (Fig. 47)
within the Macolod Coridor, a cross-arc
northeast-trending lineament,
comprised of andesitic composite volca-
noes and monogenetic basalt tuff cones
and maars. The concentration of volca-
noes in Macolod Corridor was initially
thought to be an expression of a Bruch-
linie or deep fracture (Von Drasche,
1876). Adams (1910) interpreted the
northeast-structural line passing
through Balayan Bay, Taal Volcano Is-
land, and the southern border of Laguna
de Bay, as the southern margin of the
elevated fault block that includes Mt. Ba-
tulao, Tagaytay Ridge, and Mt.
Sungay. Forster and others (1990) and
Oles (1991) placed the boundary of Ma-

Fig. 47. Satellite image showing Taal Caldera,
Taal Lake, and the Volcano Island. Volcanic
centers: 1-Mt. Palay-palay/Mataas na Gu-
lod, 2-Mt. Carilao, 3-Mt. Batulao, 4-Tagaytay
Ridge, b-Mt. Sungay, 6-Mt. Makiling, 7-Mt.
Malepunyo, Mt. Macolod, Mt. Panay, Mt.
Macapili. Image by NASA-JPL.
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Fig. 48. Map of Taal Caldera and other volcano-tectonic structures of the Southern Tagalog
Volcanic Field.

colod Corridor between the Tagaytay Ridge and the northeast-trending normal fault west
of the Batangas mountains. The roughly north-south trending southern terminus of the
Marikina Fault System extends to the Cavite highlands, near the vicinity of Mt. Sungay.
Alcaraz and Datuin (1975) and Lim (1983) interpreted that a northeast-southwest and a

northwest-southeast trending lineament, control the location of eruption centers at the Taal
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Volcano Island, which is located within Taal Caldera. On the basis of aeromagnetic and seis-
mic data, Bischke and others (1990) concluded that the Sibuyan Sea branch of the Philippine
Fault cuts across Taal Caldera, but concealed by younger Taal deposits.

The 20 x 15 km Taal Caldera is bounded by several pre-caldera basaltic-andesitic strato-
volcanoes namely Mt. Batulao, Mt. Sungay, Mt. Macolod, Mts. Malepunyo, and Mt. Makil-
ing (Fig. 48). Mt. Batulao is a dissected andesitic stratovolcano located at the northwestern
rim of the caldera. K-Ar date for a lava sample yielded an age of 3.40 Ma (De Boer et al.,
1980; Oles, 1991). Another stratovolcano, Mt. Sungay, sits at the northern rim of the
Caldera. Deposits of Mt. Sungay are draped by early-stage dacitic ignimbrites of Taal cal-
dera (Listanco, 1994). To the east and northeast are two volcano complexes, Mts. Malepunyo
and Makiling. Both centers are partially mantled by Taal Caldera ignimbrites (Listanco,
1994). The oldest dated andesite lava from Mt. Malepunyo is 1.10 Ma (De Boer et al., 1980;
Oles, 1991). Likewise, dacite and andesite samples from the highly dissected Mt. Makiling
yielded 0.51 and 0.18 Ma, respectively. The maar field and other volcanoes of the Macolod

Corridor, lie farther east of Mts. Malepunyo and Makiling.
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5.1.2 Caldera Features and Stratigraphy

Taal Caldera has an asymmetrical topographic rim. The Tagaytay Ridge on the north is
the highest, with an elevation of 500-600 m above sea level. The southern caldera rim is ver-
tical at Mt. Macolod and Alitagtag, but generally gently sloping elsewhere. Except at the
faulted centers of Mt. Macolod and Mt. Sungay, the walls of the caldera are composed of
thick ignimbrite-airfall-surge sequences. Younger airfall-surge sequences mantle the lower
half of the walls (Geronimo, 1988; Listanco, 1994). The base of the oldest ignimbrites is ex-
posed close to lake water levels on the southern side of the caldera (Listanco, 1994). They can
be traced at about 50 m above sea level at the northern side. The volume of the tectonic de-

pression (that includes the caldera) was estimated at 120 km® (Listanco, 1994).

Intra-caldera deposits, consisting of well-bedded fallout and banded andesite lava at the
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Fig. b0. Standard section of Taal Caldera. From Listanco (1994).
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base, are exposed at Napayung Island (a small island inside Taal Lake located northeast of
Taal Volcano Island). These deposits were dated 140 ka (Oles, 1991), and are draped by Taal
Caldera ignimbrites.

Listanco (1994) subdivided the Taal Caldera-related events into six stages (Figs. 49, 50).
Each stage produced a physically and compositionally distinct set of deposits. The first four
stages are: the Alitagtag (ALI) and Caloocan (CAL) pumice flows, Sambong (SAM) ignim-
brite and scoria agglutinate (SAG), and Taal scoria flows (SFL). They are characterized by
voluminous extrusion of calc-alkaline andesitic to dacitic magma. The "C age of the young-
est calderagenic deposits (SFL) is 5,380-6,830 yBP (Listanco, 1994; Martinez and Williams,
1999). Post-caldera emplacement of airfall and base surge sequences (ABS) characterize the
fifth stage. The sixth, and currently the active phase, is related to the formation of the Taal

Volcano Island and probably the other sublacustrine eruption centers.

5.2 Laguna Caldera
5.2.1 Geologic Setting

The 20 x 10 km elliptical-shaped Laguna Caldera sits on the margin of the 40-km wide
young volecanic field (Fig. 51), the Macolod Corridor. It is located within the dinosaur foot-
shaped Laguna de Bay, known to be the largest lake of Luzon Island. The Laguna de Bay has
three basins, the west, middle and east bay, and covers a total area of 922 km®* The middle
bay/central lobe has been ascribed by previous workers as the Laguna Caldera. Oles and oth-
ers (1991) described the structure as the largest volcano-tectonic depression formed by cal-
dera eruptions within an extensional setting. The caldera belongs to the Southwest Luzon
Volcanic Field (SLWVF) that also includes Mts. Makiling, Batulao, Malepunyo, Banahao
and Taal Volcano and its caldera.

Volcanoes and faults border the caldera (Fig. 52). To the north-northeast direction lies
the Sierra Madre Range. It is a Paleogene volcanic arc in response to the west-dipping sub-
duction east of Luzon Island during the Cretaceous and Paleogene (Lewis and Hayes, 1982;
Karig, 1973; Murphy, 1973). Northwest of the caldera is Metro Manila and the Central Val-
ley Basin. Both are underlain by thick a volcaniclastic sequence from Laguna Caldera. On
the eastern caldera margin is Mt. Sembrano, an old and dissected andesitic volcanic center
and a pre-caldera feature. To the east is the fault-bounded Talim Island, which is interpreted
to be a remnant (flank) of an old volcanic center. A morphologically young-looking crater ex-

ists on the southeast portion of Talim Island. Taal Volcano and Taal Caldera lie further to
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the south-southwest. Two prominent tectonic structures trending northwest-southeast and
north-south, abound the caldera. The north-south fault system forms a nearly vertical wall

at the eastern edge of Talim Island.

Metro Manila Laguna Caldera

Taal Caldera

Fig. b1. Satellite image of the Laguna-Taal-Metro Manila area. From
http://earthrise.space.com/dataSpark/earthrise.

—121—-



EXPLOSIVE VOLCANISM IN THE PHILIPPINES

Fig. 52. SAR image of Laguna Caldera, Laguna de Bay, and other geologic structures. The cal-
dera rim is indicated by the prominent yellow hactured line (dashed when inferred) at the
middle bay. Cluster of smaller craters (also in yellow), at the bottom of the image, is the San
Pablo monogenetic field. Mt. Makiling prominently rises within this field. The two parallel
blue lines (left side of image) mark the trace of the Marikina Valley Fault System. Numerous
NE-SW and NW-SE lineaments (red lines) on the upper part of the image are older structures
inherent in the basement rocks of the Sierra Madre Range. From Catane and Arpa (1999).
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Fig. b3. Taal-Laguna geochemical data. Taal data was compiled by Knittel (1998) from pub-
lished and unpublished works; Laguna data from Catane and Arpa (1999) and unpublished
data of Catane (2004).

Laguna Caldera is one of the few identified, but less studied caldera volcanoes in the
Philippines. Wolfe and Self (1983) identified the caldera structure on the basis of topographic
expression. A recent gravity survey, jointly conducted by PHIVOLCS and a Japanese col-
laborator, reaffirmed the location of the caldera in the middle bay (Arpa, pers. comm., 2000).
Gravity anomaly indicates asymmetry of sediment thickness inside the caldera, where thick
pile of sediments underlies the eastern edge, as opposed to the thin sediments on the western
edge of the bay, suggesting that caldera floor is dipping to the east. Subsequent studies such
as flow lineation analysis and lag-breccia facies distribution indicate the middle bay as the
locus of vents (Catane et al., 2004). Deposits from Laguna and Taal overlap on the southern
side (of Laguna), but deposits can be discriminated by their distinct geochemical signatures.
Both the lavas and pyroclastic flow deposits of Laguna have distinctly higher K*0O, MgO, Rb

and Zr contents compared to Taal (Fig. 53). In spite of the few studies available, Laguna Cal-
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dera is of importance because it is the source of pyroclastic and epiclastic deposits covering
many parts of Metro Manila and adjacent provinces, Rizal, Laguna, and Bulacan (Catane

and Arpa, 1999).

5.2.2 Age, Stratigraphy and Caldera History

C-14 and K-Ar Ages

Radiocarbon dating revealed at least three clusters representing episodes of younger cal-
deragenic eruptions in the vicinity of Laguna caldera (Catane and Arpa, 1999). These are: (1)
5,000 yBP, (2) 27,000-29,000 yBP, and (3) >42,000 yBP. All carbon samples were obtained from
massive pyroclastic-flow deposits. The sample which yielded 5 ka was collected from a bor-
ing core retrieved at 18 m depth from a massive pumice flow unit in Aurora, Quezon City.
Listanco (1994) reported a 27 ka age of carbon sample obtained in Cubao, Quezon City. A
similar age of 29 ka was obtained from samples taken from a massive pumice flow from an
excavation in Ortigas City, Metro Manila. Samples were analyzed in the "C laboratory of
USGS and by Beta Analytic Inc., Florida, USA. Wolfe and Self (1983) earlier reported ages of
1.7 Ma and 1.0 Ma, respectively, for an andesitic lava flow and andesitic tuff at the northern
edge of the caldera. Subsequent K-Ar ages were provided by Oles (1991) to be 2.3 Ma and 2.24
Ma, from andesitic lavas, and 1.1 Ma, from a rhyolitic tuff. Additional K-Ar dates by Sudo
et al. (2000) yielded a 1.67-2.19 Ma range for andesite lava flows on the northeast and south-
ern rim of the caldera. Oldest volcanic rocks (>1 Ma) were obtained from andesite flows of
old pre-caldera volcanic centers, whereas ages for the oldest tuffs are about 1.0 Ma. Al-
though the "C and K-Ar ages are difficult to reconcile at present due to the difference of dat-
ing methods and materials used by different workers, Catane and others (2004) put 1 Ma as
a reasonable upper limit of the earliest caldera activity. This maximum age is supported by
field observation that at least some of the younger pyroclastic units are fresh to slightly al-
tered and virtually undeformed. Considering the high weathering rates, active tectonism

and volcanism in the area, the deposits are most likely to be <1 Ma.

Caldera History

The geologic history of Laguna may be subdivided into three stages namely: (1) pre-cal-
dera volcanism, (2) caldera-forming stage, and (3) post-caldera volcanism (Catane et al., in
preparation). Each stage is characterized by eruption of intermediate volume trachytic pyro-

clastic flows, surges, and Plinian falls. Associated lahars, fluvial, and lake deposits are em-
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placed in each episode. Between some explosive eruptions, non-explosive activity prevailed in
the form of lava flows. Stratigraphic studies showed that some lava flows may be related to
caldera activity, such that they mark the end of the explosive eruption. At least three calder-
agenic eruptions occurred at Laguna. Extensive reworking to form lahars and stream depos-
its immediately followed each of them. Each caldera episode is marked by a period of repose,

allowing soil profile or weathered horizon to develop.

Pre-caldera volcanoes

Pre-collapse volcanism is characterized by the formation of basaltic to andesitic
stratovolcanoes. Two small, dissected, pre-caldera volcanoes, Talim Island and Mt. Sembra-
no, found at the east and west of the caldera margin, were formed at this stage. The surface
topography of these volcanoes is partly obscured by erosion and a thick blanket of pyroclas-
tic flow deposits. Talim Island is interpreted to be a remnant of a stratovolcano that col-
lapsed following voluminous extrusion of magma in one of the caldera-related eruptions of
Laguna. Its asymmetrical cross-section suggests that the island formed the flank of a
stratovolcano. Furthermore, surface parallel drainage pattern in Talim Island suggests that
ancient rivers flowed from an elevated area, further east of the island. K-Ar dating of basal-
tic to andesitic lava flows from Talim Island and Mt. Sembrano yielded 1.67-1.19 Ma ages
(Sudo et al., 2000).

Caldera-forming eruptions

There are more than 20 pyroclastic-flow units identified on the basis of stratigraphy
and physical characteristics. The three youngest calderagenic events based on "C dating are
5,000 yBP, 27,000-29,000 yBP, and >42,000 yBP (Catane and Arpa, 1999). At least one of the
caldera-related events, the 27-29 ka eruption, had an associated lava flow.

There were five samples that yielded an age of 42 ka or >50 ka, which is beyond the detec-
tion limit of "C dating method. Among the dated units of this range, Binangonan Pumice
Flow appears to be the youngest, on the basis of the degree of deposit preservation. It con-
sists of a lower Plinian fall and surge unit, followed by series of massive pyroclastic flows,
and capped by pyroclastic surges (Catane et al., 2004). It is pumiceous and nonwelded, but
shows co-occurrence with more mafic clasts in some massive flow units. It forms as a thick
proximal flow unit in Binangonan, Rizal.

At least two samples fell within the 27-29 ka range. One sample was collected from a
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Fig. b4. Exposure of the youngest Laguna ignimbrite, Teresa scoria flow (upper columnar
jointed unit), in Tanay, Rizal. Photo by S. Catane.

scoria-flow deposit in Ortigas, and another from a pyroclastic-flow deposit in Cubao, both in
Quezon City, Metro Manila. These pyroclastic flows are correlated with the Teresa Scoria
Flow, proximal pyroclastic-flow deposits that extensively outcrop in Teresa, Rizal (Fig. 54).
The Teresa Scoria Flow is regarded as the youngest event clearly associated with Laguna
caldera. The eruption is characterized by the emplacement of surges and falls, followed by a
series of pyroclastic flows and ash cloud surges. In some places, the sequence is capped by an-
desitic lava flows. Deposits are non-welded to welded, of intermediate composition, varying
from dacitic to more mafic compositions within a single flow unit. Some outcrops contain
banded pumices, indicating magma mingling during the eruption.

In exposures, the Teresa Scoria Flow consistently lies above the Binangonan Pumice
Flow. Teresa Scoria Flow can be distinguished from Binangonan Pumice Flow by its lower
degree of deformation and the predominance of mafic clasts. Geochemical analysis of the ju-
venile clasts for both units revealed andesitic-dacitic compositions.

Microscopic examination of juvenile scoria and pumice clasts from Teresa and Binango-
nan units revealed an aphyric magmatic source (Catane and Arpa, 1999). Both scoria and
pumice are very glassy, constituting to about 40-60 % of the volume. Only about less than
10% comprise the minerals, and 30-50% is occupied by vesicles. For scoria, the mineral assem-

blage is plagioclase and clinopyroxene. Pumice clasts have the same mineral assemblage, ex-
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cept that the percentage of clinopyroxene is very small, and the percentage of total crystal
content is also low compared with scoria. Pumices are highly vesiculated and often exhibit a
fibrous texture. Both scoria and pumice are fresh, and no evidence for vapor-phase crystalli-
zation was observed. Bulk chemical analysis revealed SiO. values of 56-58 wt% and 59-63 wt%
for scoria and pumice, respectively.

Lava flows are more basic in composition than most of the juvenile pyroclasts, with a
Si0; range of 51-54 wt%. Clinopyroxene, plagioclase, and rarely olivine, exist as mineral
phases in the lavas. Although most lava flows lies within the K-Ar age range of 1-2 Ma,
some andesite to basaltic andesite lava flows are interbedded with caldera-related
pyroclastic-flow units. This implies that some lava flows might have been emplaced as a ter-
minal event during the caldera-forming stage. The old ages of lavas, however, are inconsis-
tent with the “C ages of pyroclastic flow deposits. A difficult aspect in establishing the
stratigraphy of Laguna Caldera is largely due to the discrepancies of ages provided by "“C
and K-Ar methods. The absolute age range of most calderagenic deposits probably lies
within the time span that is not precisely detected by both methods.

The most recent large-scale eruption event that affected the Metro Manila and Laguna
areas occurred about 5 ka. However, deposits seem to be too young for a relatively dissected
Laguna Caldera source. Instead, this eruption may be related to the last calderagenic erup-

tion of Taal Caldera that occurred about the same time.

Post-caldera volcanism

Except for the well-preserved young maar vents at the southern margin of Laguna de
Bay, other young vents at the vicinity of the caldera include the small vents at the southern
point of Talim Island. It appears that no large-scale eruption occurred in Laguna during the
Holocene. Small phreatic/phreatomagmatic explosion craters in Talim Island typify post-

collapse volcanism in Laguna.

5.3 Irosin Caldera
5.3.1 General Geologic Setting
Irosin Caldera belongs to the Mt. Bulusan Volcanic Complex (BVC) located at the south-
ern end of the Bicol Arc. Magmatism along the arc is related to the westward subduction of
the Philippine Sea Plate down the Philippine Trench (Cardwell et al., 1980; Divis, 1980; Ham-

burger et al., 1983). The BVC includes the active Bulusan Volcano and surrounding vents,
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the Irosin Caldera, and other older volcanic centers. Volcanism in the BVC is subdivided into
three stages: precaldera, syn-caldera, and postcaldera (Panem and Delfin, 1988; Delfin, 1991).
The first stage, which began at least 2.14 Ma, is characterized by a stratovolcano building
stage along regional fractures. It is characterized by the eruption of high-K basaltic andes-
ites and andesites, tuff-breccias and tuffs that built the Gate Mountains in the southern part
of the complex. This eruptive phase is believed to have structural control, as inferred from
the northwest alignment of eroded craters and vents. The early stage was followed by a pe-
riod where large-volume ignimbrite sheets were erupted, resulting to caldera formation. Re-
newed volcanism after the caldera collapse formed several stratocones and domes during the

postcaldera stage. Young volcanism and recent activity of Bulusan Volcano also belong to

this stage.

5.3.2 Geologic of Irosin Caldera

Irosin Caldera is an 11 km-wide volcanic depression located in the province of Sorsogon,

southern Luzon Philippines. Along with the active Bulusan Volecano, its surrounding vents,
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Fig. b6. A view of the sediment-filled Irosin Caldera floor, post-caldera Mt. Jormajan (offcenter
right) and pre-caldera volcanoes (left). Photo by S. Catane.

and associated older volcanic centers in various erosional stages, they occupy an area of
about 900 km* and are collectively known as the Mt. Bulusan Volcanic Complex (BVC) (Fig.
99).

The Irosin Caldera was formed during the second stage of volcanism in the BVC. After a
long period of inactivity, highly silicic magmas were erupted, that led to caldera collapse
(Fig. 56). "C ages of samples embedded in ignimbrites erupted during the caldera-forming
stage, revealed an age of ~35-40 ka (Delfin, 1991). A volume of probably >10.4 km?® of dacitic
to rhyolitic pumiceous pyroclastic flows were erupted, deposits of which reached at least 20
m thick in flat lying areas. Delfin (1991) deduced that this eruption was the largest single ex-
trusion of rhyolitic magma in the entire Bicol Arc. This event removed a large volume of
magma from the chamber, leading to a collapse, and the formation of the 11-km wide Irosin
caldera. Pyroclastic flows were emplaced in all directions around the caldera.

The caldera is bounded by walls of varying relief - about 100 m on the west, 150 m on the

southwest, and 560 m on the southeast (Panem and Delfin, 1988). This variable relief of the
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caldera wall may be explained by the manner of edifice collapse, wherein the wall rocks col-
lapsed asymmetrically into a funnel-shape central vent, following the mechanism proposed
by earlier workers for island-arc calderas (e.g., Aramaki, 1984; Walker, 1984; Scandone,
1990. There is no visible caldera rim in the north; either because collapse in this area was not
accommodated through a ring fracture contiguous with the southern fault, but through
down sagging of the land, unless it is buried by postcaldera extrusives (Panem and Delfin,
1988).

The last stage, the postcaldera, occurred after a period of quiescence and lake sedimenta-
tion, the latter presumably ended by uplift and renewed volcanism. Assuming that the BVC
follows the typical timing for onset of postcaldera magmatism in intermediate-sized caldera,
which is about 5-10 ka after caldera collapse (Mahood, 1980), then post-caldera magmatism
in the BVC will fall between 25-30 ka. This will be the age of the Sharp Peak Volcano, which
was formed by lavas, pyroclasts and lahars of the earliest mafic post-caldera magma in the
BVC. These lavas were dark, sparsely-porphyritic and vesicular basalts and basaltic andes-
ites that include the most primitive melts erupted in the BVC. Succeeding post-caldera erup-
tions had more differentiated lavas that formed the Taripungso andesite, Agoho andesite,

and Jormajan dome, edifices less eroded than Sharp Peak but more degraded than Bulusan

Table 11. Summary of volcanic activities at Irosin Caldera. From Delfin (1991).

Eruptive unit Age (Ma) Basis

Precaldera Eruptive Stage

Gate volcanics 2.14 K-Ar

Tabon-tabon volcanics <2->1.1 Stratigraphic correlation

Calunan andesite 1.1 K-Ar

Homajan basalt 0.4 K-Ar

Bintacan volcanics <0.4 - >0.04 Stratigraphic and geomorphic correlation

Caldera Eruptive Stage

Malobago dome ~0.035 - 0.04 Petrological and geochemical correlation

Irosin ignimbrite 0.035 - 0.04 1c

Postcaldera Eruptive Stage

Sharp Peak volcanics ~0.025 - 0.035 Stratigraphic correlation

Agoho andesite ~0.02 - 0.01 Stratigraphic and geomorphic correlation
Taripungso andesite ~0.02 - 0.01 Stratigraphic and geomorphic correlation
Jormajan dome ~0.02 - 0.01 Stratigraphic and geomorphic correlation
Talatak dome ~0.01 Stratigraphic and geomorphic correlation
Bulusan volcanics >0.006 - present "C and historic activity
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Volcano.

The post-caldera stage is still continuing today. It built several coalescing domes and
stratocones within the caldera, including the active Mt. Bulusan, a composite cone predomi-
nantly built of andesite lava flows and subordinate breccias and tuffs. Interbeds of airfall
tuff and lahars on its northern and southern slopes were erupted between 1 to 5 ka (Delfin,
1991). It has fifteen recorded eruptions that are mostly mild ash ejections, the earliest being
in 1852, and the latest in 1995 (PHIVOLCS, 2002). A summary of eruptive history of Mt. Bu-
lusan Volcanic Complex is given in Table 11.

The Bulusan andesites, and those of the other volcanoes in the Bicol Arc, are believed to
be fractionated magmas derived from the mantle wedge below the arc, rather than primary
slab-derived melts. The mantle wedge is most probably a depleted N-type MORB mantle that
has been metasomatised by fluids from the subducted slab, since the most likely source for
the BVC magmas must at least contain these two components (Tatsumi et al., 1986). An open
system behaviour, wherein both magma mixing and assimilation accompanied fractional

crystallization, characterizes the evolution of BVC magmas.

6. Summary and Conclusions

The Philippine archipelago is a host to more than 400 volcanoes. These volcanoes are dis-
tributed in nine volcanic arcs/belts associated with subduction zones bordering the
Philippines. The two major and active subduction zones, the Philippine Trench and the Ma-
nila Trench, are related to the oblique convergence of the Philippine Sea Plate and Eurasian
Plate. The presence of oppositely facing subduction zones, compounded by numerous active
tectonic elements, makes the Philippines one of the most geologically interesting but com-
plex areas in the world.

Philippine volcanoes are classified as active, potentially active, and inactive, based on
their current activities and eruptive histories. There are 22 active, 27 potentially active, and
359 inactive volcanoes. Philippine volcanoes are predominantly andesitic with calc-alkaline
affinities. The most active volcanoes which erupted recently include Mayon, Taal, Bulusan,
Canlaon, Hibok-Hibok, and Pinatubo.

Philippine volcanoes exhibit various types of eruptive activities: phreatic, phreatomag-
matic, Strombolian, Vulcanian, Pelean and Plinian. The most explosive among the active vol-

canoes are Mayon, Taal, Pinatubo, Hibok-Hibok, and Parker.
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With its 48 historical eruptions, Mayon Volcano is considered the most active volcano in
the Philippines. Eruption style varies from Strombolian, Vulcanian to Plinian but Pelean-
and Merapi-type eruptions associated with domes occur as well. Its most violent Plinian
eruption in 1814 killed 1,200 people, while 77 died in a small, unprecedented phreatic explo-
sion in 1993. No casualties were incurred in its most recent eruption in 2001. Eruptive pat-
terns based on historic eruptions and geochemical compositions showed that most explosive
activities occur when basaltic magma is erupted, possibly due to basaltic magma injection
into a shallow reservoir.

Taal is notorious for its violent phreatic and phreatomagmatic activities (e.g., 1911,
1965) that produce base surges. Ready access to lake water into Taal s vent system makes
most of its eruption destructive. There are 47 eruptive centers in the volcano island and 35
other underwater vents. Except for one offshore eruption, all 33 historic eruptions took
place within the island. The most violent eruptions occurred in 1754, 1911, and 1965. A total
of 1,525 casualties were incurred during the 1911 and 1965 eruptions. Rare Strombolian erup-
tions took place only twice in 1968 and 1969. The foremost hazards related to Taal eruptions
are base surges.

The Plinian eruption of Pinatubo Volcano in 15 June 1991, the third largest in the 20"
century, has inflicted long-term, widespread damage in the surrounding provinces. The
eruption released about 6 km® volume of tephra, and covered an area of 4x10° km’® mostly
over Luzon Island and the South China Sea. Pinatubo’ s giant eruption plume intruded the
stratosphere, reached heights of more than 40 km, and caused a decrease of global tempera-
ture by 0.5°C. Lahars around Pinatubo persisted for years after the 1991 eruption. Accumula-
tion and rising of meteoric water inside the caldera after the 1991 eruption, posed continuing
hazards most especially at the northwest sector of the volcano. On 10 July 2002, the Marau-
not Notch was breached, resulting to the release of 65 M m® of lake water and formation of
160 M m’® of lahars down valley. An unusual change in lake-water color, from emerald green
to dark brown, occurred in January 2004. However, it gradually returned to its original em-
erald green color on May 2004. The cause of the color change is still being investigated by
PHIVOLCS and its collaborators.

The explosive eruptions of Hibok-Hibok in 1948-1953 marked the beginning of volcano
monitoring in the Philippines. COMVOL, the predecessor of PHIVOLCS, was created to
avert the loss of life and properties. The eruption claimed the lives of about 500 people by py-

roclastic flows associated with dome explosions and collapse. Since then, the volcano re-
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mained quiet. Hibok-Hibok historical eruptions are characterized by lava dome building and
generation of Pelean-type pyroclastic flows.

Parker Volcano was recently associated with the 1641 explosive eruption previously at-
tributed to Awu Volcano in Indonesia based on "“C ages, geologic and historic evidence. Its
last two eruptions occurred in an interval of 300 yrs. Explosive activities of Parker are dem-
onstrated by historical and geological evidence, the size, composition, and type of eruptive ac-
tivities of which are similar to Pinatubo Volcano.

Extensive flooding along the Ga-ao-Allah River system occurred due to breaching of
landslide dams along Ga-ao creek in September 1995 and March 2002. While the cause of the
September 1995 flooding remains unresolved, an earthquake triggered the March 2002
breaching. Landslide dams will form anew and earthquakes will persist, thus Parker Volca-
no’ s crater lake remain a threat to surrounding communities.

Taal, Laguna, and Irosin are, so far, the only identified calderas in the Philippines.
They are of intermediate size typical of island-arc calderas. Taal Caldera’s latest caldera-
genic activity occurred 5-6 ka. Laguna Caldera, whose deposits formed the landmass of Met-
ropolitan Manila, has had young eruptions, the youngest of which is probably 26-29 ka.
Thick population surrounds both Taal and Laguna, with the most populated area Metro Ma-
nila (12 M) sitting only 20 km away from Laguna Caldera. Taal and Laguna calderas are an-
desitic in composition, while Irosin is dacitic. Irosin Caldera was probably formed about 35
ka. In as much as only a few studies are available on these calderas, reconstruction of their

eruptive histories and determination of the frequency of explosive events must be carried out.
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