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ABSTRACT 

The climactic phase of the 1991 Mount Pinatubo eruption consisted of plinian 

activity and large-scale generation of pyroclastic flows, which were coeval for most of 

the 3.5 hours duration of the climax. The plinian column was maintained above 30 km 

high throughout this period, forming layer C 1, spawning dilute pyroclastic flows fed by 

partial collapses from the lower buoyant column. About an hour after the onset of the 

plinian phase, fountaining at the base of the plinian column generated denser pyroclastic 

flows that flowed down at an average encroachment velocity of 5-6 mis. Simultaneous 

plinian tephra and co-ignimbrite ash deposition formed the C2 fall layer. 

Both the dilute column-generated and the denser- fountain-generated pyroclastic 

flows were the sources of the vent-derived ignimbrite. Fan-building, vent-derived 

pyroclastic flows created thick ignimbrite sequences in the upper valleys, pyroclastic 

fans, and in lower valley regions by_vertical aggradation and lateral accretion of valley

ponded ignimbrites. The vent-derived ignimbrites lost as much as 1.6 km3 bulk volume 

of its vitric component into the co-ignimbrite ash that fed the umbrella region, fine 

fraction in layer C2 and ash fallout layers C3 and C4 on top of the plinian fallout and 

ignimbrite sequences. : . 
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Gravitational instability and loose, poor!~ consolidated nature of newly emplaced 

ignimbrite fan sequence caused dry-state remobilization that produced secondary or 

deposit-derived ignimbrites. Deposit-derived flows occurred at Pinatubo for more than 5 

years after the June 15, 1991, eruption, leaving an avalanche scarp at their origin. 

Deposit-derived ignimbrites exhibit almost identical field characteristics to those 



emplaced by faster and more energetic flows originating from the vent, such as slight 

fines depletion and non-uniform TRM polarity of coarse clasts. Deposit-derived flows 

basically differ from other secondary movements in ignimbrite in that they occur long 

after the deposition of vent-d~rived ign~~brite . 

vi 

This study has shown tijat the Pinatubo ignimbrite represents a continuum of 

pyroclastic sedimentation that began during the climactic eruption on June 15, 1991 and 

episodically continued with decreasing frequency for several years after the eruption. 

Moreover, deposit-derived flows are apparently common mechanism for redistributing · 

ignimbrite after initial deposition and present post-eruption hazards that were previously 

unrecognized. 
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CHAPTER! 

GENERAL INTRODUCTION 

Large scale pyroclastic flow-generating eruptions are one of the most catastrophic 

hazards known to man, but are rarely witnessed type of volcanic activity. Consequently, 

the understanding of eruptions that produce ignimbrites, and the process of ignimbrite 

emplacement itself, has relied strongly on studies of deposits that have been subjected to 

surficial processes for an extended period of time. Conventional models envision 

ignimbrite emplacement as a single-stage process involving transport, deposition, and 

densification of materials supplied by a pyroclastic flow or series of flows. Meanwhile, 

observation and documentation of events from recent eruptions, particularly the 1991 

eruption at Pinatubo, reveal potential complications in mapping vent-derived ignimbrite, 

and interpreting the eruption itself. This thesis will contribute to the lively debate on the 

nature of transport and re-depositional mechanisms of pyroclastic flows by providing 

recent examples and new insights from Pinatubo ignimbrites. 

Background of the Study 

The June 1991 eruption of Pinatubo climaxed with the emplacement of 5 km3 of 

hot, massive, pumice-rich, non~welded ignimbrites, mostly within pre-existing river 

valleys (Fig. 1 ), where they attained a maximum thickness of 200 m (Scott et al., 1996). 

Hazards from this large eruption did not 'culminate with cessation of activity at the vent. 

The newly emplaced ignimbrite and the prevailing hydrologic and meteorological 
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Figure 1. Distribution of pyroclastic flow deposits or ignimbrite (in pink) and 
trace of the 2 km-diameter Pinatubo caldera (PC) overlaid on the November 
1991 SPOT scene of Mount Pinatubo. Large ignimbrite fans were formed along 
major river valleys that head up to the former summit region , which include 
Sacobia and Pasig-Potrero on the east-side and Marella, Balin-Baquero, Bucao 
and O'Donnell on the west-side. Note that Sta. Juliana, Bangat, and Gumain 
valleys did not form large ignimbrite fans. [Mapped distribution of the 1991 
ignimbrite was modified from R.S. Punongbayan, in PHIVOLCS-NEDA (1992)] . 



conditions on the slopes of the volcano created a very dynamic system that still generates 

post-eruption hazards and serious environmental problems ten years after the eruption. 

Gullying incised the ignimbrite fans and exposed highly unstable sections that readily 

collapsed into the channels. Several collapses involved multiple avalanches of 10-40 

million cubic meters of hot pyroclastic materials. Large-scale avalanches have generated 
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secondary pyroclastic flows that flowed up to 10 km (commonly 3-5 km) and formed ash 

clouds that ascended to maximum height of 18 km. Large secondary pyroclastic flows 

were first observed on August 12-13, 1991, but occurrences of avalanches and smaller 

dry-state remobilizations have been documented until m:id-1999. 

Rationale for the Choice of the Research Area 

This study documents two types of ignimbrites at Pinatubo: vent-derived and 

deposit-derived ignimbrites. The 1991 Pinatubo ignimbrite is an ideal subject to study 

because dense network of observations and instrumental monitoring covered its eruption. 

Monitoring data on the eruption and its aftermath constrain the duration and chronology 

of emplacement of the ignimbrite and several large post-eruption remobilizations, which 

gave us vantage points to make detailed observations of the spectrum of processes at 

work in pyroclastic flows of this type. The 1991 primary ignimbrite is at most dynamic 

stage of reworking, displaying transitory processes and rapid landscape modification 

during the first five years after emplacement. Ephemeral deposits are usually lost from 

the sequence; those that were preserved leave a very subtle stratigraphic imprint. 

Therefore, the recognition of secondary processes in pyroclastic flow deposits hints at 
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how much geologic information are we missing in older ignimbrite successions. Timing 

is crucial for the success of the study. Now is the best time to conduct a closer 

observation of the 1991 deposit, when rapid channel incision on ignimbrite sheets allows 

the examination of freshly exposed vertical sections. Correlation of cross-valley and 

along-valley profiles can be done with the continuous sections along newly established 

channels. In many instances, the transition of massive ignimbrite lithofacies to stratified 

marginal facies can be traced remarkably well along transverse sections. Early on, 

inaccessibility of ignimbrite fans and lack of complete exposures prevented detailed 

examination of the sedimentary character of the 1991 deposits (see Scott et al., 1996). In 

later part of this study, many important details in the sedimentary record were lost to 

erosion and were not included in the evolving stratigraphic sequences at Pinatubo. 

Statement of the Problem 

In many previous examples of ignimbrite generation, buoyant columns precede 

collapsing column and this sequence of events is seen · in the field as a succession of 

plinian fall and ignimbrite. Recent examples show that ignimbrites were generated while 

the plinian column was still folly established,and thus, indicate that an eruption column 

does not need to collapse in order to generate pyroclastic flows. The process of co

plinian ignimbrite generation appears to be dynamically complex and this study attempt 

to outline the observations and conditions that constrain our understanding of fan

building, co-plinian, vent-derived ignimbrites. 



As envisioned by several workers, pyroclastic density currents develop an aggrading 

deposit at its base (Branney and Kokelaar, 1992). The depositional base consists of 

particles that had come to rest and are no longer locked to the transport system. 
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Secondary movements in pyroclastic flows and ignimbrite occur at different stages of 

transport and deposition. Gravitational instability due to transient deposition of material 

on steep slopes [viscous character of high-grade ignimbrites (Walker, 1983) is not 

considered in this work] may induce appreciable movements, even while the pyroclastic 

current system is still active. This type of movement is developed as 

penecontemporaneous secondary flow, examples of which are secondary flow of 

rheomorphic ignimbrites (Schmincke and Swanson, 1967; Chapin and Lowell, 1979; 

Wolff and Wright, 1981; Ellwood, 1982; Branney and Kokelaar, 1992), backflows in 

Campanian Ignimbrite (Fisher et al., 1993), secondary blast flow at Mount St. Helens 

(Hoblitt et al., 1981; Fisher et al., 1987), and movements at the termini and margins of the 

deposit shortly after the entire current stops, e.g. pseuduflows at Valley of Ten Thousand 

Smokes Ignimbrite (Fierstein and Hildreth, 1992). Meanwhile, deposit-derived flows, 

such as those at Pinatubo, differ from previously described secondary movements in 

ignimbrites in that remobilizatibn from 1991 ignimbrite occurred periodically for several 

years after deposition. It is interesting to note that deposit-derived ignimbrites at 

Pinatubo have also collapsed to form deposits informally that should have been referred 

to as tertiary or quaternary ignimbrites in the ordinal sense. Such features have not been 

known before and are original contributions "Of this work. 

It appears that the emplacement of vent-derived ignimbrite is seamlessly 

connected with deposit-derived pyroclastic flows that persisted for several years after the 
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climactic eruption. This study will attempt to answer the questions that have a bearing on 

the nature of vent-derived and deposit-derived pyroclastic flows. Some of the major 

questions to be addressed in this study are: 

1) How are vent-derived and deposit-derived pyroclastic flows at Pinatubo 

generated? 

2) Why is it that a smaller, sluggish, and cooler deposit-derived flows leave similar 

deposit as those possibly more turbulent, hotter, and rapidly transported and 

emplaced vent-derived· flows? 

3) How do lithofacies character evolved in pyroclastic flows? What control their 

distribution? 

4) Do stratified bedforms in massive deposits reflect local turbulence during flow 

transport (transport unsteadiness) or fluctuations in the dynamics of venting 

processes (source unsteadiness)? 

5) What are the criteria for recognizing the products of deposit-derived flow 

processes in ignimbrite? 

Making the distinction between deposits resulting from vent-derived and deposit

derived flow processes is important in that both processes contribute to the observed 

number of flow units in a volcanic succession. In reconstruction of older eruptive 

sequence, proper sorting of flow units and recognition of facies characteristics is pivotal 

for correct interpretation of the eruption process and chronology and assessment of 

potential hazards. 
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Aims and Methods 

Fieldwork at Pinatubo was conducted to practically link the remote-based 

observations and geophysical data to what can be observed on the ground. This study is 

field intensive as it relies on field observations on the 1991 ignimbrite and subsequent 

remobilization in making informed inferences and ideas on how large-volume, 

catastrophic pyroclastic density currents evolve in time and space. In the end, we hope to 

improve our understanding of the generation of pyroclastic flows, the transport and 

depositional mechanisms, the effects of topography in modifying the flow behavior, and 

the associated processes that prime up and pre-condition the flow. Also, this study makes 

it mark in volcanology as the first attempt to distinguish the vent-derived (or primary) and 

deposit-derived (or secondary) ignimbrites and to recognize that the latter is an important 

process of ignimbrite emplacement. Several aims were lined up to achieve the objectives 

of this study: 

1) detailed description of the sedimentary and stratigraphic characteristics 

of ignimbrite and fall units, involving proximal to distal and across

valley vertical sections·, as the framewok to base other observations and 

analytical results; ' 

2) determination of the grain size distributions of the depositional facies of 

ignimbrite and fall units at different levels in the vertical sections and at 

various distances from the source to track down changes due to 

generation and transport processes; 



3) measurement of crystal sizes and enrichment to probe the conditions of 

transport; 

4) calculation of vitric losses in vent-derived and deposit-derived 

ignimbrites to understand particle segregation, fines depletion or 

enrichment in the deposits, and co-ignimbrite ash column formation; 

and to correct previous volume estimates, and; 

5) determination of the emplacement temperature and the evolution of 

temperature gradient through time to learn about the associated 

processes accompanying the cooling ignimbrite and how it affects the 

character of the deposits and its potential for remobilization. 

Most of the study was conducted on the O'Donnell Valley (also called Crow 

Valley), because of the excellent exposures and accessibility for detailed work of 

proximal to distal ignimbrite sections (Fig 2). Without detailed studies of ignimbrites, 

experimental and numerical models of pyroclastic flow emplacement will continue to 

outstrip actual examples that have been explored in detail, and in this regard the value of 

the new, relatively large Pinatubo deposit should not be lost. It is, of course, especially 

valuable because of the constraints on the duration of flow processes, and also because 

there appears to have been co-existing plinian and co-ignimbrite vertical eruption clouds 

which mixed aloft in the 15 June paroxysmal phase (Scott et al., 1996). 

Work was done by standard .field techniques for young pyroclastic deposits (e.g., 

Cas and Wright, 1987). Samples collected in the field were analyzed by granulometry, 

which employs dry sieving, and componentry, which utilizes a settling-tube and 

microscope for grain separation. The crystal size distribution in the pumice was 
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Figure 2. A) Composite of aerial 
photographs of O'Donnell ignimbrite 
fan taken on November 1991 scaled 
into the November 1991 SPOT scene 
of Mount Pinatubo. The 2 km diameter 
caldera is located at the south end of the 
Aerial photo sequence (North is up). 
B) Map pf O'Donnell ignimbrite fan overlaid 
on the composite aerial photographs. 
C) Location of logged sections and samples 
in the O'Donnell ignimbrite sequences. 
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(Figure 28 continued) 
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determined by obtaining photomicrographs of pumice thin sections and using Zeiss image 

analyzing software to measure sizes of each crystal. The number of crystals in every V2 

phi size class was then converted to class weights using a conversion ratio that was 

determined by weighing a known number of crystals within each specific size class (Fig. 

3). The conversion ratio is extended to the fine fraction by regression. 

Thermo-remanent magnetization (TRM) study was conducted using a portable 

fluxgate magnetometer to constrain the emplacement temperature of ignimbrites. TRM is 

used as indicator of emplacement temperature relative to the Curie temperature, through 

which the ignimbrite cools down. For instance, titanomagnetite, which is the common 

magnetite-phase in Pinatubo samples, has Curie temperature at 480-510°C and yield 

normal TRM, but Ti-rich ilmenite, which dominates the magnetic fabric of Pinatubo 

dacites, has Curie temperature of 200-300 °C and reversed TRM (Hoffman and Fehr, 

1996; Bina et al., 1999). These TRM characteristics was also used as a possible tool for 

distinguishing hot, directly erupted deposits from cold, remobilized deposits, such as 

primary (vent-derived) and secondary (deposit-derived) ignimbrites. Meanwhile, 

thermocouple measurements also obtained minimum temperatures of ignimbrite 

emplacement, which were gathered by measuring the temperature of fumaroles and by 

inserting shallow probe holes into the ignimbrite. 

As regards erosion, the timing of the study optimized the availability of 

exposures. The 1991 ignimbrite is being eroded at a very rapid rate and incision of valley 

floors had already cut down below the pre-1991 level by 1992 in some valleys. The full 

sequence and base of the 1991 deposits was already exposed in most valleys after 4 to 5 

years. Although waiting longer might expose the remaining sections, some facies of the 
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ignimbrite might be completely eroded away and missed in the field. Proximal, medial 

and distal sections of 1991 ignimbrite along Sacobia, Marella, Maraunot and O'Donnell 

valleys were logged on separate occasions during the 1992 to 1998 field seasons. The 

field campaigns in these valleys were limited by rugged terrain and, particularly during 

the early post-eruption years, required availability of helicopter flights and good 

antecedent and contemporaneous weather condition. 
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In 1996, we used the terms secondary pyroclastic flow and secondary ignimbrite 

to describe post-emplacement pyroclastic flow generation (Torres et al., 1996), but since 

then we have realized that emplacement :of ignimbrite by remobilization of deposit began 

even during climactic eruption. Hence we now use vent-derived and deposit-derived 

ignimbrite to distinguish the two different ignimbrite sources. 

Outline of this Work 

This dissertation is composed of five chapters, iriclUding the first chapter on 

general introduction and the fifth chaptet on conclusions. The second chapter discusses 

the generation and emplacement of ignimbrite during the 1991 climactic eruption. Most 

of the ignimbrites at this stage are vent-derived, although some may actually be deposit

derived resulting from penecontemporaneous dry-state remobilization of the earlier 

deposits. Evidences for the nature of pyroclastic flow generation were gleaned from the 

stratigraphic characteristics of the deposits and ignimbrite and fall granulometry, while 

the mechanisms of transport and emplacement were deduced from sedimentary 

characteristics of ignimbrite sequences, grainsize distributions, crystal enrichment and 
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vitric depletion. Estimates of volumes of erupted products and duration of climactic 

eruption are necessary values to establish the timing of pyroclastic flow generation and 

the conditions of transport and emplacement. A section on emplacement temperature of 

vent-derived flows was added to draw insights on the unwelded nature of the deposits and 

to establish an important property of the 1991 Pinatubo ignimbrite that is useful for the 

continuing discussion in the chapters on deposit-derived flows. 

The third chapter documents the occurrences of secondary pyroclastic flows and 

highlights the similarity and the potential distinction of its deposits with the vent-derived 

ignimbrites. This chapter discussed four observed events of large to medium-sized 

deposit-derived flows, all of which were· products of post-eruption dry-state 

remobilization and formed unequivocal deposit-derived ignimbrites. Important 

distinguishing characteristics of the deposit-derived flows from vent-derived ignimbrites 

were drawn at this chapter. 

The fourth chapter details the associated prdcesses in the generation, transport and 

emplacement of secondary pyroclastic flows. However, the process is better referred to 

as deposit-derived flows, realizing that the ordinal sequence of events is too complicated 

to keep track to for proper nomenclature. The third chapter was published in the Fire and 

Mud monograph on the 1991 Pinatubo eruption (Newhall and Punongbayan, 1996), while 

the second and fourth chapter will be submitted for publication in a major volcanological 

journal. 
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CHAPTER2 

GENERATION AND EMPLACEMENT OF IGNIMBRITE DURING THE 1991 

CLIMACTIC ERUPTION OF PINATUBO VOLCANO 

On June 15, 1991, Pinatubo volcano in Luzon, Philippines produced the second 

largest ignimbrite of the 20th century with an estimated 5-6 km3 bulk volume [equivalent 

to about 3.5 km3 dense rock equivalent volume or DRE (Scott et al., 1996; Fig 4)]. Only 

the 11±4 km3 bulk volume 1912 Katmai-Novarupta "Valley of Ten Thousand Smokes" 

ignimbrite is of larger size (Fierstein and Hildreth, 1992). The above volume estimate for 

Pinatubo does not include co-ignimbrite ash fall, which has an undetermined volume that 

may range up to another 3 km3 (Self et al., 1996). 

The 1991 Pinatubo eruption was the best-observed and monitored ignimbrite

generating eruption to date, providing a natural laboratory for studying the venting, 

transport, and depositional processes in pyroclastic flows. A combined network of 

ground-based, airborne and space-based monitoring documented the events at Pinatubo 

before, during, and after the paroxysmal phase (e.g., Kanamori and Mori, 1992; Hoblitt 

et al., 1996; Lynch and Stephens, 1996; Oswalt et al., 1996; Power et al., 1996; Tahira et 

1., 1996; Holasek et al., 1996; Zurn and Widner, 1996). Geophysical monitoring and 

acquisition of multi-temporal remote sensing data constrained the duration of the 

paroxysmal phase of the eruption from 13:40h to 17:00h, during which time almost all of 

the vent-derived ignimbrite (VDI) was erupted (Fig. 5) and the 2 km-diameter caldera 

was formed. The duration of peak ignimbrite production is an important constraint on 



Figure 4. SPOT scenes of Mount Pinatubo 
before (1988) and after (1991) the eruption. Post
eruption scene was acquired on November 1991 , 
showing in false colors the areas affected by 
pyroclastic flows in upstream regions and by 
lahars in downstream regions in light green, in 
contrast with vegetated regions, which appears in 
red . Inset shows the ignimbrite sequence as it 
bifurcates into the Bucao and O'Donnell fans. 
Further downstream, O'Donnell ignimbrite fans 
trifurcates Ouray, Kalut and Mag-ubi valleys, 
which are separated by Kawayan and Maalarong 
ridges. 

INSET 
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Figure 5. Correlation of geologic sections and monitoring records. A) 
ignimbrite section of the O'Donnell ignimbrite fan . B) Plinian fall section at 
Tarukan in the lower valley of O'Donnell. C) Monitoring records which includes 
(1) seismogram from Poon-bato field station, (2) seismogram from Baguio City 
seismic station, (3) infrasonic wave record (Tahira et al. , 1996). (4) Seismic 
Spectral-Amplitude Measurement (SSAM) record from Clark Air Base (CAB) 
station correlated with (5) barogram at CAB (from Hoblitt et al. , 1996). 
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models of pyroclastic flow deposition. Moreover, the observation of ephemeral 

sedimentary processes, which include deposit-derived flow (also known as secondary 

pyroclastic flow) and deposit-derived co-ignimbrite ash columns, allows a high-degree of 

resolution of stratigraphic units that are crudely indicated in the sequence or might 

otherwise be lost in older ignimbrites and associated deposits. 

Field investigations on the 1991 ignimbrites of Pinatubo aim to understand the 

generation, transport, and depositional processes of moderate size pumiceous pyroclastic 

flows . Mapping and stratigraphic work on the 1991 deposit while relatively in pristine 

state will yield important insights on how changes in the pattern of venting, control of 

topography, and effects of deposit aggradation influence the final outcome of the textural 

character and facies distribution of ignimbrite. The eruption, which will be put into the 

well-constrained temporal framework of the 3.5- hour-long climax, sheds much-needed 

light on current issues in volcanology, particularly concerning depositional model of 

pyroclastic flows (e.g., Branney and Kokelaar, 1992; Cole and Scarpati, 1993; Cole et al., 

1993). The 1991 Pinatubo ignimbrite provides an excellent opportunity to test 

hypotheses about whether ignimbrite lithofacies record flow-boundary conditions in a 

sustained (quasi-steady) pyroclastic density current or bulk properties of a plug-flow. 

This study also provides information on the amount of co-ignimbrite ash 

generated in the 1991 eruption by determination of crystal enrichment (CE) in the 

ignimbrite (Walker, 1972; Sparks and Walker, 1977; Wilson, 1985). This aspect of the 

study bears upon comparisons of field results with experimental work on density current 

(pyroclastic flow) systems and suggests some limitations to the calculated erupted 

volume by the CE method. Experimental data suggested that both slope and degree of 
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entrainment of air, and hence the elutriation of co-ignimbrite ash clouds, are important 

controls on the runout travel and deposition from pyroclastic flows (Sparks et al., 1991; 
~. ) '; 

Woods and Bursik, 1994). 

REVIEW OF PREVIOUS WORKS 

Products of the 1991 Eruption 

The 1991 eruption consisted, of a sequence of events and produced layers of 

deposits that are chronologically and stratigraphically designated as A, B, C, and D 

(Koyaguchi and Tokuno, 1993; Koyaguchi, 1996; Paladio-Melosantos et al.,1996; Rosi et 

al., 2001; Koyaguchi and Ohno, in press; see Fig. 6). Layer A accumulated during the 

June 12 eruption and is characteristically rich in gray pumice and lithics. Mapping of 

layer A shows narrow, elongate isopachs that extend to the west and southwest of the 

vent (Koyaguchi and Tokuno, 1993; Koyaguchi, 1996; Paladio-Melosantos, 1996). 

Pyroclastic flow deposits associated with the June 12 eruption have been identified in few 

locations along the Maraunot valley showing characteristic abundance in juvenile dense 

lithic fragments that were most likely derived from iJune 7-12 dome. Layer B was mostly 

laid down during dilute pyroclastic flow eruptions on June 14 to early afternoon of June 

15 (Phase V in Hoblitt et al., 1996), producing the ubiquitous thin laminae of fine ash at 

the base of the 1991 ignimbrite sequence. Layer B consists of accretionary lapilli-rich 

ash fallout, surge deposits and, in some places, thin layers of pumiceous ignimbrite that 
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are believed to have been emplaced by laterally directed, ground-hugging flows, some of 

which have been spawned from a >20 km high vertical columns. 

The fallout deposits that accumulated during the climactic eruption, C 1 and C2, 

correspond to fines-poor and bimodal (i.e., fine-medium ash mixed with lapilli) fallout, 

respectively. Most of the ignimbrites and surge deposits that were produced during the 

climactic phase (Phase VI in Hoblitt et al., 1996) were coeval with tephra accumulation 

as fall layer C2 and, therefore, designated as layer C2ig (ignimbrite) and C2s (surge), 

respectively. The C2s layers form the stratified horizons that are very prominent at the 

basal and middle parts of ignimbrite sequence. These stratified horizons are really parts 

of the ignimbrite that were deposited by more dilute parts of the pyroclastic flow system, 

but we use the term surge for convenience. Plinian tephra also figured in the stratigraphy 

of distal valley-confined sequence as intra-ignimbrite fallout. These layers display 

characteristics of hybrid fall deposit to some degree (Wilson and Hildreth, 1998). Intra

ignimbrite plinian fallout layers ai;e labeled as layer C2if. The lithic-rich pyroclastic flow 

emplaced layer C3 near the top of the ignimbrit(( sequenc.e that was roughly coincident 

with the end of the plinian phase (Scott et al., 1996). Layer C4 in ignimbrite sequence, 

which consists of lithic-rich pumiceous ignimbrite that overlies the lithic-rich facies, is 

probably post-plinian. Apparently, pyroclastic flow generation continued through the 

post-plinian stage and, therefore, co-ignimbrite ash deposits minus the plinian tephra is 

designated layer C3 and C4 in the fallout sequence. Correlative layer C4 in fallout 

sequence corresponds to co-ignimbrite ash that settled after the ignimbrite has been 

emplaced. However, layers C3 an9 C4 fallout may have also included elutriated ash that 

was generated by penecontemporaneous dry state remobilization of early deposits. 
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Frequent but waning phreatomagmatic eruptions throughout the next six weeks 

(Phase VII in Hoblitt et al., 1996) followed the June 15 climactic phase. The explosions 

generated base surges and accretionary lapilli- and ash aggregate-rich ash fall, i.e., layer 

D, which attenuated strongly away from the caldera rim. Layer D deposition at the 

notches facing the Maraunot and O'Donnell valley sides of the caldera (Fig. 7) 

accumulated three meters of a fine grained surge-fall sequence, while the fine ash fallout 

blanketed the surrounding slopes within 6-8 km from the crater rim. These post-climactic 

eruptions removed a considerable volume of intra-caldera deposits and deepened the 

caldera floor at the end of this phase (compare Figures 4B and 4C in Punongbayan et al., 

1996). 

A late-stage magmatic intrusion a year after the climactic eruption produced an 

exogenous dome on the caldera floor (eruptive phase VIII of Hoblitt et al., 1996). The 

post-climactic dome grew for four months but added nothing to the stratigraphy outside 

the caldera and, therefore, is not considered in the &tandard section. 

Post-eruption dry-state remobilization of vent-derived deposits caps the long 

series of magmatic-pyroclastic processes. Massive deposit-derived ignimbrites filled up 

the valleys and widespread deposit-derived co-ignimbrite ash blanketed the adjacent 

topography and areas downwind from the avalanche escarpments. These deposits are 

lumped into layer E, but may be individually recognized in the field as layer Eig for 

ignimbrites and layer Ef for the co-ignimbrite ash. Dry-state remobilization went on for 

9 years after June 1991 in diminishing magnitude and frequency, producing mainly small 

pyroclastic talus fans in front of thick ignimbrite sections in later stages. 
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Figure 7. Stratigraphic section 
of layer D at O'Donnell and 
Maraunot notches of the ' 
Pinatubo caldera rim. Layer D 
consists mostly of accretionary 
lapilli-rich fall and surge 
deposits. Variable thickness of 
the sections indicates spatial 
and temporal changes : of the 
eruption center and intensity, 
respectively, and the episodic 
sectoral collapses of the caldera 
wall. Sectoral collapses during 
layer D eruptions produced the 
lithic avalanche deposits in 
these sections. An undated 
photograph (anonymous) shows 
a post-climactic eruption column 
as viewed towards south. 
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Brief Review of lgnimbrite Transport and Emplacement Models 

In recent decades models of pyroclastic transport have evolved from simple plug 

flow to more complex stratified flow (Valentine, 1987), flow transformation and cyclic 

decoupling (Fisher, 1990, 1995). Despite different fundamental assumptions of boundary 

conditions, these models of pyroclastic density currents have common features such as 

increasing clast concentration towards lower current boundary, density stratification, and 

progressive loss of fine particles to a co-ignimbrite ash cloud. 

Previous workers observed sedimentary features that are common in ignimbrite 

deposit sequences, such as basal cross-stratification, dense lithic segregation near the 

bottom, a massive homogenous main section, and pumice concentrations in the upper part 

of the sequence. Sequentially arranged from the bottom up, these features were 

incorporated as standard stratigraphic characteristics of ignimbrite (Sparks et al., 1973; 

Sparks, 1976; Wright and Walker, 1981; Freundt and Schmincke, 1986), which was 

apparently deposited by a plug-type pyroclastic flow. Of fundamental importance in plug 

flow model, density and rheology do not vary significantly with height above the base of 

the flow, where matrix strength, clast buoyancy and grain interaction are dominant 

particle support mechanisms. A corollary of this is that ~he ignimbrite is envisaged as 

replica of the bulk character of the flow that stops over a fixed locality. The conventional 

plug flow model has been elaborated and modified to explain the observed departures 

from "standard ignimbrite", which includes fines-depleted ignimbrite (Walker et al., 

1980), ignimbrite veneer deposit (Walker et al., 1981; Wilson and Walker, 1982), low

aspect ratio ignimbrites (Walker, 1983), and hot "sticky" pyroclastic flows (Freundt, 



1998). 

Tractional facies in ignimbrite do not fit seamlessly with the plug flow model. 

Conventional understanding of tractional sedimentation envisages a flow where 

turbulence plays a dominant role. Turbulent transport is a complex phenomenon to 

model, but a reasonable approximation describes turbulence as a diffusive process 

(Valentine, 1987) with clast concentration showing systematic and gradational variation 

with height from the interface of the deposit and base of pyroclastic flow. This 

simplification is described by Valentine ( 1987) as 

S!So = [llo (l-11) I Tl (l-110)] PTi 
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where S is the volume concentration of solid particles and Tl is the nondimensional height 

y!d (y is any vertical height and d the tot~l depth). Parameters with zero subscript refer to 

conditions at a reference level in the flow. Rouse number, Pll, is a ratio of clast settling 

velocities and degree of turbulence given as: 

P11 = wJku* 

where Wi is the settling velocity of population i and u * is the shear velocity. The Von 

Karman's coefficient, k, is defined as k=Uy, where Lis the mixing length. This 

coefficient is generally assumed to be 0.4. In the stratified flow model, the spectrum of 

clast concentration is densest at the base 'Of the flow. Clast concentration decreases 

vertically through flow height at rates that vary with Rouse number. Turbulent flows 



with low Rouse numbers exhibit greater competence to keep most clasts in suspension. 

Plug flows can be considered to be end-member variants of a stratified flow with high 

Rouse numbers. 
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Initial turbulent flows may develop nonturbulent underflows and, perhaps, 

intermediate transient flows, co-existing with a turbulent dilute (low particle 

concentration) upper current (Fisher, 1995). Each of these derivative flow components is 

constantly evolving during the duration of the current, undergoing flow transformation 

(Fisher, 1995), density stratification (Valentine, 1987), and decoupling (Fisher, 1990, 

1995). Decoupling of pyroclastic flows occur when vent-derived flows encounter 

topographic barriers, allowing, the turbulent upper current to propagate along the pre

blocking flow direction, while causing the ponding or diversion of the denser underflow. 

Meanwhile, second-stage derivative flows may emerge from decoupled upper current by 

gravity segregation, entrainment of ambient air and fluidization (Yamamoto et al., 1993; 

Fujii and Nakada, 1999). The generation of derivative flows may proceed for several 

stages [cyclic decoupling in the sense of Hoblitt (1986) and Fisher (1995)] until the 

decoupled pyroclastic flow at the final stage loses particulate components by 

sedimentation and inflates by air entrainment to become buoyant in ambient air. At the 

pyroclastic flow's runout distance, fine ash-laden clouds buoyantly takeoff as co

ignimbrite cloud (Woods and Wohletz, 1991; Dobran et al., 1993; Bursik and Woods, 

1996). 

The depositional system of pyroclastic density currents is considered to be 

behaving as laminar flow that is independent of the degree of turbulence and clast 

concentration of the transport system (e.g., Branney and Kokelaar, 1992). Previous 



workers who built a case around plug flow and dense underflow models envisaged the 

pyroclastic density current freezes en masse (Sparks, 1976; Wright and Walker, 1981; 

Carey, 1991), or decelerates to a halt from the bottom up in order to emplace the 

ignimbrite. Furthermore, Branney and Kokelaar (1992) suggested that ignimbrites are 

formed by progressive aggradation, which may <;>ccur by ~uspension sedimentation 

(gradual aggradation) or by "freezing" of successive traction plugs (stepwise 

aggradation). 
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Previously proposed models were considered in explaining the generation, 

transport, and deposition of the pyroclastic flows from the overall stratigraphic 

characteristics of the volcaniclastic sequences and the sedimentary features of different 

facies of the ignimbrite. Since the whole range of depositional processes can be observed 

at Pinatubo, this study can test ho'Y the Pinatubo ignimbrites fit these models or whether 

the deposits presents more complicated process that had not been previously described. 

CHARACTERISTICS AND DEPOSITIONAL FACIES OF VENT-DERIVED 

IGNIMBRITE AND PLINIAN DEPOSITS 

Geophysical monitoring during ignimbrite generation has uncovered a 

complicated eruptive process that would be difficul~ to duplicate in numerical simulations 

and laboratory experiments. Still, many important inferences await geological studies of 

the deposits for validation of existing models on emplacement of pyroclastic flows, given 

time scale of generation and rate of accumulation of pyroclastic deposits. This section 
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details the observed characteristics of VDI in the field an~ laboratory. This section also 

describes the fall sequence that was deposited during the climactic eruption, as the 
I , 

change in the pattern of fall accumulation and the characteristics of the fall deposits 

reflect similar shift in eruption dynamics and the n~ture of ignimbrite generation and 

deposition. 

Description of the 1991 Vent-derived Ignimbrite 

The June 1991 eruption of Pinatubo emplaced hot, massive, pumice-rich, non-

welded ignimbrite, which together with veneer deposits and widespread plinian tephra, 

constitute the erupted products during the climactic stage. The 1991 ignimbrite filled 

most of the pre-existing major river, valleys, namel:y S;:tcobia, Pasig-Potrero, Marella, 

Balin-Baquero, Maraunot, Bucao, and ODonnell (see Fig. 1), leaving high points of pre-

eruption topography jutting out of ignimbrite fan surfaces like isolated islands. 

Thicknesses of the valley-filling facies attained a maximum of 200 m in places, but 40-80 

m thickness is more common elsewhere. Ignimbrites were also emplaced in the Bangat 

and Gumain river valleys on Pinatubo's northwest and south flanks respectively. The 

bulk of the pyroclastic flow deposit lies within 3-9 km from the vent, but some extends to 

16 km. The pyroclastic flows also swept nearby highlands and interfluves (Scott et al., 

1996). Ignimbrite accumulated at rat~s of 0.4 to 1.0, m/min at the thalweg of pre-eruption 

valleys, creating major ignimbrite fans; veneer deposits in the highlands accumulated 

much more slowly. 

The 1991 ignimbrites maybe grouped based on the proportion of pumice clasts, 
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juvenile lithic fragments (i.e., cognate li~hic clasts), and fragmented country rock (i.e., 

accidental lithic clasts). Pumice-rich pyroclastic flow deposit is the most common 

ignimbrite at Pinatubo and the important source of materials for dry-state remobilization 

and lahars. Pumice-rich ignimbrites exhibit massive and stratified facies (Scott et al., 

1996). The massive pumiceous facies constitute the bulk of valley-ponded deposits on 

pyroclastic flow fans with thickness of up to 200 meters on deep thalwegs. Its clast 

assemblage consists mostly of coarsely vesiculated phenocryst-rich (PRP) and finely 

vesiculated phenocryst-poor (PPP) dacitic pumices (Bernard et al., 1996; David et al., 

1996; Luhr and Melson, 1996; Pallister et al., 1996), which constitute about 60 wt% of 

the -2 <1> to -4 <1> clast size range. The June 15 pumiceous ignimbrites are moderately 

sorted to poorly sorted ( cr$ = 1.5 to 3 .5) with a grain-size distribution dominated by 

medium to coarse ash fraction. Median grain-size ranges from 0 to 2.5<j>. Cognate and 

accidental lithic fragments are uniformly dispersed in the massive valley-ponded section. 

Stratification created by fines-depleted laminae, stringer of cross-laminated bed and clast 

concentration define the stratified horizons at the base, middle and margin of thick 

valley-ponded deposits. 

Cognate lithic-rich ignimbfite emplaced on June 12 contains significant 

proportion of the pre-climactic 1991 dome fragments, but old dome fragments and dense 

gray pumice are also present. Wherever· it is preserved, cognate lithic-rich ignimbrite is 

found at the basal layer of an ignimbrite sequence. However, this pyroclastic flow 

deposit is not a significant source of secondary ignimbrites. 

Climactic lithic-rich pyroclastic flow deposit contains boulder and gravel-sized 

clasts and old lava dome fragments from the summit dome complex and volcaniclastic 
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apron. This deposit forms the thick lithic concentration near the top of the valley-ponded 

ignimbrite sequence, indicating it was generated near the end of the climactic eruption 

(Scott et al., 1996). Although generally clast-supported, the space between clasts is filled 

with matrix of similar grain size and component assemblage as the matrix of the pumice

rich ignimbrite. Accidental lithic-rich ignimbrite is preferentially distributed in the 

valleys that previously headed on the former summit and now terminate at notches along 

the rim of the 1991 caldera. A similar boulder-sized accidental lithic clast assemblage 

constitutes lag deposits in the proximal regions of valley-ponded ignimbrites. 

Proximal to Distal lgnimbrite Transition 

The proximal to distal depositional facies will be described mostly from the 

longitudinal profiles of ignimbi;ite .sequences in the O'Donnell valley. The ignimbrite 

along the O'Donnell reached a maximum run-out distance of 12 km from the caldera rim. 

The bulk of the pyroclastic flows were generally confined within the pre-existing valleys, 

where aggradation was heaviest. It encroached onto the side canyons and spilled over the 

interfluves when the valley was filled up with ignimbrite. To date, the pre-eruption 

topography have been uncovered by ero.&ion and the original depositional surface of the 

ignimbrite may only be deduced from a sharp vegetation trim line (VTL) that stretch 

across the side valleys. Above the VTL is dense resurgent vegetation, in sharp contrast 

with sparse vegetation growth in areas below it (Fig. 8). 

Scott et al. ( 1996) defined proxi:n;ial, medial and distal areas around Pinatubo 

summit caldera as distances ranging from 0-2 km, 2-5 km and 5-15 km, respectively, 

,,I 
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Figure 8. Photograph taken in November 1999 in the Marella River 
valley shows the "vegetation trim line" (VTL) , marking the original 
depositional surface of the 1991 vent-derived ignimbrite. Resurgent 
vegetation grows more vigorously above the VTL. All the ignimbrite has 
been eroded away in this channel. A lahar depositional surface (LOS) 
can also be traced from an intensely eroded lahar terrace in the 
foreground and remnant deposit in valley slopes (photo by Peter 
Mouginis-Mark) . 
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from the present rim. Instead of fitting field descriptions of ignimbrite to these ranges of 

distance, ignimbrite lithofacies were grouped based on location and the relationship of 

deposition with the surrounding topography, i.e., intra-caldera, near-vent, upper valley, 

pyroclastic fan, and lower valley sequences (Fig. 9). Intra-caldera and near-vent 

sequences refer to ignimbrite and coeval deposits found inside and just outside the 

caldera, respectively. Pyroclasticfan sequence refers to a flat-topped, laterally 

contiguous and extensive ignimbrite sheet that indiscriminately buried the main valley, 

interfluves and side valleys. Upper valley and lower valley sequences include the 

ignimbrites located upstream and downstream of the pyroclastic fan, respectively, but 

that were essentially channel confined. 

Intra-caldera Sequence 

The earliest post-eruption photos (see Fig. 4A in Punongbayan et al., 1996) 

showed the newly formed crater that was much shallower than its configuration 1 year 

after. The crater floor appeared dry and filled with ignimbrite, some of which sloped 

upward on intra-caldera slopes, perhaps representing the deposits of the pyroclastic flows 

that failed to scale the crater rim. This also suggest that the generation of pyroclastic 

flows continued, perhaps for a short while, after the caldera has formed, i.e. , during and, 

for a short while, after the lithic-rich ignimbrite accumulation. The intra-caldera 

sequence that was perched on steep slopes (Fig. 10) was subsequently reamed out by 

post-climax phreatic explosions (i.e., layer D eruption) and reworked by epiclastic 

processes or landslides (see also Fig. 7). More recent landslide deposits contain large 



Figure 9. A) Map of the distribution of 
fan-building VDI facies in the O'Donnell 
valley, which includes the intra-caldera, 
near-vent, upper valley, ignimbrite fan and 
lower valley sequences. B) Idealized diagram 
showing the proximal to distal transition of ignimbrite 
sequence in longitudinal section of valley-ponded 
ignimbrite sequences. C) Logged sections in the 
O'Donnell. 
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A 

Figure 10. A) Remnant intra-caldera ignimbrite is seen on the on the steep 
western slopes of the caldera (photo courtesy of PHIVOLCS-GDAPD). This 
1996 photo also shows a high lake level that covered most of the caldera 
floor. B) A 1.5 m thick layer D, consists of laminated accretionary lapilli-rich 
fall and surge deposits, at the O'Donnell notch of the caldera rim. 
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chunks of ruptured ignimbrite, blocks of caldera wall and lithic-rich ignimbrite. 

Near-vent Sequence 

Close examination from the crater rim notches at O'Donnell and Maraunot to 1 

km downslope revealed a region that was practically stripped of vegetation and soil. 

Maybe C2 ignimbrite veneer was stripped away, too, as none remains. The sides of the 

valley show marks of scouring and abrasion to the very top (-300m), indicating the 

passage of turbulent and expanded pyroclastic flows. The lag deposit overlies a 25-30 

cm thick laminated ash and fines-depleted, lithic-rich pyroclastic flow deposits or layer B 

of the pre-climactic events (i.e., phase IV and Vin Boblitt et al., 1996). Juvenile, dome 

lithic-rich ignimbrite of June 12 (i.e., layer A) that were seen in the Maraunot ignimbrite 

fan have not been similarly identified at O'Donnell valley. Large accidental lithic blocks 

and cognate lithics from the ruptured June 1991 dome decoupled from the pyroclastic 

flow and accumulated into lag deposits at few hundred meters from crater rim. This lag 

deposit, which contains 0.30 to 1.5 m diameter blocks, acquires interstitial coarse-grained 

matrix at 500 to 1,500 m from the rim (Fig. 11),,marking the boundary where the 

pyroclastic current started to indiscriminately deposit hydrodynamically incongruent 

particles. The sequence contains charred logs, especially in the lower part of the section. 

Gas-escape pipes in the matrix, where the finer material was winnowed out, emanate 

from the charred debris and extend quite noticeably up into matrix-supported facies. 

Layer D ash mantles the near-vent region and the intra-caldera slopes, but is 

conspicuously thicker on lower portions of the caldera rim. The thicknesses of layer D 



A 

B 

Figure 11 . Near-vent facies in the 
O'Donnell valley characterized by (A) 
block-rich lag deposit. Hydrothermally 
altered lithic clasts is most abundant 
above the pre-eruption surface. B) 
Clast and matrix-supported block-rich 
lag deposit at the boundary of near
vent and upper valley sequence at 1.5 
km from the caldera rim. 
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sections at the notches are also variable because these sections were formed at various 

stages during the post-climactic eruptions. Layer D deposited on late-wall collapse 

breccias is thinner than that lying directly on the pre-eruption surface. 

Upper Valley Sequence 

40 

Channel-confined pumiceous ignimbrite several tens of meters thick is found at 

1.5 to 4.5 km from the crater rim in the O'Donnell valley and 2 to 4 km from the rim in 

the Maraunot and Balin-Baquero parts of the western ignimbrite fan. Upper valley 

deposition at Sacobia and Marella formed much thicker deposits, where constrictions lie 

at 5.5 to 6 km distance from the crater. Those topographic constrictions partitioned the 

ignimbrite at Sacobia and Marella almost equally into the upper valley and fan regions. 

The upper valley sequence marks the onset of deposition of the pumiceous 

ignimbrite and gradual segregation of the fine and coarse pumiceous fractions. The 

ignimbrite facies is loosely compacted and displays clasts and matrix proportion like that 

of most massive valley-ponded ignimbrites at Pinatubo. The matrix exhibits fines 

depletion and crystal enrichment. The clast assemblage includes PRP, PPP and mixed 

pumices, glassy to porphyritic andesite dome fragments, and accidental lithics. Pre

climactic ash is noticeably absent; most likely eroded by early climactic pyroclastic 

flows. Vague stratification is seen in the vertical sections, which reveal a slight variation 

in median grain size and the amount of fine fraction (Fig. 12). The stratification becomes 

more prominent near the mid-section of the sequence. Two separate horizons of gravel to 

boulder-sized lithics lies near the middle and top of the sequence. The middle lithic-rich 



A 

B 

Figure 12. Upper valley ignimbrite sequences (20 m thick) across the 
O'Donnell channel. A) Section on the western margin of the channel 
exhibits diffused lithic-rich and subtle stratification . Culminating lithic
rich pyroclastic flow deposit is well-defined in the upper part of the 
section. B) The character of the section changes dramatically on the 
opposite side of the channel. Pronounced lithic-rich concentration and 
stratified horizon is seen in the middle part of the section . Upper lithic
rich pyroclastic flow deposit is absent. The original depositional surface 
is preserved in both sections. 

41 



42 

horizon is part of the lag deposits of C2ig and stratigraphically below the culminating 

lithic-rich pyroclastic flow deposit (layer C3). It varies notably across the upper valley 

and becomes dispersed within the fan sequence ignimbrite. On the west margin of 

O'Donnell, the middle lithic-rich facies shows widely dispersed matrix-supported cobbles 

and gravel-sized clasts above a crudely stratified horizon. On the opposite side of the 

valley, correlative middle lithic-rich horizon is clast-supported and overlies a pronounced 

stratified horizon. 

The upper lithic-rich bed represents layer C3 and extends for more than a 

kilometer along O'Donnell down into the fan area. This upper lithic-rich layer is mainly 

concentrated on the west margin of the valley, occupying less than a third of the valley 

width. It is less than 5 m thick and displays an interlocking framework of angular to 

subangular lithic clasts chiefly decimeters and occasionally more than 1 min diameter. 

The basal portion of the lithic-rich facies has dented into the underlying ignimbrite, but 

the upper boundary is nearly flat. A meter-thick lithic-rich pumiceous ignimbrite unit 

caps the upper valley sequence. 

Pyroclastic Fan Sequence 

The distance of the pyroclastic fan apex from the crater rim varies slightly in 

every valley system, probably depending on valley dimension and gradient, mass flux 

and conveyance efficiency of main and tributary channels. The 1991 pyroclastic fan at 

O'Donnell begins at about of 4.5 km from the caldera rim, eventually covering both 

O'Donnell and Bucao valleys. Meanwhile, Maraunot and Balin-Baquero ignimbrite fan 
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apices lie 3.5 to 4 km from the caldera rim. The pre-eruption Maraunot and Balin

Baquero rivers had shallower valley floors, denser drainage network, and more subdued 

surrounding topography, which allowed the build up of pyroclastic fans at closer 

distances from the caldera rim. Pyroclastic fans of the Sacobia and Marella valleys 

formed downstream of constrictions 5.5 to 6 km from the caldera rim. Ignimbrite 

aggradation was greatest on pyroclastic fans, where it buried pre-eruption topography 

under 80-100 m thick deposit, creating flat surface with less than 2° gradients. The great 

thickness of the ignimbrite in the pyroclastic fans has maintained a hot and dry core to 

remain near prevented rapid cooling of the system, priming up this area to become ideal 

sites for large dry-state remobilization. 

Deeply eroded portions of the fan have exposed generally massive, uncompacted, 

and highly unstable vertical sections. Discontinuities in sedimentary character of the 

1991 deposit are shown by stratification at the base, middle and margin of the deposit, 

pumice concentration zones, and lithic-rich horizons (Fig. 13). The basal stratification 

varies in thickness, bedding definition, and stratigraphic association with early fall tephra. 

The pre-climactic ashfall, surge and flow deposits are usually intact below the fan 

sequence. Early plinian tephra is occasionally preserved on valley slopes but exhibiting 

evidence of secondary movements or reworking, such as coarse tail lenses of drain-down 

flows. On the other hand, basal stratification appears to be lapping on the valley margin 

slopes, giving the impression of opposite current directions (Fig. 14A). 

The stratification in the middle section of valley-ponded ignimbrite is laterally 

persistent across the valley, merging with the basal stratification at the margin and on 

interfluves (Fig. 14B). The stratification varies from a thick, laterally persistent, clast-
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Figure 13. Sections of lgnimbrite fan sequence in the O'Donnell valley. A) A 80-m thick section of a dominantly 
massive, loosely consolidated pumiceous ignimbrite. lgnimbrite fan sequence exhibits stratified horizons at the 
base and around the upper middle part of the section. 5-10 m thick lithic-rich horizon near the top of the 
section. (B) Basal and middle stratified horizons merge at the channel margins. 
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Figure 14. Stratified horizons in ignimbrite fan sections in the O'Donnell 
valley. A) Sketch of a basal part of pyroclastic fan sequence (section 
97-1112-04) on the valley margin. Sedimentary structures indicate 
opposing paleocurrent directions. B) Basal stratified layer merging with 
the middle stratified horizon (section 95-1015-02) 
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poor massive bed to a discontinuous, cross-laminated horizon to a thin parting within the 

ignimbrite sequence. Near the valley axis, the middle-stratified horizon is thicker and 

reveals stratified massive and laminated flow deposits. Towards the valley margin, the 

flow deposits thin out into laminated fines-depleted units. Cross-stratification indicates 

flow propagation along the valley axis that was directed away from the vent, while the 

same horizon exhibits opposing paleocurrents transverse to the valley axis flow direction. 

The middle-stratified horizon in valley-ponded-ignimbrites is seen in all pyroclastic fans , 

which evidently suggests a significant change in eruptive behavior rather than a 

momentary localized unsteadiness in the pyroclastic current. At about the same horizon, 

foreset-type bedding features are formed in the ignimbrite sequence at an embayed 

margin of the O'Donnell Valley (Fig. 15). The foresets show lateral accretion of the 

pyroclastic fan sequence towards valley margin. In a related observation, the massive 

valley-ponded ignimbrite at the valley axis acquires a broadly undulating stratification 

that slopes gently upward and fades out on the margin. The distinction of different 

stratification becomes obscure on uplands and interfluves as the stratified horizons merge 

into the veneer facies (Scott et al., 1996). 

Pumice concentration zones appear in the deposits that were emplaced on rugged 

pre-eruption surface or at the convergence of the pre-eruption channels. Discontinuous 

trains of large pumice clasts, which are tens to hundred meters long, indicate bedding 

features in the massive sections of ignimbrite. The pumice trains appear to prograde 

downslope with bedsets gently dipping aJ 3-5 degrees. 

The bedded, lithic-rich ignimbrite (i.e., layer C3) extends into the fan area and 

breaks down into lenses and pods of lithjc concentration towards the distal parts of the 
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fan. Its basal portion sags into the underlying pumiceous ignimbrite by depths up to 2 m. 

There are other lithic-concentration horizons within the ignimbrite sequence that are not 

correlative with the bedded lithic-rich ignimbrite (layer C3) found atop the sequence. 

These lithic-concentrations were observed as thin lenses at different stratigraphic levels 

in fan sections, e.g., below a stratified horizon in the Marella fan, above a stratified 

horizon in O'Donnell fan, and at several horizons in the Maraunot fan. 

Lower Valley Sequence 

A noticeable steepening in slope from 1.5° to 4° marks the transition between the 

pyroclastic fan and lower valley sequences. In the O'Donnell Valley, the transition 

occurs at 7.5 to 8 km from caldera rim (Fig. 16). Beyond the lobe of the fan, valley

ponded ignimbrites were valley-confined for about 3 to 4 km. The sequence is usually 

20-40 meters thick at the onset, tapering to 5-10 meters near the snout. Bedding features, 

such as pumice concentration zones, laminated to cross-laminated horizons, and intra

ignimbrite plinian fallout are common bedding features in vertical sections of the 

sequence (Fig. 17). Pumice concentration zones occur as lenses and stringers that form at 

several horizons within the massive deposit. These features indicate bedding orientation 

that is generally horizontal in the upper part of the sequence, but increasingly controlled 

by the gradient of pre-eruption topography towards the bottom. Ignimbrites at the base of 

the lower valley sequence are characterized by vague stratification, abundance of PPP 

clasts, and charred tree debris. Paleocurrent directions that were determined at the 

channel margin reveal bi-directional flow upward and downward the slope transverse to 
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Figure 16. Photographs of the pyroclastic fan-lower valley sequence transition. 
A) In the O'Donnell valley, the transition is marked by a noticeable change in 
slope from 1.5 to 4 deg. at 8 km from the caldera rim. B) Main ignimbrite fan to 
lower valley (Kalut fork) ignimbrite transition viewed from Tarukan. 
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the valley axis. Indicators of ~urrent direction include cross-stratification, lithic-rich 

lenses, and bending of plant stalks (Fig. 18; see also Fig. 14A). Lithic-rich facies form 

pods and lenses within the upper part of the sequence, where the host ignimbrite 
I . 

noticeably displays lithic-enrichment. 

Plinian fallout is commonly associated with thin lamination of fine ash and 

normally preserved at the base of the lower valley sequence (Fig. 19). Intra-ignimbrite 

plinian fallout together with overlying fines-depleted laminated ash or low-angle cross-

stratified surge deposit form a sharp hiatus in ignimbrite stratigraphy. Pumice grain sizes 

and fines content of intra-ignimbrite plinian tephra are comparable to layer Cl plinian 

fallout on nearby interfluve (Fig. 20). However, intra-ignimbrite fallout pumices are 

relatively less angular than correlative plinian pumices in fallout sequence. 

Ignimbrites along channel meanders exhibit vague stratification characterized by 

prograding bedforms (Fig. 21). Offlap break of clinoforms shows migration towards the 

convex side of the meander loop, which possibly indicate direction of accretion towards 

the main current. The distal facies at the convergence of Kalut and Duray valleys shows 

a <1-meter-thick massive pyroclastic flow deposit that bears characteristics of layer 2 in 

the idealized ignimbrite section proposed by Sparks et al. (1973) and later workers. The 

most distal ignimbrite buried the old lahar terrace between Kalut and Duray, but did not 

reach top of the lahar terrace at Tarukan. 

Scott et al. (1991) initially thought that the 1991 eruption fit the classic model of a 

plinian column preceded by column·coll').pse at later stages (Sparks and Wilson, 1976). 

Follow up work by Scott et al. ( 1996) and this work on the medial and proximal portions 

of ignimbrite fans uncovered strong arguments for the co-plinian 
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nature of the 1991 ignimbrite. 

Fallout Deposits During Climactic Eruption 

The Pinatubo ignimbrite is mostly co-plinian (Scott et al., 1996). As such, the 

depositional history of the ignimbrite sequence is closely related to a coeval accumulation 

of plinian tephra. The different types of fallout layers at Pinatubo are products of the fall

flow interaction and were used as indicators of the timing of pyroclastic flow deposition 

and of the change in the overall character of the eruption. 

Widespread fallout deposition during the climactic eruption from the plinian 

umbrella cloud and co-ignimbrite ash cloud form distinct stratigraphic markers that can 

be recognized as fines-poor plinian fallout, bimodal fallout, intra-ignimbrite plinian 

fallout, and co-ignimbrite ash fallout. Plinian fallout is apparently absent in the upper 

valley, in pyroclastic fan sequences and on adjacent interfluves, since those areas are 

exposed to pyroclastic flow's transport system. The plinian tephra is readily lost to 

erosion or simultaneously incorporated within pyroclastic flows in the upper valleys and 

ignimbrite fans, but occasionally preserved beneath the lower valley sequence (Fig. 22), 

where erosion was not as intense. A thicker fallout deposit on areas beyond the reach of 

pyroclastic flows indicates continued plinian tephra accumulation during the period of 

pyroclastic flow generation. Co-ignimbrite ash that was deposited simultaneously with 

plinian tephra fallout produced a bimodal deposit. 
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Layer Cl: Fines Poor Plinian Fall 

Fines-poor plinian fallout is designated here as layer Cl (see Fig. 6), following 

the subdivision of fallout layers by previous workers (Koyaguchi and Tokuno, 1993; 

Koyaguchi, 1996; Paladio-Melosantos et al., 1996; Koyaguchi and Ohno, in press). 
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Layer C 1 consists of moderately sorted angular lapilli pumices, blocky lithic fragments 

and coarse crystals. Median grain size decreases with distance from -0.9 to -0.4<j> (Fig. 

23) as observed within a few kilometers from the lower valley sequence along the 

O'Donnell Valley. The fine fraction >4 <j> is less than 5 weight percent and increases 

slightly over the same distance. Pumice clast assemblage is dominated by PRP, but also 

includes a minor fraction of PPP, which early workers observed to proportionally 

decrease further in later plinian fallout (Paladio-Melosantos et al., 1996; David et al., 

1996). Lithic content in layer Cl constitutes 8-12% of its bulk weight. Lithic grains with 

vestiges of hydrothermal alteration display a yellowish to brownish color, and become 

less common in upper fall tephra. Crystal enrichment is increasingly dominant towards 

the fine fraction of the distribution, as crystals dominate over vitric and pumice 

components. 

Overall, the cumulative thickness of layers Cl and C2 varies as a function of 

distance from the vent (see Figure 7 of Paladio-Melosantos et al., 1996; Figure 3 of 

Koyaguchi, 1996), but in particular, layer Cl exhibits variable thickness in relation to its 

proximity to sites of ignimbrite deposition. Emplacement of layer C2 commenced earlier 

in the vicinity of pyroclastic flows as intense co-ignimbrite ash deposition ended further 

accumulation of layer Cl. Meanwhile, layer Cl accumulation on the valley floor was 
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curtailed by the onset of ignimbrite emplacement. At O'Donnell, where the main valley 

forks into Duray, Kalut and Mag-ubi valleys, layer Cl is thickest at the base of ignimbrite 

at Mag-ubi. On the other hand, layer Cl has accumulated similar thicknesses below the 

ignimbrite in Kalut, fall-surge sequence on Maalarong ridge (i.e., between Mag-ubi and 

Kalut) and fallout sequence on Kawayan ridge (i.e., between Kalut and Duray) (Fig. 24), 

indicating similar instances that mark the end of layer C 1 accumulation despite being 

overwhelmed by different dynamic processes related to pyroclastic flows. The thickness 

of layer Cl may be useful to time the arrival of fan-building pyroclastic flows. Layer Cl 

that is sometimes found interlaminated with fine and coarse ash was probably deposited 

when only dilute flows were able to reach the lower valley. All the layers Cl found in 

the lower valley sequence and interfluves are thinner than the relatively undisturbed layer 

Cl in a plinian fall section at Tarukan (Fig. 25). 

Layer C2: Bimodal Fall 

Fall layer C2,, which consists mostly of pumice lapilli and fine ash, exhibit a. 

distinct bimodal grain size distribution. The fines content, which ranges from 15-25 wt. 

% in the >4 <I> fraction, contrasts layer C2 with underlying layer Cl. Fine ash forms a 

cohesive and commonly vesiculated matrix. Closer examination reveals evidences of 

particle aggregation during fallout accumulation with the presence ash clumps and small 

accretionary lapilli. Lithic components in layer C2 ranges from 15-23 wt%, which is 

consistently greater than layer C 1. In a particular section, the lithic component of layer 

C2 is noticeably twice as much as those in underlying layer Cl. 
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The relative abundance of the fine fraction in layer C2 decreases away from 

valley-ponded ignimbrites (see Fig. 23). In fact, layer C2 is most easily recognized near 

the margin of the lower valley sequence, where the associated veneer system had minimal 

erosional impact. More distal tephra sections, such as those in Clark Airbase and in San 

Marcelino, Zambales, do not even exhibit a distinct boundary between layers C 1 and C2. 

The attenuation of the fine fraction in layer C2 with respect to the sites of ignimbrite 

emplacement reveals its co-ignimbrite ash origin. 

The bulk of the co-ignimbrite ash was integrated into the umbrella region of the 

plinian eruption cloud (Holasek et al., 1996), but premature fallout of moist ash clumps 

and accretionary lapilli occurred in the vicinity of the ignimbrite fan. The closest 

approach of Typhoon Yunya to Pinatubo happened around 1400h on June 15 (Oswalt et 

al., 1996), when the eruption was at its most intense stage. Ash aggregation and 

nucleation formed larger particles with higher settling velocities that decoupled from the 

co-ignimbrite cloud. An important implication of layer C2 is as a stratigraphic marker to 

time the onset of the pyroclastic flow deposition. 

Layer C2if: Intra-ignimbrite Plinian Fall 

The intra-ignimbrite layer C2if defines a sharp parting in ignimbrite and exhibits 

characteristics that may be attributed to fallout deposits. This deposit is a fines-poor, 

moderately sorted, pumice lapilli dominated, and has grain size distribution and 

component assemblage that bear a strikingly similarity to layer Cl (see Fig. 23), 

suggesting that layer C2if originated as plinian tephra. Thus, we refer to this deposit as 



65 

intra-ignimbrite plinian fallout. However, there are also indications that the plinian 

character of this deposit has been modified prior to final deposition. Other observations, 

which include subangular to subrounded pumice lapilli, polymodal size distribution, and 

stratigraphic association with stratified facies, hint at a depositional process that involved 

minor reworking by some flow processes as pumice particles sediment from the eruption 

cloud. 

Intra-ignimbrite plinian fallout occurs as thin lenses of lapilli-sized pumice or 

streaky pumiceous laminae within the lower valley sequence ignimbrite, but loses its 

stratigraphic presence towards the more proximal ignimbrite. Layer C2if in the lower 

valley ignimbrite is closely associated with stratified horizon, while streaky lenses of 

pumice lapilli concentration exist in the middle stratified horizon. These observations 

probably suggest that layer C2if lies within the same stratigraphic position as the middle 

stratified facies in the ignimbrite fan sequence. However, the flow that emplaced the 

middle stratified facies was perhaps too turbulent at the fan regions to rework the plinian 

fallout, but relatively dampened in. the lower valleys to allow limited fallout tephra 

accumulation. 

Layer C4: Co-ignimbrite Ash Fall 

The layer of co-ignimbrite ash, which blanketed the 1991 ignimbrite and layer C2 

fallout, demarcates the end of the climactic phase in the stratigraphic record. The co

ignimbrite ash layer is only 1-2 cm thick: on the ignimbrite sequence, but sometimes 

slightly thicker on fall sequence. Thicknesses of layer C4 can be recognized as relatively 
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undisturbed when succeeded by layer D. Overall, the mass fraction of co-ignimbrite ash 

in layer C4 represents a minor proportion to the total mass of vitric loss in ignimbrite. 

Bulk volume of layer C4 that is deposited within 20 km radius from the summit crater is 

estimated to be 10-25 million cubic meters. Apparently, only a small fraction of the total 

vitric loss ended up as co-igni~brite ash fallout in the vicinity of Pinatubo, while the rest 

should have been dispersed farther out in trace amount or coupled with the umbrella 

cloud. The discrepancy in the volumes of vitric loss and co-ignimbrite ash deposit 

underscores the progressive expurgation of fine particles from the depositional and 

transport systems of the pyroclastic flows into the buoyant co-ignimbrite ash elutriation 

system. Several processes may have operated simultaneously during generation of co

ignimbrite ash, but certainly entrainment of the elutriation system into the plinian column 

and umbrella region dominates over ash fallout deposition by tephra flushing, rain 

flushing and decoupling as accretionary lapilli and ash aggregates. 

lgnimbrite Granulometry 

Grain size characteristics of various pyroclastic deposits, e.g., fall, flow and surge, 

reflect partly or wholly the effects of fragmentation and sorting processes during venting, 

transport and deposition (Wall,<.yr, 1971; Sparks, 1976). Well-constrained granulometric 

data has been utilized to attempt to infer the conditions at. various stages of transport and 

deposition of pyroclasts (e.g., Wohletz et al., 1989). This study uses granulometric 

analysis to highlight fine distinctions between vent-derived and deposit-derived 

ignimbrites, those generated early and late in the sequence, those emplaced proximally 
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and distally, and those produced as end-members in a fluid-dynamic spectrum and as 

hybrid permutation. Systematic sampling across the entire depositional area may give us 

ideas on how transport and depositional processes modify the granulometric character of 

the deposits. However, the samples are generally representative only of the small clasts 

and fine matrix components of the ignimbrite, i.e., tl,le >-5 <I> size fraction. Coarser 

pumice and lithic fragments that were dispersed throughout the section or concentrated in 

certain stratigraphic horizons were not proportionately represented in the described grain 

size distribution herein. Standard sedimentological parameters were calculated and 

presented in a graphical form that facilitates comparison with the ignimbrite field 

outlined by Sparks (1976) and the earlier grain size plots of 1991 ignimbrite by Scott et 

al. (1996). 

Field examination of the 1991 ignimbrite gives the impression of gross similarity 

with previously described, intermediate volume, non-:Welded ignimbrites elsewhere. This 

impression was validated by results of granulometric analysis, where grain size 

parameters of Pinatubo ignimbrite using Inman formula generally plot well within the 

ignimbrite field as defined by Sparks (1976), i.e., a<I> vs Md<!> (Fig. 26). Scott et al. (1996) 

have done similar analyses with similar results. · Vent-derived ignimbrite, including the 

massive pyroclastic flow deposit of Scott et al. (1996), and deposit-derived ignimbrite 

form a common cluster within the ignimbrite field. However, there are few data points 

that lie outside the field and these represent samples of the veneer facies, which Scott et 

al. (1996) referred to as stratified pyroclastic flow deposit. It is interesting to note that 

coeval fall layer C2 also plots inside the ignimbrite field and tightly clusters with the rest 

of the ignimbrite data points. Meanwhile, intra-ignimbrite 
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plinian fallout plots outside the field and clusters with the Layer Cl plinian fallout. 

Weight percent fine fraction in excess of 2.S<j> and 4<j> in ignimbrite samples were 

plotted against increasing distance from crater rim. In both instances, fines content 

increases with distance, as shown by plots of samples along O'Donnell valley (Fig. 27). 

However, the trends show a poor linear relationship as evidenced by a regression 

coefficient (R2
) that was calculated at 0.47 for fines fractions >4 <j> for 43 samples. Fine 

ash smaller than 2.5 <j> defines a trend that increases with distance, albeit with few data 

scatter beyond 8 km. Out of 43 samples from valley-confined VDI, three samples from 

the lower valley sequence exhibit very high fines content, such as 29 and 41 wt%. The 

rest of the data points can be encapsulated in a relatively tight cluster that subtly suggests 

an increasing fine fraction with distance to about 7-8 km. Beyond this point, the wt % 

fine fraction is flat to slightly decreased, showing few scattered data points when 

exceptionally fines enriched deposits are included. Median and mean grain sizes slightly 

decrease downvalley, while sorting parameter does not appear to vary with distance. 

The fan area has been largely modified by epiclastic processes and intensely 

eroded in many places, which prevented examination of an undisturbed vertical section. 

Apparently, some of the most complete vertical sections can be found in the upper and 

lower valley sequences. In a section in the upper valley sequence (Fig. 28) both >2.5<j> 

and >4<1> size fractions have identical trends, exhibiting minor variations from the base to 

the top of a vertical section. Median and mean grain sizes suggest slight upward 

coarsening in the range of 0 to l<j>, which is shown to have dramatically shifted to a 

coarse-grained (i.e., Mdtl> -2) only within lithic-rich horizon. The sorting indices also 

indicate a gradual decline and similarly climaxed within the lithic-rich horizon. Vertical 
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sections in the lower valley sequence at 9 and 9.7 kms from the crater display similar, 

albeit minor, inhomogeneities of grain size characteristics. It is not clear whether the 

trends are systematic or an artifact of sampling a multi-layered deposit. In general, the 

lower valley sequences appear slightly fines enriched, smaller in median grain size and 

better sorted relative to the upper valley sequence ignimbrite. 

Plinian Fall Signature in Flow Deposit 
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If the ignimbrite is co-plinian, then vestiges of plinian fallout characteristics may 

be gleaned in ignimbrite grain size distribution. This idea was pursued by comparing the 

grain size distribution of coeval ignimbrite layer C2ig in the lower valley sequence and 

fallout layer C2 on adjacent interfluves. Grain size distribution of the lower valley 

ignimbrite sequence in the O'Donnell is compared with a correlative fallout layer C2 on 

Kawayan ridge and Tarukan (Fig. 29). Kawayan ridge constitutes the interfluve of Kalut 

and Duray forks and the fallout lies about 80-100 m. from the top of 1991 lower valley 

ignimbrite. Tarukan terrace is elevated above the distal end of the lower valley sequence 

at O'Donnell. Fallout layers Cl and C2 accumulations on Tarukan (see Fig. 25) were not 

directly affected by pyroclastic flows other than a contribution of co-ignimbrite ash in 

layer C2, while layer C 1 on Kawayan ridge may have been partly eroded by the dilute 

pyroclastic flows. The ignimbrite displays broad polymodal grain size distribution with a 

prominent modal swell within -4.0 to 4.0 <I>· Over the same size range, layer C2 on 

Kawayan and Tarukan ridges show a unimodal coarse fraction with a prominent mode at 

0.5 to 1 <I>· Direct correlation of ignimbrite and fallout grain size distribution shows that 
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the coarse fraction mode of layer C2 is slightly off from the most prominent mode in 

ignimbrite. However, a minor mode juts prominently at 0.5 <J>, corresponding to the layer 

C2 mode. Presumably the pyroclastic flows somehow entrained a significant amount of 

fallout tephra which is now revealed as a modal signature of fallout in the ignimbrite size 

distribution. 

How can fall accumulation become significant enough to elevate an ignimbrite 

grain size class to a prominent mode? Even at an accumulation rate of about 0.02 

mm/sec, comparable to estimated 1912 Novarupta and 1902 Santa Maria (Wilson and 

Hildreth, 1997), the fallout tephra accumulation rate is stiill several orders of magnitude 

less than that of 1991 pyroclastic flow, which can range between 2-20 mm/sec. 

Intuitively, direct fallout contribution should be hardly noticeable in the ignimbrite as it is 

being deposited together with sedimenting particles of the pyroclastic flow. Moreover, 

the rate of the fallout accumulation on any locality, which is reckoned by the thickness of 

fallout sequence on adjacent interfluves, indicates a relatively minor contribution. There 

has to be another mechanism that augmented the amount of plinian tephra in ignimbrite 

that, subsequently, all.owed the fallout contribution to gain a more definitive signature in 

ignimbrite grain size distribution. One possibility is that ~he fallout tephra contribution in 

the ignimbrite has been greatly enhanced by overland scouring of the fall deposit from a 

wide area and incorporation of plinian tephra by pyroclastic flows. As pyroclastic flows 

pour into the valleys and lose fine fractions by elutriation, the plinian tephra becomes 

more concentrated in the flow and forms a relatively significant proportion of the 

pyroclasts that aggrade into ignimbrite. 

•.I l 
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CONDITIONS OF GENERATION AND EMPLACEMENT OF IGNIMBRITE 

This section outlines the observed physical conditions that constrain our 
. 

understanding of the generation and emplacement of ignimbrite. New observations and 

data from this study are juxtaposed with that of the earlier workers to establish the nature 

of pyroclastic flow generation; the condition of transport as reflected in grain 

fragmentation and particle size segregation; volumes of the erupted products, including 

the fine fractions that was lost as co-ignimbrite ash; duration and timing of venting, flow 

encroachment and deposit accumulation; and the emplacement temperature, which is an 

important factor in post-emplacement processes affecting the ignimbrite sequence. 

Generation of Co-plinian lgnimbrites 

The pyroclastic flows have been generated when the plinian column was already 

fully established. Presence of co-ignimbrite ash and.surge-laminations within layer C 1 is 

evidence for the spawning of pyroclastic flows at the' early stages of plinian eruption. 

Also, intra-ignimbrite plinian tephra and vestiges of plinian fallout in the ignimbrite grain 

size distribution indicate that the plinian phase continued well into the period of 

generation of the massive valley-ponded ignimbrites. Some of the work of Neri et al. 

(1998) give evidence for a wider range of conditions for simultaneous collapse and 

convection of eruption column that is controlled by changing magma and conduit flow 

parameters. Plinian activity most probably ended when the summit region collapsed. 
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The lithic-rich ignimbrite and overlying pumiceous ignimbrite were generated during 

foundering of the summit region and are exclud~d in the discussion of co-plinian 

ignimbrite. 

Voluminous co-plinian ignimbrites have also been recognized in several major . ' 

ignimbrite sheets, e.g. Valley of Ten Thousand Smokes (Fierstein and Hildreth, 1992) 

and Bishop Tuff (Wilson and Hildreth, 1997), which suggests that simultaneous plinian 

and ignimbrite generation is a more common process than previously imagined. The 

conventional model of ignimbrite generation envisages a collapsing plinian column when 

the eruption intensity diminishf}s or fluctuates and when mass flux increases as a 

consequence of vent widening. However, several observations make column fluctuation 

a less likely scenario for generation of fan-building ignimbrites at Pinatubo. (1) The 

plinian column remained above 30 km (Fig. 30) for the duration of the climactic eruption. 

(2) The ignimbrite deposit sequences suggest quasi-steady accumulation of materials. 

Generation of ignimbrite from periodic column collapse would certainly promote 

unsteadiness in pyroclastic flows, resulting to a more stratified deposit. (3) Normal 

grading in distal fallout tephra indicates a quasi-steady intensity of eruption. 

Crystal Size Distribution and Sequential Fragmentation 

The erupted magma went through a chain of fragmentation processes prior to 

being deposited as ignimbrite. It would be difficult to quantify the individual input of 

every fragmentation mechanism in the final make-up of the pyroclastic deposit, but the 

cumulative effects at several stages can be described. Crystal size distribution serves as 
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an analogue of the state of pyroclast fragmentation that can be tracked down sequentially 

from a reference distribution of phenocryst sizes in juvenile pyroclasts. The use of 

crystal granulometry complements the standard whole rock granulometry, since crystals 

tends to behave differently from the vitric component. Crystal size distribution is more 

indicative of possible fragmentation during transport since crystals are not progressively 

lost to co-ignimbrite ash cloud in the same way as the vitric component, which tend to 

couple with the gas phase. This type of study is ideal for Pinatubo deposits where the 

erupted magma has a high degree of crystallinity. 

Nucleation and growth of phenoerysts are significantly curtailed at the onset of 

magmatic fragmentation. Consequently, the pyroclasts contain a phenocryst assemblage 

that can be used as reference size distribution for cqmparing the crystal size distribution 

(CSD) of pyroclastic deposits. This assumes that the original ratio of fragmental crystals 

to vitric pyroclasts is equal to the ratio of crystals to the fluid phase in the erupted 

magma. Pyroclast fragmentation produces new population of crystal sizes that are shown 

as derivative modes in a CSD with finer median grain size. Pyroclasts that were 

subjected to longer series of fragmentation mechanisms will generate more complex 

CSDs. Presumably, the effects of fragmentation during turbulent transport could be 

examined in the changing CSDs of samples from the proximal to distal ignimbrite facies. 

However, the results of the granulometry and comp,q~entry analyses show no significant 

variation in the CSDs of the upper valley, pyroclastic fan and lower valley ignimbrite 

samples, all of which exhibit CSDs with1 a broad prominent mode at 1.5 to 2 <j> (Fig. 31 ). 

Componentry analysis also reveals a noticeable difference of CSDs between layer C 1 and 

C2 fallout. Both layers C 1 and C2 fallout have a mode at 1 <j> and are skewed towards the 
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finer side of the distribution, but layer C2 CSD exhibit a larger fine fraction population, 

which was probably generated by bulk interaction and re-fragmentation of pyroclasts in 

the vent and by incorporation of co-ignimbrite ash. Fallout tephra and ignimbrites show 

marked difference in CSD that reflects the vastly different transport and depositional 

mechanisms. 

Crystal Enrichment and Vitric Depletion 

The measurement of crystal enrichment in ignimbrite assumes that the proportion 

of crystals in the erupted magma can be estimated by the proportion of phenocrysts in the 

pumice (Walker, 1972). Crystals are progressively freed from the continuous phase at 

the onset of magmatic vesiculation and through various fragmentation mechanisms 

before the pyroclasts finally get deposited. Crystals are sorted out of the transport system 

more readily than finely vesiculated vitric components within the -2 to 3 <I> size range. 

Turbulent flows increasingly entrain the vitric component into the co-ignimbrite cloud 

(Sparks and Walker, 1977), which is re-entrained back into the main eruption column 

above the vent or lofted at the runout distance. The concentration of crystals into the 

pyroclastic deposits inversely reflects the proportion of depletion in vitric component 

during transport (Walker, 1972; Sparks and Walker, 1977), which was lost to co

ignimbrite ash. The calculated volume of vitric loss in ignimbrite can be used to correct 

the earlier estimated volume of the. erupted mass. 

Artificial crushing of 7 PRP and 5 PPP yielded an average of 43.2 and 21.2 wt% 

crystals, respectively (Table 1), as compared with the ignimbrite that has an average of 62 
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Table 1. Crystal content in Artificially Crushed Pumice 

Pumice Type Sample No Wt% Crvstals Wt% Glass 
PRP 94-1118-0101 39.85 60.15 

94-1118-0103 47.34 52.66 

95-1015-0101 41.47 58.53 

95-1015-0101 41.43 58.57 

96-1116-0101 45.19 54.81 

94-1118-0103 42.72 57 .28 

94-1118-0201 43.92 56.08 

Average 43.13 56.87 

PPP 94-1118-0101 13.37 86.63 

94-1118-0103 28.71 71.29 

94-1118-0103 25.39 74.61 

95-1015-0101 15.52 84.48 

94-1118-0101 23.18 76.82 

Average 21.23 78 .77 
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wt % crystals within the -2 to 3 <I> sieved samples. Other examples of ignimbrite recently 

studied contain comparatively less crystal-rich pumice, such as 13% at Kos Plateau Tuff 

(Allen and Cas, 1998), 13-17% at Bandelier Tuff (Self, pers. comm.), and 3.5% at Taupo 

Ignimbrite (Wilson, 1985), but much greater crystal enrichment. The crystal enrichment 

factor (CEF) in ignimbrite was calculated using the equation 

CEF = (CiNi) x (Vp/Cp) 

(Walker, 1972) where CpNp is the ratio of weight percent crystal and vitric components 

in artificially crushed pumice and CiNi is the same ratio in ignimbrite (see also Cas and 

Wright, 1991). Ignimbrite samples at Pinatubo have CEF values between 2 to 3 that do 

not show systematic variation between proximal and distal facies (Table 2). The low 

CEF of Pinatubo ignimbrite is perhaps inherent in a highly crystalline nature of the 

erupted magma. If incorporation of xenocrysts were proven to be significant, then the 

CEF values would probably be on the high side and the calculated volume of vitric loss 

would be a maximum estimate. However, a separate study is necessary to determine how 

much of the crystals, if there is any, were loosened from the magma chamber roof and 

walls (S. Self, pers. comm.). Meanwhile, the weight percentage of vitric components that 

was lost during deposition of ignimbrite was calculated using the equation 

VL = (K/100) [Vp- (CpVi/Ci)] 

where K is the weight percent of ignimbrite matrix, which consists of the grain size 
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Table 2. Determination of Crystal Enrichment 

Distal UVS Distal UVS Prox. Fan Distal Fan Medial LVS Medial LVS 
94-1116-0101 95-1015-0101 94-1118-01 95-1013-01 96-1216-0401 96-1216-0403 

Crystal wt. % 37.4 40_6 39.0 36.1 29.0 44.6 

Vi 40.4 39.6 34.5 43.2 44.2 34.3 
Ci 59_6 60.4 65-5 56.8 55_8 65.7 

CiNi 1.5 1.5 1.9 1.3 1.3 1.9 

K 69.8 70.2 67.9 73.2 66.7 75.4 

VL 19.9 20.7 23.7 18.3 15_8 26.5 
CEF 2.0 2.1 2.6 1.8 1.7 2.6 

Vitric Loss Data from crushed pumice 
VL = K/100 [Vp - (CpVi/Ci)] Cp = 42.6 

Crystal Enrichment Factor Vp = 57.4 

CEF = (CiNi) x (Vp/Cp) Cp/Vp = 0.74 

(After Walker, 1972) 
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fraction finer than 2 mm (-1 phi). The average amount of vitric depletion in the VDI is 

23 wt %, which translates into about 2 x 1012 kg or 0.83 km3 (DRE) using a density for 

dacitic magma of 2.4 g/cm3
. This is also equivalent to 1.6 km3 using a bulk density of 1.2 

g/cm3 as determined by Scott et al. (1996) for Pinatubo ignimbrite. The bulk of this lost 

vitric component probably constitutes the co-ignimbrite ash cloud that was entrained into 

the umbrella region (Holasek et al., 1996; Koyaguchi and Tokuno, 1993, Koyaguchi and 

Ohno, in press). Some minor fractions were incorporated into plinian fallout layer C2 

and also formed the thin blanket of fine ash that fell after plinian tephra 

accumulation.ended, which is locally preserved andjdentifiable as layer C4. 

Volumes of Co-ignimbrite Ash and Total Erupted Products 

The calculation of volumes of erupted products is an important step for a method 

of estimating magma discharge rates, ignimbrite aggradation, and fall accumulation. 

Hence, it is necessary that the calculation procedure has taken into consideration all 

volumetrically significant variables, which includes the juvenile fragmental material in 

ignimbrite and fallout tephra, as well as the co-ignimb.rite ash. Previous workers have 

estimated the total volume of the erupted materials in the 1991 eruption based on the 

calculated volumes of ignimbrite and plinian fall deposits. This is the first attempt to 

estimate the volume of the fine fractions that were lost into the co-ignimbrite ash cloud, 

utilizing grain size parameters and componentry and crystal enrichment analyses. From 

the range of values reported by earlier workers, Scott et al. ( 1996) proposed a reasonable 

estimate for the bulk volume of ignimbrite to be 5.5 +/- 0.5 km3 with dense rock-

'• •. ~ I 
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equivalent (DRE) volume of 2.1to3.3 km3
. Meanwhile, the bulk volume of fallout 

tephra was calculated at 3.4 to 4.4 km3 (Paladio-Melosantos et al., 1996), which converts 

to a dense-rock volume of 1.6 to 2.0 km3 using a bulk deposit density of 1.1 g/cm3 and a 

magma density of 2.4 g/cm3
. Koyaguchi ( 1996) estimated the total volume of ejecta to 

be in the range 5 to 10 km3
, or 2 to 4 km3 DRE based on grain size data, but assumed a 

bulk fall-deposit density of 1.0 g/cm3
• Of these amounts, layers C1 and C2 yielded 0.5 

and 0.7 km3 DRE, respectively (Koyaguchi, 1996), while a volume of 0.9 km3 (-0.3 km3 

DRE) of ash fallout was deposited over the South China Sea (Wiesner and Wang, 1996). 

Satellite observations of the growth and dispersal of the June 15 eruption cloud 

provided the highest volume estimate, which was placed at 25 km3 bulk volume or 10 

km3 DRE (Koyaguchi, 1996), compared to the calculated volumes using sedimentation 

models and exponential thinning relationships in fallout deposits. The timing of the 

remote sensing data acquisition, i.e., 1440 to 1540h, on which this estimate was based, 

was perhaps the stage when the umbrella cloud expansion was rapidly accelerating due to 

co-ignimbrite ash contribution. This limited observation of plume build up probably 

explains the huge volumes estimated from remote sensing data. Lynch and Stephens 

(1996) figured that 95 % of the ash in the plume was produced during the climactic 

phase. Moreover, Holasek et al. (1996) suggested that a second overshooting eruption 

column top 18 km to the west of the top of plinian column in the 1540h of AVHRR data 

was probably a co-ignimbrite ash column. Some co-ignimbrite ash columns probably 

rose independently above the pyroclastic fan areas without being detected by remote 

sensing because of the huge, growing cover of the main umbrella cloud. Meanwhile, the 

volume that is derived from the sedimentation rate appears ,to be a more reasonable 



estimate, although may be underestimated in instances when widely dispersed fine 

fractions and secondary thickening modes elsewhere were grossly missed. Vitric loss in 

ignimbrite, which was calculated to be 0.8 km3 DRE, was mostly contributed into the 

umbrella cloud expansion, leaving at most 1.7 km3 to be accounted for by widely 

dispersed co-ignimbrite ash after subtracting the volumes of layers Cl and C2 

(Koyaguchi, 1996), co-ignimbrite ash input and deposition in south China Sea (Wiesner 

and Wang, 1996) into the upper limit of the volume of eruption cloud at 4 km3 that is 

estimated from grain size data. The lower limit of 2 km3 is obviously too small to mass 

balance the estimated volumes. 

Duration of the Climactic Eruption 
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The duration of the climactic eruption, which includes the overlapping plinian 

phase and pyroclastic flow generation, falls within the range of 3 to 12 hours. The 

barograms of Oswalt et al. ( 1996) showed peak compression during the initial 3 hours 

following the onset of climactic eruption. The plinian phase apparently coincides with 

the most intense part of the record, but direct correlation of the development of the 

plinian column and the intensity of the signal are not unequivocal. Hoblitt et al. ( 1996) 

noted that column-forming events during preclimactic phases IV and V were poorly 

registered on the barogram, while surge-producing events clearly registered peaks in the 

record. Following this lead, the three-hour peak intensity recording was probably 

dominantly tuned in to pyroclastic flow generation.· If so, the eruption continued for 3-

3 .5 hours with pyroclastic flows being generated throughout the period. The 



emplacement of ignimbrite narrowly outlasted the end of the plinian phase based on the 

limited extent and volume of post-plinian pyroclastic flows, the small thickness of 

pyroclastic flow deposit above the lithic~rich ignimbrite facies, and the insignificant 

thicknesses of local co-ignimbrite ash above the Cl and C2 fallout sequences. 

The next six hours, which is characterized by moderate intensity barogram, 

constitute post-climactic eruptions, i.e., phase VII in Hoblitt et al. (1996). These began 

after the formation of the summit crater and subsequent emplacement of lithic-rich 

ignimbrite facies. At this stage, the eruption column was reckoned to be >25 km high 

and, perhaps, periodically collapsed to generate pyroclastic surges, some of which 

surmounted the caldera wall. Over the next few days, the column remained formidable 

with heights of at least 10 km, but vent-derived deposition of phase VII was confined to 

the caldera area as indicated by a thick layer D on the intra-caldera slopes, but the fine 

ash also fell at greater distances (cf. Fig. 13 of Paladio-Melosantos et al., 1996). 

Timing of Pyroclastic Flow Generation 
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Geophysical, seismic and remote sensing observations display exceptional 

agreement in clocking the onset of the plinian phase at 134lh on June 15, but have a 

sketchy picture of the timing of pyroclastic flow generation. Pumice lapilli decoupling 

from the plinian column begun to trickle back to earth after 1400h (Koyaguchi, 1996). 

Eyewitnesses observed that pumice fallout occurred amidst the ambience of fine ashfall, 

which turned heavy after 1500h. Evidently ash fallout during early plinian phase was 

more intense on areas closer to the volca,no since thin ash layers are found interlaminated 
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with layer C 1, particularly in sections near the valleys that headed on the former summit 

of Pinatubo. Intra-plinian ash laminae were thin or absent in sections that lie beyond the 

reach of massive pyroclastic flows, such as on remote interfluves, e.g., PI2 site near 

Bangat river, and elevated topography, e.g., Mt. Quadrado. This preferential distribution 

hints at the affinity of ash laminae to flow processes, possibly indicating co-ignimbrite or 

co-surge fallout origin. Moreover, pyroclastic flows should have been generated even at 

the early stages of the climactic eruption. 

Seismic monitoring was interrupted as stations were over run or rendered 

practically unusable due to signal.overload during the climactic eruption. Even so, some 

early of pyroclastic flow generation may be inferred from the stoppage of transmission of 

near-field remote stations and ,observations of seismic monitoring teams. For instance, a 

remote seismic station known as PIEZ, which was located at 5 km east of the vent, 

stopped sending signals at 1409h of June 15, which was 28 minutes into the climactic 

eruption when plinian tephra was just beginning to hit the ground. Observers at Clark 

Airbase station had annotated on the PIEZ analog seismogram that the station had been 

overrun by a pyroclastic flow. The remote station was situated on a ridge that is high 

above the Sacobia valley floor, .where a thick ignimbrite fan sequence later formed. It 

should be noted that June 13 to early June 15 "blasts" failed to bring down this remote 

station. Possibly, the transmitter structure, which had become top-heavy by accumulated 

cohesive layer B ash, finally yielded to plinian tephra fall and, perhaps, to more powerful 

pyroclastic flows that emanated from the tall plinian column. The eruption column 

probably spawned low particle concentration, turbulent flows shortly after the onset of 

the plinian phase and continued to do so periodically during deposition of layers C 1 and 

'I I 



89 

C2. 

The most intense ignimbrite production probably begun around 1500h, after 

which fallout of fine ash became heavy around Pinatubo (Koyaguchi, 1996). The last 

manned near-field station at Poonbato, which is located 24 km northwest of Pinatubo, 

had been abandoned at 1330h. The Poonbato seismic monitoring team transferred to 

Malumboy, 6 km east of Poonbato, amidst the lapilli and ash fallout and moderate 

visibility. The same team decided to leave Malumboy at 1500h because lapilli pumice 

fall and fine ashfall had already intensified and became unbearable by this time (J. Sabit, 

pers. comm.). The road to Botolan was already cast in darkness greatly reducing 

visibility on the road, while heavy fallout of wet ash was splattering on vehicle's 

windshield on impact. This sudden change in the intensity of fine ash fallout that 

occurred one hour after the onset of the plinian phase was most likely related to large

scale generation of pyroclastic flows as the change was quite noticeable amidst the 

ambient, albeit heavy, fine ash fallout that had been observed as early as 1400h 

(Koyaguchi, 1996). 

The timing of massive pyroclastic flow generation may be also inferred from 

sequential images of the visible band of GMS satel1ite. The overshooting co-ignimbrite 

cloud west of the top of plinian column was already noticeable at 1540h and became very 

prominent at 1630h on June 15 (Holasek et al., 1996; Self et al., 1996; Oswalt et al., 

1996). However, co-ignimbrite ash generation is more closely related to peak 

aggradation of pyroclastic fans, so that by the time a co-ignimbrite ash is observed at 

stratospheric heights, ignimbrite generation and emplacement are already at advanced 

stages of activity. 

I.· · 
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Emplacement Temperature 

The 1991 ignimbrite was emplaced at a temperature that was not sufficiently hot 

to cause welding. The 1991 ignimbrite ~emained loose and friable even within thick, i.e., 

> 1 OOm, fan sequences, except where the deposits underwent vapor phase mineralization. 

Since the vapor phase zone and a saturation front gradually migrating into the ignimbrite 

sheet has effectively insulated all margins of the ignimbrite, direct thermal probing has to 

be conducted in newly exposed ignimbrite surfaces, such as on the face of avalanche 

escarpments. Determination of emplacement temperature was approached by two 

methods: by direct measurements using thermocouples and by determination of thermo

remanent magnetization of pumices using a fluxgate magnetometer. Both approaches can 

only constrain the minimum emplacement temperature. The ignimbrite temperature was 

measured by thermocouple over several field seasons, the earliest of which was 

November 1992. In 1992, a fumarole site in the Marella ignimbrite fan yielded the 

highest temperature of 225°C. Temperature determinations in the succeeding field 

seasons have not yielded values as high as in 1992, but generally gave values of 90-96°C 

at shallow levels. The presence of the vapor phase zone requires deeper probes to 

determine the temperatures of the interior and approximate the minimum emplacement 

temperature. In a joint study with the Geologic').l Survey of Japan, thermocouple probe 

was carried out by manually hammering .lead pipes into the ignimbrite, taking 

temperature readings at every 0.5 m gain in depth. Most attempts never reached beyond 

6 meters and most readings did not surpass 110 °C (Fig. 32). In fact, the temperature 
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Figure 32. Temperature profiles of Marella ignimbrite fan taken on February 1996 and 
February 2000. The highest temperatures in 1996 were established from probe holes 
on the fresh surface created by a 1995 avalanche. The temperature gradient 

approaches 550°C at 10 m depth. In February 2000, probe holes that were re
established over the same site at Marella exhibit homogeneous temperatures at slightly 
over 100°c. 
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equilibrated between 101 to 107°C, which indicates that vapor phase zone processes are 

very extensive. However, the highest temperature of 492° Celsius was taken at a depth of 

6 meters on a fresh collapse escarpment in Marella fan sequence in 1996. 

DISCUSSIONS 

At this point, we know that the topography played a major part in directing, re

directing, and confining the fan-building pyroclastic flows ,.and that the flow responded 

docilely to the pre-existing channel configuration. The general organization and 

distribution of depositional facies of VDI, as described in the preceding sections, resulted 

primarily from interaction of the flow and topography and, secondarily, from the fluid

dynamical condition of the flow itself. The topography-modified flow behavior is 

indicated by the confinement of the bulk of the flow deposits, flow meandering, and 

reflection and drain-down along channel margins. Further discussion now focuses on the 

nature of generation and the mechanisms of transport and emplacement of pyroclastic 

flows. The scenarios of the generation of pyroclastic flow are conceived from the 

distribution of the ignimbrite fans and the stratigraphic position of the pyroclastic flow 

and the coeval fall deposits. Transport and depositional mechanisms were deduced from 

the sedimentary characteristics of the ignimbrite faaies, which also include the results of 

the granulometry and componentry analyses. lgnimbrite aggradation rate and the timing 

of pyroclastic flow encroachment and deposition, particularly in the O'Donnell valley, 

were based on the calculated volumes of erupted products, estimated accumulation rate of 



fall deposits near the run-out distance, and the onset of layer C2. The fact that the 

ignimbrite was co-plinian for most of the time of i~s generation is at the core of this 

discussion. 

Generation of Co-plinian Pyrocla~tic Flows by Partial Column Collapse 
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Pyroclastic flows were generated in the initial stages of the plinian eruption and 

recorded as high intensity peaks in the barogram (Hoblitt et al., 1996). Stratigraphic 

evidence of these early pyroclastic flows is seen as thin ash laminae within layer C 1. 

Direct stratigraphic correlation of intra-plinian ash laminae with the stratified layer at the 

base of the ignimbrite sequence is difficult to establish, although it is likely that the lenses 

of pumice lapilli and surge deposits were laid down within the same time scale as layer 

C 1, i.e., during first hour of the climactic eruption. The periodic occurrences of intra

plinian ash, attenuation of its thickness in short distances and stratigraphic position below 

layer C2 at the base of ignimbrite indicate that these were products of discrete flows with 

low particle concentration occurred during the early part of the climactic eruption. Low 

particle concentration co-plinian flows poss~ssed sufficient kinetic energy to scour the 

proximal area and skim through rugged topography for at least 10 km, but left very thin 

veneers on their trail. 

Considering that the height of the plinian column was maintained through most of 

the climactic phase, these early pyroclasric flows should have originated by partial 

collapses from the convective part of the column above the gas thrust region. The 

decoupling pyroclastic materials from a high source tends to form supercritical flows 



94 

(Bursik and Woods, 1996) that entrain air liberally, transforming the collapsing mass into 

an expanded and highly turbulent pyroclastic flows as it hit the ground and driven by 

momentum as it propagate ac~oss the surface. Also the entrainment of ambient air could 

cause considerable cooling of the collapsing mass, so that the emplacement temperature 

of veneer deposits differs markedly wit!\ eruption temperature. Although relatively 

cooler, the impact of dilute column-generated flows resulted in the widespread 

defoliation of old-growth trees on interfluves with trunks singed on the side facing the 

vent, which are very common in areas not covered by thick ignimbrite around Pinatubo. 

Plinian tephra that fell through these dilute pyroclastic flows were deposited as hybrid 

surge-fall deposits, e.g. layer C2if, which is perhaps similar to those described at Bishop 

Tuff (Wilson and Hildreth, 1998). The flow strength of the column-generated dilute 

pyroclastic flows can provide a1 mechanism that reworked the plinian tephra and may 

actually be the strong surface wind that Wilson and Hildreth (1998) postulated for the 

origin of hybrid fallout at Long Valley caldera. Paleocurrent directions of the middle 

cross-stratified bed in the fan sequence reveals a general flow propagation away from the 

vent. 

Generation of Co-plinian Pyroclastic Flows by Low Fountaining 

The bulk of pyroclastic flow deposits lies in the Sacobia, Marella, Maraunot, 

Bucao, and O'Donnell river valleys, all of which head on the summit of Pinatubo. 

Extensive ignimbrite fans along the axes of these valleys extend from 5 to 8 km from the 

rim. In contrast, river valleys such.as Sta. Juliana, Bangat and Gumain, received a small 
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fraction of ignimbrite volume even though their valley axes parallel the direction of flow 

propagation. The obvious difference was that the headwaters of Sta. Juliana, Bangat and 

Gumain river valleys are headed into topographic obstacles around the summit region and 

were shielded from direct input of fan-building pyroclastic flows emanating from the 

vent. Two of the largest pyroclastic fans, Maraunot and O'Donnell have the lowest 

notches around the rim of the 1991 caldera. If these fan-building pyroclastic flows were 

generated by large-scale shedding from the plinian column, the cascading materials in the 

proximal regions could have easily scaled these ridges and flowed down the leeward 

sides by sheer momentum. The elevation of the crests of obstructing ridges lie 

somewhere between 1,200 to 1,500 m and approximately the same height to 300 m lower 

than the vent region. Moreover, the height of these obstructing ridges is a much lower 

relative to potential heights of collapses above the gas thrust region of a 30-35 km high 

column. 

An alternative hypothesis for the generation of fan-building pyroclastic flows is 

that these co-plinian flows emanated from low fountaining at the base of the plinian 

column or spilling all around the early crater at the base of the plinian column. This 

mode of generation is more consistent with the fan-building flows inability to surmount 

even a low topographic barrier in the summit region. A low fountaining collar around the 

base of high column was similarly envisaged at Novarupta 1912 eruption (Fierstein et al. 

1997). However, since the plinian column was maintained, throughout the climactic 

eruption, pyroclastic flows emanating from partial collapse most likely continued during 

generation of fan-building pyroclastic flows. Therefore, two possible sources of 

pyroclastic flows that were simultaneously generated may have been mixing during 
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transpor and emplacing a composite veneer facies on the uplands and interfluves. 

Generation of massive ignimbrite from low founta!ning is consistent with field 

observations at Pinatubo. The clast-supported, near-vent lithic lag deposit acquired 

matrix components within the distance of 500-1,500 m from the rim and transformed into 

a matrix-supported lithic-rich ignimbrite. This dist~nce would still be too close for 

deposition of matrix components, if the pyroclastic materials emanated from partial 

column collapse. Onlapping sedimentation and lateral accretion of ignimbrite towards 

the margins and side canyons reflects sluggish encroachment of the dense pyroclastic 

underflow. This sedimentary feature was observed even in the upper valley sequence of 

O'Donnell, which maintains a clear linear extension up to the vent. Since topography 

could not be a factor in blocking the flow, the flow velocity should have undergone very 

little attenuation at a distance of 4-5 km from the vent and must have been slow right at 

the onset. The flow behavior approximates a laminacrheology with minimal heat loss 

during transport, except as the fan-building pyroclastic flow emerges from the vent onto 

the steep summit slopes when air was greatly entrained into the flow. 

The generation of the fan-building pyroclastic flows must be accompanied by an 

increase in total mass eruption rate. A linear relation between seismic tremor energy and 

the Volcano Explosivity Index (VEI) showed sustained seismicity and infrasonic 

intensity (Stephen McNutt, written comm.) that suggest peak discharge rate at 1510-

1600+h. Mass discharge rate for massive ignimbrite alone is estimated at 8 x 108 to 1 x 

109 kg/s considering a DRE volume of 3 km3
, magma density of 2.4 g/cm3

, and a 2.5-

hour long production of pyroclastic flows. Twice this discharge rate supports the 

expansion of the umbrella region as estimated from satellite images (Holasek et al., 1996; 
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Koyaguchi, 1996). Moreover, there is an increase in the lithic fragments at the onset of 

layer C2 and,thus, vent-widening may have occurred. Apparently, the total height of the 

plinian column was unaffected by increase in mass flux as column heights showed 

minimal change when fan-building pyroclastic flows were being generated. However, 

the expansion of the umbrella cloud was bolstered by co-ignimbrite ash input. 

Timing of Pyroclastic Flow Deposition Using Local Fall Accumulation Rate 

The total thicknesses of layer Cl and C2 fallout on a relatively undisturbed 

depositional site reflects the average accumulation rate within the 3 to 3.5-hour duration 

of the climactic eruption. The onset of layer C2· on distal interfluves signaled the 

deposition of co-ignimbrite asp generated by the emplacement of fan-building pyroclastic 

flows in the adjacent valley. This coeval accumulation of ignimbrite and fallout tephra 

on the valley floor and interfluves, respectively, is more evident in the lower valley 

regions. If there were no significant erosion prior to layer C2 deposition, then the time of 

pyroclastic flow emplacement may be estimated directly from the thickness of layer C 1 

on the interfluves. 

Local accumulati0n rate of fall tephra was estimated from layers Cl and C2 in a 

section located on an elevated pre-historic lahar terrace at Tarukan village, located 11 km 

from the vent. The site is situated above. the maximum run-out distance of the valley

ponded ignimbrite along O'Donnell and appears to be well beyond the reach of the 

veneer phase of pyroclastic flows. The entire fallout tephra section, excluding the 

overlying co-ignimbrite ash layer, measures about 20 cm thick. Given the duration of the 
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plinian phase at 3 hours, the average local fall accumulation rate in the vicinity of the 

lower valley sequence at O'Donnell was about 0.0185 mm/sec. This calculated value is 

comparable with plinian fall accumulati~n rates of the 1902 Santa Maria and 1912 

Katmai-Novarupta eruptions, which were estimated between 0.01to0.03 mmls (Wilson 

and Hildreth, 1997). Areas at the downwind side of Pinatubo, e.g., Marella, exhibits 

higher fallout accumulation rate at 0.031 mm/sec (Rosi et al., 2001). Layer Cl 

accumulated 10 cm thickness of tephra at Tarukan section before significant coeval co

ignimbrite ash deposition formed layer C2. The peak intensity of co-ignimbrite ash 

generation at Tarukan started when )leav.y aggradation of ignimbrite at O'Donnell 

occurred at its run-out distance, which reflects similar intense aggradation in its main 

ignimbrite fan region. Using the average fallout accumulation rate, coeval deposition of 

co-ignimbrite ash at Tarukan commenced about 1.5 hours after the onset of layer Cl 

deposition. Backtracking from the time it took to form the 35 km high plinian column, 

i.e., few to several minutes at sonic to subsonic speeds, for the pumice to fall from the 

umbrella region to the ground, i.e., 20 minutes (Koyaguchi, 1996), peak ignimbrite 

aggradation probably occurred at 1530h in the distal lower valley at O'Donnell. 

Moreover, the rates of ascent of co-ignimbrite plumes (e.g., Calder et al., 1997) would 

allow a nearly instantaneous interaction of co-ignimbrite ash and plinian tephra in 

surrounding interfluves. If the generation of fan-building pyroclastic flows was initiated 

around 1500h based on intensified co-ignimbrite ash fallout and increased mass discharge 

rate, then the average encroachment velocity of the flow front from the vent to run-out 

distance is 5-6 mis. The fan-building pyroclastic flows most likely reached peak 

velocities several times faster than the average encroachment velocity, but the momentum 
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has dissipated quite rapidly at the upper valley region and possibly in some cases, 

momentarily halted at the main fan region before propagating towards its run-out distance 

in the lower valley. 

Aggradation by Lateral Accretion 

Transport and depositional processes of fan-building flows have left characteristic 

bedforms that yield qualitative information on the rheology of the flow, sediment 

accumulation rate, and position of the main pyroclastic current. Examples of these 

bedforms include subtle stratification that onlaps the margin of the upper valley sequence 

and offlaps from the inward bend of the lower valley sequence. These bedforms suggest 

that the valleys were not simply filled up by progressive vertical aggradation, but actually 

augmented by transverse lateral accretion of sediments. A series of offlap breaks of the 

bedform that appears to migrate away from provenance, i.e., pyroclastic density current 

along the main valley, is seen as a quasi-transgressive bedform. On the other hand, offlap 

breaks that tends to migrate towards provenance is referred to as a quasi-regressive 

bedform. Quasi-transgressive bedform along O'Donnell was generated on the side 

canyons of a deep, straight main valley, where thick valley-ponded ignimbrite has 

accumulated probably over a span of 2 hours as deduced from the timing of ignimbrite 

aggradation and the duration of the climactic eruption. Moreover, a quasi-transgressive 

bedform was observed above the middle stratified horizon in the pyroclastic fan 

sequence, indicating a period of waxing flow following a momentary, but sharp decrease 

in the discharge rate of fan-building pyroclastic flows. In contrast, quasi-regressive 
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bedform occurred when the pyroclastic current meanders along the channel and produce 

local unsteadiness that are probably analogous to helical flow cells in fluvial 

sedimentation of point bars. 

Presumably, the pyroclastic current maintained a flow path that wanders very 

little from the valley axis as the flow was being driven either by momentum, i.e., in the 
I 

upper valley region, or significantly controlled by channel morphology, i.e., in the lower 

valley region. Sediment accumulation proceeded at extremely fast rate along valley axis. 

In tum, the deposit unstably piles up and periodically collapses at directions transverse to 

main flow axis. These collapses may be_ considered as penecontemporaneous 

remobilizations, which could propagate either as laminar flows or surges. Valley 

aggradation by transverse lateral accretion strongly suggests that fan-building pyroclastic 

flows fluxed through the main valleys with yield strength, as dense laminar flows. 

Several other observations cor;roborate this suggestion, including generally massive 

deposit, high rate of ignimbrite accumulation, i.e., 14 mlJl/sec at 100 meters in 2 hours, 

slow encroachment velocity along flow, and unequal thickness of ignimbrites within 

Duray, Kalut and Mag-ubi forks of O'Donnell. On the other hand, cross-stratified beds 

with current directions towards the valley margins were probably generated as dilute 

flows. 

Aggradation by Deposition of Discrete Laminar Flows 

Fan-building pyroclastic flows were initially gen,erated as expanded flows, but 

rapidly deflated and transformed into high-concentration flows. Several evidences that 
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supports this idea include the presence of dense lithic lags deposits in the near-vent that 

became fully matrix-supported within the upper valley sequence, the progressive increase 

in fines content without corresponding increase in crystal fragmentation and the 

formation of bedforms that suggest yield strength and control of channel morphology on 
' ( 

flow processes. Dense compo~ents of the flow readily decoupled into lag deposits from 

an initial flow that has density less than that of the lithic fragments. Rapid deflation of 

the initial expanded flow over a distance of 500-1500 m from the caldera rim resulted 

into a dense flow, where sedimentation of vastly incongruent particles takes place. From 

the upper valley region, the flow propagated as dense laminar pyroclastic flow as the fine 

fractions remained with the flow and gradually being lost. to the elutriation phase or fed 

into the depositional system. However, crystal size distribution of upper valley, 

pyroclastic fan and lower valley sequenc.e ignimbrites does not indicate significant 

fragmentation of pyroclasts, suggesting that grain attrition is not sufficient to generate 

derivative crystal sizes during transport, which is consistent with a laminar flow or plug 

flow. A plug flow loses fine fraction to elutriation as it is being fluidized during transport 

(Wilson, 1980), but prevent pyroclast fragmentation by moving the particles at same 

velocity and by cushioning the impact of particle collisions (Best and Christiansen, 

1997). 

In order to create a thick vertical sequence within 2 hours, ignimbrite 

accumulation most probably proceeded by stepwise aggradation in the sense of Branney 

and Kokelaar ( 1992), involving multiple discrete plug. flows. The highest rate of 

aggradation occurred in the upper valley and the main fan, where the time between 

successive discrete flows was too short to create rheological boundaries, generating 



massive deposits. In the lower valley, aggradation occurred at a slower and more 

sporadic rate, which generated bedding features in the lower valley sequence, 

characterized by pumice concentration horizon, intra-ignimbrite plinian fallout, and 

stratified surge layer. 

Drain-down Deposition Over Interfluves 

Some tributary valleys were isolated from the main valley by high interfluves. 
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Moderation of topographic control to transverse encroachment of fan-building pyroclastic 

flows occurred during advanced stages of valley floor aggradation at the main valley. 

Initially, only the column-generated pyroclastic flows and the elutriation system of fan

building pyroclastic flows were able to break through the topographic obstruction and 

flood the shaded valleys. Episodic input of low concentration pyroclastic flows into the 

shaded valleys produced thick, surge deposits that can be recognized as the basal 

stratification an ignimbrite sequence. Eventually when the fan sequence filled up the 

main valley, fan-building pyroclastic flows spill over the topography and drain down as 

dense flows into the shaded valleys. An example is the Mag-ubi valley of O'Donnell, 

where the ignimbrite sequence reflects this ~equential change in the character of 

pyroclastic flows. Thicker layer Cl at the base of the ignimbrite sequence at Mag-ubi 

compared to a correlative layer Cl in nearby Kalut valley also indicates that pyroclastic 

flow arrived several minutes later at Mag-ubi. 

Bi-directional Paleocurrents: La,teral Encroachment vs Drain-down 



103 

Paleocurrent directions in the lower valley sequence exhibit successive flows, 

propagating toward and away from, but both transverse to the main flow. Apparently, 

these currents were lateral encroachment toward the valley margin and drain-down flows 

from the interfluves rejoining the main channel. Since the sedimentation rate was highest 

at the flow axis and least towards the margin, valley-confined flows spread laterally. Gas 

phase escaped at the sides, generating local surges. Meanwhile, fan-building pyroclastic 

flows at the main valley drain down on valley slopes from interfluves. Pyroclastic flows 

that drain down the interfluves dominate the current traffic at later stages, when the fan

building flows spilled over the topogrpahy in a sustained manner. 

Deposition and Remobilization of Vent-derived Pyroclastic Flows 

The valley-ponded ignimbrites at Pinatubo were emplaced by successive high 

concentration pyroclastic flows, which aggrade most extensively within 8 km from the 

vent, where massive pyroclastic fans are built. Co-ignimbrite ash column most probably 

rose above these pyroclastic fans due to combined effects of hindered settling, massive 

suspension sedimentation from :the elutriation cloud, and entrainment of ambient air. The 

gas-particle coupling in the upper flow is slightly denser than air, but tends to loft once 

turbulence is dampened or sustained mass input is cut-off. The co-ignimbrite cloud may 

be sucked back into the eruption column, lofted into the umbrella region, precipitated as 

ash aggregate or locally flushed out by rainfall. Under sustained high mass flux, the 

pyroclastic flow creates a tall co-ignimbrite ash column, which overshot the 30 km high 
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umbrella cloud region. 

Sudden change in slope marks the transition zone between the fan and lower 

valley sequences. Gravitational instability and fluid properties of the fan sequence cause 

spasmodic penecontemporaneous secondary movements, the early part of a continuum of 

secondary movements that persisted for several years after the eruption (Torres et al., 
. I 

1996). These avalanches and other secondary movements have generated dense 

pyroclastic flows that propagated some 2-4 kms from the front pyroclastic fan at short 

intervals. A momentary pause in the pyroclastic flow generation has simultaneously 
\ 

shutdown the fan-building pyroclastic flows, allowing the unimpeded fallout deposition 

to accumulate on the surface of the lower valley sequence (Fig. 33). Meanwhile, dilute 

pyroclastic flows continued to emanate from partial column collapses and emplaced 

fines-depleted cross-stratified surge deposits. These surge deposits are particularly 

pronounced in the upper valley and pyroclastic fan regions,. 

There was no significant variation in fines content, except perhaps for slight fines 

depletion and no derivative size populations were created in the CSD of lower valley 

sequence. The flows may have alre(ldy undergone significant cooling at the margin since 

the buried in situ vegetation was only partially singed. Apparently, the run-out distance 

at the lower valley represents just another stage in the pyroclastic flow continuum, which 

continued to advance in space and time long after the eruption. 
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Figure 33. Proposed model of intra-ignimbrite fall (layer C2if) and fall layer C2 
formation in the lower valley sequence. Region of progressive aggradation 
corresponds with the main fan area, while region of episodic ignimbrite 
accumulation coincides with the lower valley area. Onset of layer C2 
accumulation on interfluves is set by the arrival and emplacement of pyroclastic 
flow in the adjacent valley floor. 



CHAPTER3 

SECONDARY PYROCLASTIC FLOWS FROM THE JUNE 15, 1991, 

IGNIMBRITE 
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Explosive activity of Pinatubo volcano climaxed on June 15, 1991, when thick, 

nonwelded ignimbrite was emplaced in all major river valleys and on low-lying 

pyroclastic fans around the volcano. The eruption coincided with the onset of the rainy 

season, and new drainage systems were rapidly reestablished within ignimbrite fans, 

preferentially over former river axes. Intense and prolonged rainfall after the climactic 

eruption generated hot lahars, and, in some instances, avalanches of hot primary 

ignimbrite. Several of the latter events involved collapse of large masses of primary 

ignimbrite that, after transport as secondary pyroclastic flow, were deposited as 

secondary ignimbrites. We use the term "secondary pyroclastic flow" for the moving 

system and "secondary ignimbrite" for the deposit. 

Secondary pyroclastic flows were first observed on August 12-13, 1991, and more 

have been documented over the succeeding 2 years, up to the time of this writing (August 

1993). This chapter describes some of the largest secondary pyroclastic flows, 

remobilized from thick, nonwelded, vent-derived ignimbrite and transported as dry, gas-

fluidized flows. We also describe their deposits, contrasting them with the primary 

ignimbrite at Pinatubo. Deposits described herein are part of a dynamic system involving 

large ignimbrite sheets and lahar conveyance channels. The exact units and the outcrops 

we describe will most likely not remain exposed for long and will be eroded or buried by 

new events. 
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In effect, ignimbrite emplacement is a continuum that begins with the vent

derived pyroclastic flow and continues during remobilization as secondary and tertiary 

pyroclastic flows long after the initial deposition. The second and third orders in this 

ignimbrite continuum have beep overlooked in previous studies of ignimbrite sheets 

because the deposits are so alike. However, secondary and even tertiary pyroclastic flows 

are hazardous, and we hope that this paper will alert future workers to this hazard. 

PREVIOUS DESCRIPTIONS OF SECONDARY MOVEMENTS AND DEPOSITS 

ASSOCIATED WITH IGNIMBRITES 

Secondary mass flow (Chapin and Lowell, 1979; Ellwood, 1982) and secondary 

flow structures (Wolff and Wright, 1981) have been recognized in high-temperature 

rheomorphic ignimbrites and other welded tuffs. Such flow is thought to occur during or 

shortly after emplacement, while the material is still a coherent viscous fluid (Schmincke 

and Swanson, 1967; Ellwood, 1982; Branney and Kokelaar, 1992), and permit, for 

instance, slumping down the oversteepened sides of paleovalleys toward the valley axis 

(Chapin and Lowell, 1979). Fierstein and Hildreth (1992) recognized segregation 

(pseudoflow) units at the Valley of Ten Thousand Smokes that they attribute to internal 

shear at the margin and termini of the main ignimbrite during the last stages of 

deposition. 

A different kind of secondary flow was inferred at Mount St. Helens, where parts 

of the main blast flow condensed into secondary pyroclastic flows down South Coldwater 

.. 
' 
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Creek, and were emplaced contemporaneously with blast deposits (Boblitt and others, 

1981; Fisher and others, 1987). However, because blast material might not have come to 

rest before evolving into pyroclastic flows. Walker et al. (1995) propose that flows like 

those in the South Coldwater valley be called drain-down deposits and that the term 

secondary pyroclastic flows be reserved for phenomena such as those observed at 

Pinatubo, which occur well after deposition of the primary ignimbrite and leave 

prominent headscarps. 

Still another kind of secondary, pumice-rich flow deposit occurs in the Valley of 

Ten Thousand Smokes, Alaska. It strongly resembles the primary ignimbrite except for a 

lack of physical evidence for hot emplac~ment and a ratio of dacite to rhyolite that 

suggests remobilization of tephra rather than of primary ignimbrite (Hildreth, 1983). 

THE1991PRIMARYIGNIMBRITE 

By far the most voluminous pyroclastic-flow deposits of the 1991 eruptions are 

pumice-rich ignimbrites emplaced during the climactic phase on June 15. These are 

mostly massive, valley-confined, and reach 200 m in thickness in places; 40 to 80 m in 

thickness is more common. The bulk of the volume was deposited within 3 to 9 km from 

the vent, but some deposits extend 16 km from the vent. 

The 1991 primary ignimbrite at Pinatubo infilled and buried the deeply incised 

slopes and all preexisting major river valleys: Sacobia, Pasig-Potrero, Marella, Balin 

Baquero, Maraunot, Bucao, and ODonnell (Fig. 34; Scott et al., 1996). Peaks of former 
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Figure 34. Distribution of large secondary ignimbrites or deposit-derived ignimbrite 
(DOI) after the 1991 eruption of Mount Pinatubo. River valleys affected by major 
deposit-derived flows include Marella, Balin-Baquero, Maraunot, Bucao, O'Donnell, 
Sacobia, and Pasig-Potrero. Note that some of the secondary ignimbrites out-ran 
the limits of the primary of vent-derived ignimbrite (VOi). (M is Mactan Gate of 
Clark Air Base). 
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highlands were left protruding out of the ignimbrite fans like isolated islands. Small 

deposits of ignimbrite were also emplaced within the Bangat and Gumain River valleys. 

The fresh ignimbrite is typically hot, pumiceous, fines rich, unconsolidated, and 

extremely unstable along oversteepened sides, where small avalanches commonly occur. 

Deposits contain >60% pumice clasts in the -2 to -4 size range, and the remainder are 

dense juvenile and accidental lithic clasts. The pumice component includes coarsely 

vesiculated, phenocryst-rich and finely vesiculated, phenocryst-poor types. Pumice-rich 

ignimbrites are moderately sorted to poorly sorted (i.e., cr<P = 1.5 to 3.5) and have a 

grain-size distribution dominated by the finer fraction. Median grain sizes range from 0 

to 2.5 <1> (Fig. 35). 

Within the pumice-rich ignimbrite, a lithic-rich facies occurs as pods, flow

segregated layers, and distinct flow units (Scott et al., 1996). The lithic clasts, many of 

which bear hydrothermal alteration, are dominantly dacitic, derived from pre-1991 lava 

domes and lava flows of Pinatubo. Although some dense clasts occur in secondary 

ignimbrites, pumice-rich ignimbrites are the source of virtually all of the remobilized 

material discussed here. 

Numerous fumaroles and phreatic explosion craters formed on the surface of the 

1991 ignimbrite. Secondary explosions and hot avalanches were common when this 

chapter was written (August 1993), although they significantly decreased within a year 

after the eruption. Fumarolic activity and secondary explosions were most intense along 

axes of former river valleys; where the ignimbrite is also thickest. A year and a half after 

the eruption, temperatures of fumaroles in primary ignimbrite in the Marella were as high 

as 390°C at 1 m in depth. Actual emplacement temperature must have been higher. 

! . 
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Figure 35. Median grain diameter (Md<j>) and sorting (cr<j>) of the primary 

and secondary ignimbrites. Data of Scott and others ( 1996) and the 
ignimbrite field of Sparks (1976) are also shown for comparison. 
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Juvenile pumice clasts exhibit uniform both normal and reversed thermoremanent 

magnetic (TRM) polarity (Fig. 36 and C.G. Newhall, written commun., 1991). 

OBSERVATIONS OF SECONDARY PYROCLASTIC FLOWS 

112 

Collapses of primary ignimbrite, generating secondary pyroclastic flows, are 

contemporaneous with lahar-forming events. Avalanches originate in the medial and 

distal parts of valley-filling primary ignimbrite and travel along active lahar channels. All 

large secondary pyroclastic flows have an associated headscarp region in which 

interconnected or en-echelon scarps suggest multiple avalanche failures of the primary 

ignimbrite. Details of some individual events are given below. 

The August 12-13, 1991, Maraunot Event 

I' 

The first known occurrence of a secondary pyroclastic flow was August 12-13, 

1991, following days of heavy rains and lahars events. A 20-m-thick mass, occupying 

1.25 to 2.0 km2 of the medial part of the ignimbrite fan at the former Maraunot River 

valley, was remobilized and transported about 10 km downslope (Pinatubo Volcano 

Observatory Team, 1991; Smithsonian Institution, 1991 ). The re-deposited material 

could be distinguished from the surrounding primary ignimbrite by its relatively 

undissected surface and }\ghter tone, which indicated new deposition of pyroclastic 

materials. This deposit could be traced upslope until it terminated in a headscarp 
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Figure 36. Thermoremanent magnetization (TAM) polarity distribution of 
clasts of primary and secondary ignimbrites and lahars at Pinatubo. Most 
clasts used in TAM polarity determination consist of pumice, except a set of 
samples from the southern Balin-Baquero watershed, which are dense 
juvenile fragments. Primary ignimbrite exhibits both normal and reversed 
TAM polarity. Secondary ignimbrites and lahars generally display a non
uniform distribution. A secondary ignimbrite in the middle Sacobia valley 
shows a distinct reversed mode. Circle radius represents five samples. 
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(Fig. 37). The development of a deep headscarp and long scar paved the way for the 

establishment of a new river course that now feeds the Bucao drainage system. The 

volume of this secondary ignimbrite is estimated to be 0.04 to 0.05 km3 on the basis of 

the calculated volume loss at the headscarp. However, some of the volume lost at the 

headscarp may have been transported earlier as lahars. 

During August 12-13, a ground-based weather radar at Cu bi Point detected five 

ash clouds that reached 10 to 15 km in altitude (Smithsonian Institution, 1991). 

Correlative peaks appear in Realtime Seismic Amplitude Measurements (RSAM) at 

0106, 0338, 0537, 1410, and 2250 on August 13, 1991 (Philippine Institute of 

Volcanology and Seismology (PHIVOLCS) Pinatubo Volcano Daily Update, August 14, 

1991). These high ash clouds were assumed to have come from the crater, but, in 

retrospect, it is quite possible that they were generated by secondary explosions and (or) 

progressive avalanche failures in ignimbrite of the Maraunot River valley. Three felt 

earthquakes were recorded on this day and one of these, felt at Poonbato (on the Bucao 

River) with intensity I on the Rossi-Forel scale, coincided with the ash cloud at 0537. 

The September 4, 1991, Marena Event 

Another secondary pyroclastic flow was generated on September 4, 1991, on the 

Marella River ignimbrite fan (see Fig. 5 of Torres et al., 1996). The upper 20 to 25 

meters of 100- to 200-m thick ignimbrite broke loose and flowed about 5 km (Pinatubo 

Volcano Observatory Team, 1991). The flow event was not actually observed, but the 

timing was reckoned from the conspicuous buildup of a 15-km-high ash plume at about 
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Figure 37. Photographs of Maraunot headscarp (A-B) taken 5 days after the 
event (Photo by W. Scott) . An average of 20 m was removed from the top of the 
primary ignimbrite by the August 12-13, 1991 , avalanche. Notice the relatively 
undissected surface within the escarpment. Photograph of the same area (C) 
taken 11 months after the event. 
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1400 (PHIVOLCS Pinatubo Volcano Daily Update, September 5, 1991), which was also 

documented by the NOAA-11 polar-orbiting weather satellite (Smithsonian Institution, 

1991 ). The headscarp and a fresh deposit of pyroclastic materials were found 2 days after 

the event. Neither the seismicity nor aerial investigation of the crater gave any indication 

of a renewed magmatic eruption, so the ash plume was not vent-derived. In fact, the 

eruption alert level was lowered by PHIVOLCS on September 4 from Level 5 (eruption 

in progress) to Level 3 with a corresponding reduction of the boundary of the danger 

zone from 20 to 10 km in radius from the vent (PHIVOLCS Pinatubo Volcano Daily 

Update, September 5, 1991). However, the second~ry pyroclastic flows traveled beyond 

the prescribed 10-km danger zone. The ash cloud and already overcast weather in the 

Pinatubo area caused darkness over Clark Air Base and vicinity for about 3 h. Light to 

moderate ash fall affected the towns to the east and northeast of the Pinatubo caldera. 

The April 4, 1992, Sacobia-Abacan Event 

A secondary pyroclastic flow was directly observed on April 4, 1992, in the 

Sacobia River valley. The event was probably initiilted at 1514H, during which time a 

secondary explosion and (or) avalanche triggered an ash column at least 1 to 2 km high 

(PHIVOLCS Pinatubo Volcano Daily Update, April 5, 1992). Eyewitnesses in the 

Sacobia River valley, upstream from Clark Air Base, described the secondary pyroclastic 

flow as a valley-confined "boiling ash flow." 

This secondary pyroclastic flow originated just above the divergence of the 

Sacobia and Abacan valleys. Flows traveled down both valleys, 4 km down the Sacobia 
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and about 3 km down the Abacan, and caused about 5 m of aggradation along both rivers 

(Fig. 38). Several 5- to 7-m high dams that had been built to trap sediment and slow 

lahars along the Abacan and Sacobia Rivers were completely buried by the secondary 

ignimbrite (Fig. 39). The vegetation on both sides of the channel was singed or 

smothered by wet fallout. A temperature of 240°C was measured in an exposed section 3 

months after emplacement. Fumaroles on the secondary ignimbrite surface steamed for 

several months. 

Associated ash and muddy rain fell heavily at 1545H and reduced the visibility 

over Clark Air Base from about 1600 to 2030H. Wetted ash fall caked on the valley 

walls along paths of the secondary pyroclastic flow. A 2- to 3-cm-thick laminated and 

accretionary lapilli-rich fallout deposit draped the topography surrounding the headscarp 

area at Sacobia and Abacan Rivers; correlative fallout thins to <1 cm near the terminus 

of the secondary ignimbrite along the Sacobia channel at 3 km from the source. 

The July 13, 1992, Pasig-Potrero Event 

A secondary ignimbrite was emplaced in the Pasig-Potrero River valley on the 

late afternoon and evening of July 13, 1992 (Fig. 40). An ash column at least 4 km high 

was observed from Clark Air Base and from Barangay Mancatian along the Pasig-Potrero 

River, and light ash fell over Clark Air Base and adjacent areas from 1830 to 1930 

(PHIVOLCS Pinatubo Volcano Daily Update, July 14, 1992). 

On July 15, we observed a new secondary ignimbrite that was traceable back to a 

0.5-km-wide and 1.0-km-long escarpment in primary ignimbrite of the Pasig-Potrero 



April 10, 1992 

April 14, 1992 

Figure 38. Sequential photographs of the Sacobia 
River channel taken from the vicinity of Mactan 
Gate of Clark Air Base. Most of the primary 
ignimbrite had been eroded or buried by lahar in 
November 22, 1991 . The emplacement of the April 
4, 1992, secondary pyroclastic flow caused 5 to 7 
m aggradation in this segment of the valley. On 
April 14, 1992, lahars started to form a channel. 
Deep incision on the deposit-derived ignimbrite 
was observed on July 11 , 1992. However, the 
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July 21 , 1992 photo shows cumulative aggradation on the incised channel , while active lateral 
erosion takes place. The 1992 and 1993 lahar events triggered fluctuating erosion and 
deposition in the Sacobia channel. Since the end of the 1993 rainy season, channel processes 
in the Sacobia was dominantly erosional. 
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Figure 39 . Sections of the 
secondary ignimbrite in the 
Abacan River bed that was part 
of the deposit of April 4, 1992, 
secondary pyroclastic flow. Inset 
map of Abacan and Sacobia 
gives the location of these 
sections, which are identified in 
the photographs by an enclosure 
mark. A) 3-m thick proximal 

C section is underlain by primary 
ignimbrite at the headscarp 
region and overlain by 30 to 50 
cm thick sheet-wash (Sw) 
deposit. B) 3-m-thick secondary 
ignimbrite is at the top of the 
sequence at this medial section 
and underlain by lahar deposit 
(Lh) . C) Remnant of eroded 
distal secondary ignimbrite is 
seen abutted on a lahar deposit 
(Lh) , which defines the pre-April 
4, 1992, channel of the Abacan. 
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Figure 40. A) Map of secondary pyroclastic flow on July 13, 
1992 at Pasig-Potrero. Most of the flow came down along the 
main channel of Pasig-Potrero in the South fork (Papatak) , 
but a significant volume has spilled over to the North fork 
(Timbo) . B) The secondary flow originated from an 
avalanche escarpment in the lower valley ignimbrite 
sequence of Sacobia ignimbrite fan . (Photo by C. Newhall) . 
Secondary pyroclastic flow travelled 5 km from the headscarp 
along the Papatak fork. A fines-rich facies spilled from a 
notch in the escarpment into the Timbo fork. 
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watershed. About 0.01 to 0.02 km3 of primary ignimbrite was remobilized and 

transported 5 km downriver. The bulk of the flow, rafting abundant pumice, went down 

the main valley of the Pasig-Potrero River. A fines-rich facies spilled from the rim of the 

headscarp, into a northern tributary of the Pasig Potrero River, and joined the main flow 

at a confluence 4 km from the source. The fines-rich facies covered the pumice-rich 

main-channel facies from their confluence point to their run-out distance. Near the foot 

of Mount Cutuno, the main mass of secondary ignimbrite blocked a tributary to the main 

Pasig-Potrero River, and created a small impoundment of water. 

The secondary ignimbrite contah1s partly to completely charred wood chunks. 

Temperature measurements of the ·secondary ignimbrite taken 5 days after emplacement 

ranged from 240 to 260°C at 1 m in depth. 

Inferred Events 

Secondary pyroclastic flows were unknown hazards at Pinatubo before the 

eruption. Because there was no specific effort to monitor their occurrence, it is very likely 

that some events, particularly those of late June and July 1991, which occurred at night or 

during inclement weather, escaped observation. In many cases, secondary pyroclastic 

flows were inferred after a new avalanche scar, an undissected pumice plain, or a fresh 

fallout deposit was identified by aerial or ground surveys. However, field inspection of 

ignimbrite fans was not possible on a regular basis, especially during the first 2 months 

after emplacement of primary ignimbrite. Sporadic ash venting, overcast or stormy 

weather, frequent phreatic explosions, and widespread fumarolic activity made the 
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ignimbrite fans largely inaccessible even by helicopter, as most pilots refused to operate 

under these conditions. Consequently, the timing of some secondary pyroclastic-flow 

events cannot be established. 

One large inferred event left an escarpment in the northern portion of the 

ignimbrite fan of the Balin Baquero watershed, about 1 to 2 km southwest of the 

Maraunot headscarp, that was noted from posteruption radar imagery flown in November 

1991 (see Fig. 4B of Newhall et al., 1996). Because the headscarp and valley 

morphology are very similar to those created by secondary pyroclastic flows in the 

Maraunot and Marella River watersheds, we believe that the same process operated in the 

northern Balin Baquero watershed. Although it is difficult to fix a specific date for the 

secondary pyroclastic flow in the northern Balin Baquero, greater incision of its 

headscarp and valley floor hints that it occurred earlier than the nearby, August 1991 

Maraunot secondary pyroclastic flow. 

Two additional secondary ignimbrites--one in the southern part of the Balin 

Baquero watershed and another in the upper Bucao watershed--were identified during an 

aerial survey a few days after heavy rainfall on September 20-21, 1992. At 0957 on 

September 21, an approximately 18-km-high ash plume was observed by the weather 

radar station at Cubi Point Naval Air Station, south of Pinatubo. Fallout from this ash 

cloud affected wide areas, including Manila, 90 km southeast of Pinatubo. The southern 

Balin Baquero and upper Bucao secondary pyroclastic flows each remobilized 0.035 to 

0.045 km3 of primary ignimbrite. It is not certain whether these two secondary 

pyroclastic flows are coeval or not. No other distinct buildup of ash clouds was noted 

between July 13, 1992, and the time these deposits were found in late September 1992. 
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Smaller secondary pyroclastic flows with runout distances of about 1 km were 

also noted during fieldwork in the middle Sacobia valley in November 1992 and in the 

Balin Baquero and Marella valleys during fieldwork in July 1993. These smaller 

secondary pyroclastic flows are surely common, but their deposits are quite ephemeral, as 

lahars rework or bury them within a short time. 

Characteristics of the Secondary lgnimbrite 

Secondary ignimbrites of Pinatubo are distributed along major river valleys that 

drain from the 1991 pyroclastic fans, namely the Sacobia, Pasig-Potrero, Marella, Balin 

Baquero, Maraunot and Bucao Rivers. The largest secondary pyroclastic flows occurred 

along the western flanks of Pinatubo in the Marella, Balin Baquero, and Maraunot River 

valleys, which also received the most extensive and thickest primary ignimbrite. These 

large secondary ignimbrites have volumes in the range 0.01 to 0.05 km3; smaller 

secondary ignimbrites also occur, but, as noted above, are easily lost from the geologic 

record. Deposit characteristics are similar regardless of size. 

Because secondary pyroclastic flows at Pinatubo followed valleys, it is suggested 

that they were dense flows. In at least one instance, along the Pasig-Potrero River, a 

dilute, fines-rich facies overflowed banks near the source. The flow did not erode 

substrate over which it flowed. Compared to other pyroclastic flows of comparable 

volume, Pinatubo secondary pyroclastic flows had a low ratio of vertical drop (H) to 

runout distance (L) (Fig. 41), which indicates unusual mobility. 
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Figure 41. Log of H/L versus log of volume (in cubic 
kilometers) of secondary pyroclastic flows. H/L is the ratio of 
the vertical drop (H) to runout distance (L) of the secondary 
pyroclastic flows. Fields of pyroclastic flows, volcanic debris 
avalanches, and nonvolcanic debris avalanches after 
Hayashi and Self (1992). 
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The main body of the secondary ignimbrite is dry, massive, loosely consolidated, 

and poorly sorted ( crq, = 2.0-3.0). Grain-size distribution of the secondary ignimbrite is 

very similar to that of the primary ignimbrite. Calculated grain-size parameters, such as 

median grain diameter and sorting, plot within the field of the pumice-rich primary 

ignimbrite at Pinatubo (see Fig. 35). A major mode appears in the 1- to 2- (crystal-

dominated) size range. Internally, the secondary pyroclastic-flow deposits strongly 

resemble a massive primary ignimbrite. A section of a proximal facies of secondary 

ignimbrite (Fig. 42) exhibits inverse grading, gas escape pipes, surface fumaroles, and a 

dense lithic-rich basal layer. Medial and distal facies are generally massive and have a 

poorly defined basal layer (layer 2a of Sparks, 1976) and dense lithic segregations. 

Incorporated accretionary lapilli remained as coherent particles near the base. Secondary 

deposits lack the characteristic cohesiveness of laharic debris-flow deposits found in the 

same area. 

Clasts in the secondary ignimbrite consist dominantly of pumice, which is 

strongly concentrated in the upper part of the flow. Charred wood debris on the surface 

was oriented perpendicular to the flow direction along the flow axis but subparallel along 

the margin. The "frozen" fabric of the rafted pumice and floating wood debris indicates 

that the maximum flow velocity was along the axis,,9f, flow and decreased toward the 

margin. Insignificant overbanking around bends of the channel (as deduced from absence 

of swash marks and nearly horizontal cross-sectional profiles) suggests a very low flow 

velocity, approximately a few meters per second. 

TRM polarity distributi0n of the juvenile pumice clasts revealed no consistent 

orientation (see Fig. 36). Temperatures of 240-260°C were measured at points of steam 

> ' '" 
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Figure 42. Proximal secondary ignimbrite in the Marella valley 
showing basal lithic segregation , degassing pipes, fumarolic 
encrustation. The section also shows the underlying layer D and 
lithic-rich primary ignimbrite. 
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emission on the surface of secondary ignimbrite at Pasig-Potrero valley five days after its 

emplacement. A temperature of 240°C was determined from an exposed 5- to 7-m-thick 

section of secondary ignimbrite 3 months after it was deposited at Sacobia valley. 

Together, these observations suggest typical emplacement temperatures of between 

250°C and 300°C. 

Secondary pyroclastic flows were commonly accompanied by secondary 

explosions and ash columns. Several of these ash columns were detected by weather 

radar and ground-based observation at heights comparable to violent vent ejections. Some 

events were not observed at all because they occurred during the night or cloudy weather. 

However, ash plumes were inferred from new ash layers on the surface of the ignimbrite 

fan and traces of ash on downwind vegetated areas. Though widely dispersed, the fallout 

deposits are preserved only near their source escarpments and are ephemeral elsewhere. 

DISCUSSION 

Possible Mechanisms of Secondary Pyroclastic Flows 

The generation of secondary pyroclastic flows involves a massive remobilization 

of hot, uncompacted primary ignimbrite. We envisage that two processes govern 

secondary pyroclastic-flow generation: overall reduction of friction within the primary 

ignimbrite and subsequent gravitational collapse. A decrease in the yield strength may 

result from an increase in pore pressure; gravitational collapse may be facilitated by the 
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decrease in yield strength and by reduction of lateral support during channel erosion. The 

various thermodynamic and hydrologic conditions needed to cause a significant pore 

pressure increase and slope instability are yet to be resolved. Nevertheless, general 

aspects of the generation, triggering, and transport of secondary pyroclastic flows are 

outlined below. 

Much of the pore fluid in the ignimbrite consists of water and steam in the 

originally dry interior of the primary ignimbrite. The manner by which water is 

introduced is unclear, but possibilities include upflow of ground water at the base of the 

ignimbrite induced by static loading on a porous and saturated river bed, percolation of 

rain water through cracks and open fumarolic pipes, and seepage from lahars, 

streamflows, and springs. As water recharges the hot primary ignimbrite, it is heated and 

a significant proportion is vaporized. As a result, the ignimbrite body becomes a 

pressurized system and remains as such prior to collapse. Poor internal permeability (due 

to a high proportion of fines), high lithostatic gradient, and a confining layer of fine 

ashfall prevent a significant release of pore pressure. Pore water vaporization decreases 

the stability of primary ignimbrite, priming it for collapse. 

Heavy rainfall, channel erosion, secondary explosions, and earthquakes are 

possible triggers for collapse of the primary ignimbrite and, thus, for the generation of 

secondary pyroclastic flows. The close association of heavy rain and active lahars with 

secondary pyroclastic flows suggests a dominant role for rain and lahars in triggering 

secondary pyroclastic flows. Rain and lahars on the . ~urface can load and perhaps 

destabilize an unstable block of primary ignimbrite. Lahars also cause deep incision on 

ignimbrite fans, erode channel walls into oversteepened and overhanging sections, and 



129 

induce localized slope failures along the channel. The failing mass disintegrates into a 

small-scale cohesionless turbulent flow, accompanied by a convection of fine elutriates. 

Scarp collapse exposes fresh sections of primary ignimbrite, which sometimes react 

explosively in contact with lahars. Secondary explosions promote additional slope 

instability by forming steep escarpments and phreatic explosion craters. The combined 

effects of channel erosion and secondary explosions critically reduce the lateral support 

of potential failure surfaces. We also envisage that some avalanching involves rapid 

decompression of pore pressure at the collapsing front and triggers a runaway upslope 

propagation of the failure surface. 

Felt earthquakes occurred .on the same day as the Maraunot event, but many other 

earthquakes of similar magnitude were not followed by secondary pyroclastic flows . We 

do not claim an association, but we can envision, where unstable blocks are primed for 

failure, that ground shaking could induce compaction of the primary ignimbrite and, 

therefore, increase the pore pressure. If the pore pressure approximated the lithostatic 

load, the ignimbrite would lose its yield strength, undergo liquefaction with gaseous 

fluids as fluidizing agents, and flow downvalley over a very gentle gradient. 

Transport of remobilized ignimbrite on a very gentle slope for several kilometers 

requires a mechanism that sustains fluidity. Characteristically low H/L ratios, the 

abundance of fumaroles on secondary ignimbrite surfaces, and the common association 

of high ash columns suggest that high gas pressure fluidizes the secondary pyroclastic 

flows until they are degassed to the point that they begin to deposit, from the bottom up. 

The absence of basal erosion, the massiv:e character of deposits, channel-confined flow, 

and apparent slow flow velocities all suggest a high-concentration laminar flow in the 
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depositional regime. Density and size segregation occur during transport of secondary 

pyroclastic flows, where dense block-size lithics settle near the headscarp area while 

large pumices are carried downstream ar:id progressively segregated to the top of the flow. 

The Distinction between Primary and Secondary lgnimbrite 

The recognition of secondary ignimbrite at Pinatubo makes detailed interpretation 

of older ignimbrites more difficult. Having very similar sedimentary characteristics, 

primary and secondary ignimbrites are hardly distinguishable in the field unless one has 

knowledge of the depositional site before and after the events. However, some points of 

distinction can be made, including random TRM polarity of clasts in secondary 

ignimbrites, slight fines depletion, and, in well-incised sections, the nature of the 

underlying unit. 

Secondary ignimbrite tends to be fines depleted relative to the primary ignimbrite 

from which it was derived (Fig. 43). Some of the primary fine fraction is lost as elutriate 

that forms associated ash columns and secondary co-ignimbrite ash. Fines depletion also 

suggests that the secondary flow age .at Pinatubo is gentle and does not grind up a new 

generation of fines to replace that being lost. 11 

TRM polarity distribution of the clasts provides a more promising, yet not 

infallible, way to distinguish primary and secondary ignimbrite deposits. The uniform or 

bimodal TRM polarity of pumice clasts in primary ignimbrite at Pinatubo is in contrast to 

the generally random distribution in the secondary ignimbrite. Elsewhere, in primary 

ignimbrite that is dominated by magnetite and lacks self-r:eyersing ferrian ilmenite (Nord 
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B) Secondary lgnimbrite 
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Figure 43. Size frequency curves of the (A) primary and (B) secondary 
ignimbrites plotted as cumulative weight percent on normal probability 
scale versus the particle size in ~ units. Notice the fines depletion in the 
secondary ignimbrite grain size distribution. 
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and Lawson, 1989), the magnetic distinction between primary and secondary ignimbrite 

would be even more pronounced. 

Because the chronology of events is known at Pinatubo, identification of the 

underlying unit provides an added basis for recognition of secondary flow deposits. 

Primary ignimbrite usually overlies either the preemption surface, the June 12 pyroclastic 

flow, the blast deposits, or the plinian fallout. By contrast, most secondary ignimbrites 

were emplaced on lahar or stream deposits that postdate the June 15 eruption. 

Impacts of Secondary Pyroclastic Flows 

There were no known fatalities during major secondary flow events at the 

Maraunot, Marella, and Balin Baquero events. These events occurred in very remote 

locations and at a time when people were still reluctant to venture near designated danger 

zones. However, the April 4, 1992, event, which was smaller than earlier flows, nearly 

caught people who were working in the Sacobia and Abacan River channels. The more 

serious impacts of secondary pyroclastic flows at Pinatubo, such as burial and burning, 

are limited to the channel and areas proximal to the source. Light fallout of very fine ash 

from secondary co-ignimbrite and phreatic explosion columns affects distal areas. Ash 

plumes formed during secondary pyroclastic flows can also pose serious hazards to air 

traffic above the vicinity of Pinatubo, as they can rise to the cruising altitudes of 

commercial airplanes .(see description of August 1993 encounter, Casadevall et al, 1996). 

Changes of morphology in the headscarp region.and the emplacement of thick 

secondary ignimbrites alter the channel conditions for lahars and indirectly trigger other 
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hazards. The April 4, 1992, event allowed the Sacobia to capture all flow from the 

Abacan River. Thus, lahar hazard was sharply reduced along the Abacan and raised along 

the Sacobia. No true debris flow has occurred in the Abacan channel since the April 4 

secondary pyroclastic flow. Rapid aggradation of the ch~nµel can dam tributary streams 

and create a less efficient lahar-conveyance system. After the July 13, 1992, secondary 

pyroclastic flow in the Pasig-Potrero watershed, lahars stopped for more than a month, 

even during periods when the nearby Sacobia River had large lahars. On August 29, 

1992, a large-volume, sustained lahar came down the Pasig-Potrero River, due to newly 

reintegrated drainage and breakout of water that had ponded behind a dammed tributary 

at the foot of Mount Cutuno (Arboleda and Martinez, 1996). Residents of the Mancatian 

area were surprised, and ~uch damage occurred. 

; l 
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CHAPTER4 

GENERATION, TRANSPORT, AND EMPLACEMENT OF DEPOSIT-DERIVED 

PYROCLASTICFLOWS ON THE 1991 PINATUBO IGNIMBRITE SHEET 

Events on the 15 June 1991 ignimbrite sheet at Pinatubo have demonstrated that 

"secondary pyroclastic flows" and their associated ash columns occurred for several 

years after the primary deposit was emplaced (Torres et al., 1996). The frequency of 

these processes at Pinatubo, and recognition of somewhat analogous examples elsewhere 

(Hoblitt et al., 1981; Hildreth, 1983; Fisher et al., 1987; Fierstein and Hildreth, 1992; 

Walker et al., 1994), suggest th;:i.t "secondary pyroclastic flows" are common phenomena 

associated with explosive eruptions, deposition of ignimbrite sheets, and rapid landscape 

evolution. Phreatic explosions at approximately 100 deg C triggered by interaction of hot 

pyroclastic materials and water are common (e.g., Moyer and Swanson, 1987) but the 

ensuing avalanches and secondary flows at Pinatubo were basically dry and much hotter 

than 100°C. 

"Secondary pyroclastic flows" in the sense used here were first observed at 

Pinatubo a few days after the August 12-13, 1991 event at the Maraunot fan. These 

"secondary pyroclastic flows" at Pinatub.o were remobilized as gas-particle dispersions 

that yield hot, non-welded ignimbrites similar to the "primary ignimbrites" (Torres et al., 

1996). The striking similarity of "primary" and "secondary ignimbrites" is intriguing, 

particularly considering that "secondary" deposits are emplaced by pyroclastic flows that 

differ markedly in terms of mass flux rate, degree of turbulence, and emplacement 

temperature. What similar emplacement mechanisms of primary and "secondary 
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pyroclastic flows" make the deposits so135 similar? We rely here on observed and well

documented secondary pyroclastic flow deposits at Pinatubo (Torres et al., 1996) to 

develop the criteria for distinction. The secondary deposits are generally ephemeral and, 

consequently, many important details may be completely lost in the stratigraphic record. 

The conventional approach in mapping and interpreting ignimbrite sheets has 

been based on a single cycle of generation, transport and deposition of "primary" 

pyroclastic flows. Previous workers envisaged an ignimbrite sheets as either entirely 

vent-derived or sharply divided into primary and secondary deposits, with the former 

constituting syn-eruption emplacement and the latter representing reworked or epiclastic 

deposition. This new work considers "secondary pyroclastic flows" as part of a spatial 

and temporal continuum of flow processes in ignimbrite emplacement. This recognition 

is pivotal in the reconstruction of the overall eruption chronology at Pinatubo, the 

documentation of transport and deposition history of the 1 ?91 Pinatubo ignimbrite and in 

assessment of pyroclastic flow hazards. The lessons learnt at Pinatubo will be applicable 

to non-welded ignimbrite-forming eruptions elsewhere. 

Vent-derived and Deposit-derived lgnimbrites 

The term secondary has been used to describe various types of volcaniclastic 

deposits emplaced by different mechanisms, including epiclastic, pyroclastic and lava 

flow (autobrecciation) processes. Against the backdrop of the volcanological and 

sedimentological literatures, the term secondary flow can be confusing even though it 

makes perfect sense to use it for the "secondary" pyroclastic flows observed at Pinatubo. 
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Post-eruption remobilization of ignimbrite deposits have been referred to as secondary 

pyroclastic flow, but syn-eruption dry-state rem?bilization is also possible as "drain 

down" from pyroclastic deposits on steep slopes (Fisher et al., 1987; Walker et al., 1995) 

and as gravitational collapses of the growing ignimbrite fan during rapid valley floor 

aggradation. 

The dry-state remobilization of primary ignimbrite led to the formation of 

secondary ignimbrite at Pinatubo and thus, considering that penecontemporaneous 

movements possibly contributed to the formation of source ignimbrites, tertiary 

pyroclastic flow is sometimes a more appropriate term in the ordinal sense for some post

eruption remobilizations, particularly those emanating from the lower valley ignimbrite 

sequence, e.g., the April 4, 1992 event at Sacobia (Torres et al., 1996). Subsequently, 

avalanches of the April 4, 1992 ignimbrite generate quaternary pyroclastic flow, such as 

those observed in July to November 1992 at Sacobia. However, an ordinal nomenclature 

of ignimbrite requires tedious tracking of all stages of remobilization, which is not always 

possible under field conditions after ignimbrite-forming eruptions. We, therefore, 

propose to use a generic definition based on the source of pyroclastic materials. From 

hereon, we will use "vent-derived ignimbrites" cvnn in lieu of "primary ignimbrites" 

and lump together the products of dry-state remobilization of ignimbrite as "deposit

derived ignimbrites" (DDI). 

Vent-derived ignimbrites were deposited by pyroclastic flows emanating from 

partial column collapses, low fountaining and disruption of juvenile lava domes. 

Deposit-derived ignimbrites at Pinatubo were initiated by dry-state remobilization of 

these pyroclastic deposits. A semantic question here is whether the material involved in 
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the pyroclastic flow have already came to rest for any appreciable time and, thus, whether 

the term deposit-derived actually applies. Post-eruption remobilization, such as the 

August 12-13, 1991 in the M~aunot, September 4, 1991 in the Marella, April 4, 1992 in 

the Sacobia and Abacan, and July 13, 1992, in the Pasig-Potrero valleys were 

unequivocal deposit-derived flows. Pyroclastic flows generated by earlier avalanches, 

such as those that left an escarpment south of the August 12-13, 1991 headscarp at 

Maraunot, involved deposits that were emplaced by earlier pyroclastic flows and thus, are 

also deposit-derived, albeit penecontemporaneous with vent-derived flows. In cases 

where pyroclastic flows climbed very steep slopes, backflow might start without a time 

break (Wilson, 1982; Fisher et al., 1987). Also,. with low to intermediate slope, it is 

possible that sliding and remobjlization occurs after the pyroclastic materials have come 

to rest and aggraded to reach a critical thickness. In thes(1 cases of syn-eruption 

backflows and slope drain-down movements, where evidence of remobilization is not 

readily apparent, the boundary between vent-derived and deposit-derived flows is 

likewise not clearly drawn. 

We use ignimbrite for brevity to refer to pumiceous pyroclastic flow deposits at 

Pinatubo (cf. Scott et al., 1996) since the term is already well entrenched in 

volcanological literature. The term deposit-derived ignimbrite is also consistent with our 

view that deposit-derived flow~ are essentially pumiceous pyroclastic flows . No 

significant fragmentation and grain attrition takes place during transport and water is not 

a significant component of the continuous phase of Jhe particle dispersion (Torres et al., 

1996). Other similar examples ar~ now being described from the on-going Monserratt 

eruption (Druitt et al., in press), where a high particle concentration, valley confined 

'! 
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pyroclastic flow was generated from the veneer facies a block and ash flow that was 

briefly deposited on steep slopes. An interesting corollary of deposit-derived flows in the 

geologic record is being able to trace an ignimbrite sequence to its proximal facies that 

has no associated source vent. 

Generation of Deposit-derived Flows at Pinatubo 

Post-eruption deposit-derived flows at Pinatubo were generated from deeply and 

quickly incised thick ignimbrite sheets at the Marella, Balin-Baquero, Maraunot, and 

Bucao fans on the western flank and Saoobia fan on the eastern flank of Pinatubo (see 

Fig. 34). Large deposit-derived flows were generated.on the western fans within 1991-, 

92, while smaller but prolonged occurrences were observed in the Sacobia fan in 1992-

1995. Some generation of deposit-derived flows were accompanied by phreatic 

explosions due to interaction of hot pyroclastic materials and water. Under these 

dynamic conditions, the deposits are expected to be ephemeral and, consequently, many 

important details may be completely lost in the stratigraphic record. The low potential 

for preservation of small to moderate-sized deposit-derived ignimbrites, because the new 

deposits fill the lowest ground in stream beds, requires documentation of lithofacies 

variation immediately after emplacement and during the first instance of incision by 

subsequent lahars. The deposits may be preserved only in cases when the stream flow in 

the valley, where the ignimbrite is ponded, has been shutdown after stream piracy (Daag, 

1994; Punongbayan et al., 1994). This rare situation actually happened along the 

Abacan, River bed, where the deposit-derived ignimbrite can be found intact (as of 
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writing, mid-2001) along a 1.5-2 km stretch of the channel. On April 4, 1992, the 

Sacobia River captured the stream flow of the upper Abacan when an avalanche removed 

a narrow portion of 1991 VDI that separated the two rivers, leaving the Abacan valley at 

a higher base level without upstream watershed. Since then, stream activity intensified in 

the Sacobia, causing the rapid burial of the April 4, 1992 deposit-derived ignimbrite by 

lahar deposits. Further stream flow eroded both the 1992 ignimbrite and 1993 lahar 

deposits. This study documented the April 4, 1992 deposit-derived ignimbrite in the 

Sacobia channel in 1992 and 1993 before it was lost to erosion. 

The April 4, 1992 deposit-derived flows .at Sacobia and Abacan were generated 

from the lower valley sequence below the Sacobia ignimbrite fan. The lower valley 

ignimbrite sequence in the Sacobia was originally 20 to 40 meters thick along the valley 

axis, but most of the original depositional surface were eroded and reworked during the 

1991-92 period of lahar generation. Prior to the 1992 avalanche, about 150 million m3 

and 60 million m3 were already remobilized by lahars at Sacobia and Abacan (Pierson et 

al., 1996), respectively. Numerous secondary explosions were noted from PVO to have 

emanated from the confluence of Abacan and Sacobia rivers, which was also referred to 

as Abacan gap. The source ignimbrite of the 1992 deposit.-derived flow at Sacobia and 

Abacan was loosely consolidated and the surface was still hot even several months of 

being exposed in the headscarp region. Piecemeal collapses have occurred at the newly 

exposed face of the massive sections, expibiting a pinkish tinge to a bright white colors. 

Lithic clasts form lenses and pods in the .upper part of the valley-ponded ignimbrite 

sections, which are also found as basal lithic concentration in ignimbrites that were 

emplaced on pre-eruption interfluves. 

..- i ' 
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The July 13, 1992 deposit-derived flow also originated from the lower valley 

sequence of the Sacobia ignimbrite fan, albeit more proximal and thicker valley-ponded 

ignimbrite than that at the Abacan gap. A 20 meter of VDI within the headscarp region 

was remobilized as pyroclastic flows, which ponded mostly within the Papatak fork of 

the Pasig-Potrero River. Fumarolic activity along the margins of the headscarp persisted 

for more than a year after the avalanche. 

An avalanche in October 5-6, 1993 in the upper Sacobia valley VDI at 4-5 km 

from caldera rim caused the capture of the headwaters of Sacobia by the Pasig-Potrero 

river (Daag, 1994; Punongbayan et al., 1994). This single event triggered a significant 

increase in the frequency and volumes of lahars, avalanches and deposit-derived flows in 

the Pasig-Potrero, whilst the reduction of sediment-laden streamflows in the Sacobia led 

to strong degradation and incision of the channel floor. Meanwhile, multiple deposit

derived flows in the Pasig-Potrero kept &pace with lahars, providing fresh exposures of 

deposit-derived ignimbrites to replace those that were being lost to lahar erosion. These 

deposit-derived flows were generated from the thicker parts of the Sacobia ignimbrite 

fan. Pinatubo Volcano Observatory at Clark Airbase (PVO) recorded the avalanche 

events on the Sacobia fan as secondary explosions and ash fall Fig. 44 ), most of which 

that occurred in 1993 and later were generated along the course of the Pasig-Potrero 

River. 

The September 22, 1994 avalanche, which generated deposit-derived flows along 

the Pasig-Potrero channel, was spawned from the Sacobia YDI fan just upstream of the 

July 13, 1992 headscarp. Fumarolic encrustations and vapor-phase secondary mineral 

precipitation weakly cemented the source matrix and clasts together. Bedded lithic 

" 
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Figure 44. Time series diagram of height ash column formation associated 
with the pyroclastic avalanches, deposit-derived flows and phreatic 
explosions on the 1991 Pinatubo ignimbrite sheet. Most of the events were 
documented on the Sacobia ignimbrite fan since a manned observatory is 
maintained on the Sacobia-side of Pinatubo. The diagram shows the 
decreasing frequency and magnitude (expressed by the column height) of 
deposit-derived flow generation within the 8-year period of observation. 
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concentrations near the top of the VDI sequence, including those that had been reworked 

into lithic talus, lahar lag deposits and stream bedload, supplied the dense lithic clasts that 

were moved by deposit-derived flows ands seen in the DDI. 

The September 22, 1994 avalanche and the ensuing deposit-derived flow coursed 

through the North (Timbo) fork of the Pasig-Potrero River. At this time, the South 

(Papatak) fork, which was the main channel of the Pasig-Potrero before the eruption and 

during the July 13, 1992 deposit-derived flows, had already been completely abandoned 

in favor of the Timbo fork. This 1994 DDI has steep margins and snouts and exhibits 

pumice concentrations near the top of the section. We recognize at least three individual 

flow units that are separated by ash fall and lahar deposits, which caused the damming of 

a small tributary channel by CUJ!llulative f!ggradation of a series of flows. A small lake 

with a volume of about 500,000m3 in a small tributary Qf Rasig-Potrero River was 

drained in October 1994, leaving horizontally bedded, fine-grained, tuffaceous lacustrine 

sediment layers and high-water marks. Several episodes of DDI sedimentation were 

inferred from series fining-upward sequence of lake deposits from coarse tuffaceous sand 

to a clay layer. Pumice clasts were conspicuously absent within the lake sediment layers, 

as pumices probably floated on "muddy" ponded water that was later drained out into the 

Timbo fork. 

The deposit-derived ignimbrites on April 4, . 1992, in the Abacan and Sacobia 

valleys and on July 13, 1992 and September 22 .. 1994 in.tfle Pasig-Potrero valley (Fig. 

45) involved remobilization of 10-15 million m3 of materials in each event. Deposit

derived flows on the western fans, e.g. Bucao, Maraunot and Balin-Baquero areas, are 3 

to 4 times larger. However, the deposits in the Abacan, Sacobia and Pasig-Potrero 
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Figure 45. A) Map of the September 22, 1994, deposit-derived ignimbrite in 
the Pasig-Potrero valley. The flow originated from the main ignimbrite fan just 
upstream of the July 13, 1992 headscarp and went down for 4 km the North 
fork of Pasig-Potrero valley. B) Slump features showing coherent blocks of 
vent-derived ignimbrite. Diagrams D-E represent the possible nature of 
avalanche of an ignimbrite sequence that has developed thick vapor-saturated 
zones (in blue) . Repeated erosion prevented extensive secondary 
mineralization of the section on the side facing the channel. 



valleys were more interesting to compare as they were generated from the same 

ignimbrite fan and are more accessible for fieldwork. 

Talusjorming Slope Failures 
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Slope failures at Pinatubo commonly occur along deeply incised 1991 ignimbrite, 

but occasionally were also generated in older deposits, forming talus fans in front of 

sections. The formation of talus fans from hot 1991 ignimbrite sections involved many 

small slope failures (Fig. 46). Some fine ash from the avalanching mass segregates into 

an ash cloud that lofts above the talus fan, causing fines depletion of the ignimbrite talus 

fan deposits. Higher mass flux produces talus fans with lower aspect ratio or generates 

minor deposit-derived flows that extend tens to hundreds of meters. Fumarolic 

encrustation forms most heavily above the interface of talus fan and ignimbrite. Even 

when a talus fan has been completely eroded away, fossil fumarolic encrustation defines 

a trace of that interface (Fig. 47). An excavation at the interface of talus fan and 

ignimbrite shows sublimates of hydrous sulfates with a banded appearance that is defined 

by interface exposed to the atmosphere and a lower limit of visible encrustation below 

that interface. The configuration of the ~nterface varies in response to erosion, while the 

types of sublimates that formed on the surface are most likely controlled by the degree of 

vapor saturation of the deposits, but.includes native sulfur and calcium sulfates. 

Progressive degradation of the talus fan and the changing saturation level of the deposits 

resulted in the-banded appearance of the fumarolic encrustation. 
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Figure 46. Small avalanches form talus fans of ignimbrite materials. A-C) 
Sequential photos of an avalanche from a section of vent-derived ignimbrite at 
upper Bucao headscarp, which formed on September 20-21 , 1992. The 
section is about 10 m thick. D) lgnimbrite talus fan forming from series of 
avalanches of VDI and E) talus fan from a collapsed section of DOI , both in the 
Sacobia. 
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Figure 47. Banded fumarolic encrustation in VOi sections. A) Alternating 
whites and yellows bands of secondary minerals showing the different stages 
of talus fan erosion. B) Yellow bands of native sulfur dominate the secondary 
minerals forming on the face of hot VOi. C) Excavated interface of talus fan 
and ignimbrite shows sublimates of hydrous sulfates. Boundary "x" represents 
the interface exposed to the atmosphere, while boundary "y" marks the lower 
limit of visible encrustation . D-F are diagrammatic representation of the 
development of banded fumarolic encrustation as a function of cyclical wet and 
dry conditions and erosion of talus fans. D) Flooding stage after talus cone 
formation is accompanied by vigorous fumarolic activity. E) At dry condition , 
fumarolic activities sublimate anhydrous sulfates and native sulfur. F) During 
high vapor saturation, hydrous sulfates, such as gypsum, are deposited along 
the interface. 
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Proximal to Distal Facies of Deposit-derived lgnimbrites 

The proximal deposit-derived ignimbrites of April 4, 1992 and July 13, 1992 (Fig. 

48) showed smooth surfaces with horizontal to very gentle slopes. The same area, before 

the avalanche event, was a deeply incised region, where the elevation of the Sacobia 

channel thalweg was lower than that of the Abacan by about 20 to 30 m. Ponding of the 

proximal facies resulted in overall aggradation of the Sacobia channel, reducing the 

difference in valley floor elevation between Abacan and Sacobia to about 10 m. Coarse 

tail lag deposits did not form on the surface of the proximal DDI facies although the 

source ignimbrite contains dense lithic concentrations. Possibly the lithic clasts were 

segregated towards the basal portions of the proximal deposit in the Sacobia channel. 

However, basal lithic segregations have not been observed in the exposed proximal 

section at the truncated Abacan channel, probably indicating that the deposit-derived flow 

is density stratified at its onset and the portion of the April 4, 1992 flow that went down 

along the Abacan consisted mostly of less dense upperflow. Locally extensive, albeit 

short-lived, fumarolic activity took place from above the proximal and medial facies, 

where fossil fumarole vents cluster on the ignimbrite surfaces (Fig. 49), probably above a 

buried stream and small water impoundment. A few steaming fumaroles persisted along 

ignimbrite margins, incised channels, and headscarp sections for more than a year after 

the 1992 event. 

The headscarp region of the September 22, 1994, event at Pasig-Potrero, which 

involved the remobilization of vapor-saturated altered ignimbrite, as well as reworked 

deposits, exhibits lobes of coarse lithic lag deposits and coherent blocks of vent-derived 
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Figure 48. A) Headscarp region (Hs) of the April 4, 1992 deposit-derived flow at 
Sacobia (Sc) and Abacan (Ab) taken several months after the event, showing 
channel incision on new ignimbrite surface. No visible coarse lag deposits on the 
surface of proximal deposits. B) Ground level view of the Sacobia-Abacan 
headscarp. Flat surface horizons represent the (1) original depositional surface of 
VDI and (2) surface of proximal DDI after the avalanche. C-D are two dimensional 
cartoons showing the formation of avalanche headscarp that spawned fluidized 
flows and triggered overall aggradation at the headscarp region . 
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Figure 49. Fossil fumarole vents on the surface of DOI in the Sacobia 
channel. A) Fumarole vents occur in small chains and clusters on proximal to 
medial facies. The opening of the fumarole vents has diameter of 20-50 cm. 
B) A 40-cm diameter vent opening corresponds to a pipe that is 15-20 cm in 
diameter. The pipe is fines depleted and contains coarse pumice. 



ignimbrite (Fig. 50). Apparently, fumarolic encrustation and secondary mineral 

precipitation effectively cemented the clasts and matrix, preventing complete 

disintegration of the collapsing mass of VDI. 

150 

In vertical sections, the medial DDI facies exhibits subtle basal shear zones, dense 

clast segregation, inversely graded pumice and discontinuous gas escape pipes. It thus 

resembles in many respects the massive VDI and may be distinguished from the latter in 

the field only by the nature of the underlying stratigraphy. For instance, lahar deposits 

underlie the DDI in the Abacan and Sacobia valleys as most of the avalanches of 

pyroclastic materials were preceded by intense rainfall and triggered by lahars. In 

contrast, fines-poor plinian fall 1(i.e., layer Cl), pre-climactic ash fall (i.e., layer B) or pre

emption soil underlie the VDI. 

The distal facies of the April 4, i.992 deposit-derived ignimbrite in the Sacobia 

channel (Fig. 51A) ponded behind a sediment control dam (built in late 1991 to early 

1992) after flowing 3 km from the headscarp region. A small fraction of DDI fines-rich 

facies went beyond the dam for a short distance. Five to seven meters of aggradation 

behind the dam filled the heavily incised lower valley ignimbrite and lahar deposits in the 

Sacobia. The lower lahar deposit exhibit features that are either gas escape structures or 

dewatering pipes. Clast concentration above the lahar deposits consists of pumices that 

are coated by cohesive ash. It is analogous to rafted pumices on lahar flows that are left 

stranded on high lahar terraces when flow height decreases along the channel. Fine ash 

with occasional accretionary lapilli that are probably co-ignimbrite ash of the deposit

derived flow thinly veneered t\1e lower lahar deposit, which indicates a short time interval 

between lahar and deposit-derived flow emplacement. This distal deposit-derived 
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Figure 50. Lag deposits in the headscarp area of the September 
22, 1994, deposit-derived flow at Pasig-Potrero, include A) Coarse 
tail lithic lag and (C) chunks of weakly cemented vent-derived 
ignimbrite. 
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Figure 51 B. April 4, 1992 DOI 
co-ignimbrite ash fall near the 
Abacan gap with 5 cm of 
accretionary lapilli-rich laminae. 
The 5 cm-thick ash fall 
accumulation started with loose 
accretionary lapilli and shortly 
followed by coeval deposition of 
accretionary lapilli and fine ash . 
Vesiculated ash caps the 
sequence. 

Figure 51A. Stratigraphy of deposit-derived ignimbrite (DOI) and associated co
ignimbrite ash fallout. A) 7 m-thick section of distal facies of the April 4, 1992 
DOI in the Sacobia channel lies between lahar deposits. 



ignimbrite has thin, fines-depleted, massive basal facies that contain inversely graded 

lithics and pumice clasts. Upper lahar deposit in this section (i.e., Fig. 51A) was 

deposited above the original DDI surface, although erosion of DDI was significant in 

nearby sites. 
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Sections of the DDI that were exposed in the following year revealed prograding 

bedding planes towards downstream (Fig. 52). These bedding planes may be defined by 

pumice concentrations and fines-enriched horizons. The basal layer is inversely graded 

and exhibits a 2 to 3 cm fines depleted basal shear zone near the contact with underlying 

deposits. However, the basal shear zone contains accretionary lapilli, which were 

probably incorporated from underlying ashfall deposit, but without signs of attrition. 

Lithic components are increasingly more abundant above the basal layer, but mostly 

concentrated in the lower parts of the DDI section. Pumice concentration appears near 

the middle part of the ignimbrite sequence and on top of the flow. Pumice clasts in the 

upper portions of deposit-derived ignimbrites are also inversely graded and variably 

associated with fines enrichment in the upper half of the DDI. The top part of the July 

13, 1992 DDI in the Pasig-Potrero is clast-supported with rafted pumice clasts without 

interstitial matrix (Fig. 53), while the April 4, 1992, deposit in the Sacobia and the 

September 22, 1994 ignimbrite in the Pasig-Potrero are conspicuously matrix-supported. 

Freshly deposited DDI is loosely consolidated. [One's feet may sink between 10-40 cm 

on its fresh surface, which is hazardous, considering its emplacement temperature of 200-

3000C.] A veneer of coeval ash fall blankets the vicinity of the Sacobia and Pasig-

Potrero valleys, but only a trace amount was found above the April 4, 1992 DDI in the 

Sacobia and entirely absent above the July 13, 1992 DDI in the Pasig-Potrero. 



Figure 52. Distal section of deposit-derived ignimbrite 
(DOI) in the Sacobia channel that was exposed in 
1993. A) Panoramic view of the section showing the 
DOI overlain by lahar deposit. Downstream is to the '·· 
left. B) Basal facies of DOI exhibit a thin subtle shear 
zone that contains _accretionary lapilli. It is overlain by 
fines-depleted basal facies with localized 
concentration of coarse lithics. Ash-coated pumices 
immediately underlie DOI. The pumices are 
associated with an antecedent lahar and deposited 
above an earlier formed lahar terrace. C) A lower 
horizon of pumice concentration zone is indicated in 
dashed lines. Lahar events removed the pumice-rich 
top of the ignimbrite. 
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Figure 53. Surface texture and sedimentary features of distal deposit-derived 
ignimbrie (DOI) in the Pasig-Potrero (A-C) and Sacobia (D-F) channels. A) 
Deposit-derived flows on July 13, 1992 create a frozen flow texture of rafted 
pumice (Photo by C. Newhall) . The flow direction is from upper left to lower 
right. 8) The pumice-concentrated upper flow produced a low swash around 
the channel bend . A blanket of fine ash on valley margins preceded flow 
deposition. C) Clast supported pumice concentration on the surface of flow 
deposit, but without veneer of fine ash . D) Distal DOI emplaced on April 4, 
1992 at Sacobia. Frozen wave fronts on the surface suggest periodic surges. 
E) Loosely consolidated DOI is shown by the depth one's footsteps had sunk 
on a week-old deposit (i.e., 10-40 cm deep) . Lobe of overbulked lahar rests 
on ignimbrite surface. F) Pumice concentration on top of DOI in the Sacobia 
was generally matrix-supported and veneered by light fine ash fall. 
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Grain-size Characteristics of Deposit-derived lgnimbrite 

The Inman parameters for median grain size and sorting of DDI plot predictably 

within the ignimbrite field (Sparks, 1976; see Fig. 35). Overall, the fines content (i.e., 

size fractions> 4 <!>)in DDI is slightly less than in VDI (Fig. 54), but the proportions vary 

significantly in the proximal, medial and distal facies. Fines depletion in DDI is most 

pronounced in proximal facies and increasingly less noticeable in medial and distal facies 

(Fig. 55). The source VDI of the April 4, 1992 and September 22, 1994 deposit-derived 

flows has about 8 wt% fines. The proportion of fine fractions >2.5 <I> and 4 <I> in the DDI 

increases from 12-14 wt% and 3-4 wt%, respectively, in the proximal facies to 20-30 wt 

% and 8-13 wt%, respectively, in the distal facies. This trend parallels a slight 

coarsening of median and mean grain size for the same set of samples. Fines content 

varies within vertical sections with relative fines enrichment occurring in the basal and 

upper parts. In vertical sections, fines enrichment is accompanied by decreasing mean 

grain size and improved sorting in medial facies and increasing mean grain size and poor 

sorting in distal facies. Some sections of deposit-derived ignimbrite are enriched in fine 

fractions that exceed the level found in the source ignimbrite, such as the deposits in the 

Abacan that have 11-15 wt% fines. Incidentally, the Abacan valley floor was then 

elevated relative to the Sacobia when the April 4, 1992 avalanche occurred, which 

probably means that the Abacan was fed with fines-enriched upper parts of deposit

derived flows. Talus fans of small avalanches and slope failures, which were emplaced 

within the same distance from source as .the proximal facies of deposit-derived 

ignimbrites, have fines contents in the range of 4-8 wt.%. Most of these elutriated fine 
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Figure 54. Fine ash components (>4<)>) in DOI and talus fan 
deposits in the Sacobia, Abacan, and Pasig-Potrero channels 
compared with the fine fraction in the source ignimbrites at the 
headscarp. Most DOI are fines depleted, but some facies 
exhibit fines enrichment due to segregation processes during 
flow. 
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Figure 55. Grain-size parameters in vertical sections of proximal, medial 
and distal facies of the April 4, 1992 DOI. The left column shows the fine 
fractions >2.5<j> and >4<J> (in wt%) generally increase with distance from 
source. The right column shows the median, mean and standard deviation 
(sorting parameter). 
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fractions were deposited as local ash fall layers that blanket the talus fans. 

Loss of Vitric Component to Phreatic Ash Column Formation 

The crystal enrichment factor (CEF) in deposit-derived ignimbrites was calculated 

using the same equation (Walker, 1972) that was applied to VDI, i.e., 

CEF = (CiNi) x (Vp/Cp) 

where CpNp is the ratio of weight percent crystal and vitric components in artificially 

crushed pumice and CiNi is th~ same ratio for free crystals and glass in ignimbrite. This 

equation yielded a CEF of 4.1 for the April 4, 1992, DDI in the Sacobia using normalized 

values of 75.4 and 24.6 wt% for crystal and vitric components, respectively, in the 

deposit and 43.1 and 56.9 wt % for crystal and vitric components, respectively, in the 

crushed pumice. The deposit-derived ignimbrite CEF is higher than the calculated values 

for VDI, which varies between 2 and 3 (Table 3). The weight percentage of vitric 

components (VL) that was lost to formation of rootless ash columns during avalanches 

(Vla) was calculated as the difference between vitric losses of deposit-derived ignimbrite 

(VlctctD and vent-derived igniIIl;b,rite (Vlvcti), such that 

VLaval = VLctdi - VLvcti. 
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Table 3. Crystal Enrichment of Deposit-derived lgnimbrite 

Source DOI at Abacan prox. DOI Abacan med. DOI Abacan dist DOI Sacobia dist. DOI 
Abacan Gap -300 m fr. source -1 km fr. source -2 km fr. source -2.5 km fr. source 

Crystal wt.% 49.7 54.4 53.3 47.5 52.4 

Vi 30.7 22.5 24.7 40.1 31.0 
Ci 69.3 77.5 75.3 59.9 69.0 

CiNi 2.3 3.4 3.1 1.5 2.2 
K 78.5 76.3 76.8 85.8 83.3 

VL 30.2 34.3 34.3 24.7 31.9 
CEF 3.0 4.6 4.1 2.0 3.0 

Vitric Loss 
VL = K/100 [Vp - (CpVi/Ci)] Data from crushed pumice 

VLAvalanche = VLDDI - VLVDI Cp = 42.6 
Vp = 57.4 

Crystal Enrichment Factor CpNp = 0.74 
CEF = (CiNi) x (Vp/Cp) (After Walker, 1972) 
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The general formula that was used for calculating vitric loss (see Cas and Wright, 1987) 

is as follows 

VL = (K/100) [Vp- (CpVi/Ci)] 

where K is the weight percent of ignimbrite matrix, which consists of grainsize fractions 

finer than 2 mm (-1 phi). Samples taken from the April 4, 1992 DDI in the Sacobia 

valley yielded an average value of Kat 78.7 wt%. The value for VLvdi was calculated to 

be 22.7 in chapter 1 of this dissertation, while VLddi for the April 4, 1992 DDI is 

calculated herein to be 33.7 using the above formula (where Vi=24.57, Ci=75.43, 

Vp=56.87, Cp=43.13). Therefore, the fine fraction loss during the avalanching process at 

the Abacan gap is 11.0 wt % of the total mass of the April 4 ignimbrites in the Sacobia 

and Abacan valleys. Considering a remobilized volume of 10 million m3
, the vitric loss 

translates to approximately 1.1 million m3 or about.2.63 x 109 kg (DRE) using a density 

for dacitic magma of 2.4 g/cm3
. Some lost vitric materials veneers the vicinity of the 

headscarp, but a greater proportion is dispersed as a trace amount of fine ash fall over a 

wide area. 

The ash fall deposit consists of vesiculated fine ash, accretionary lapilli, and ash 

aggregates. In the case of the April 4, 1992, event, fallout from the ash plume produced a 

5 cm laminated ash fall in the vicinity of Abacan gap. Fall accumulation progressed 

sequentially from matrix-free accretionary lapilli laminae, followed by accretionary 

lapilli with interstitial fine ash and vesiculated ash (s.ee Fig. SIB). Co-ignimbrite ash 

associated with the September 22, 1994, event accumulated a 3-9 cm thick accretionary 

lapilli-rich ash fall layer near the headscarp. The uneven distribution of the deposit-
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derived ash fall in a proximal area reflects the distribution of multiple discrete avalanches 

within the headscarp region and changing wind directions over the Pinatubo area. A co-

ignimbrite ash plumes of DDI form above the sites of the avalanches, where deposit-
i : ~. 

derived flows are being generated, in contrast to vent-derived co-ignimbrite plumes, 

which loft above the run-out distance of pyroclastic flows (Carey and Bursik, 2000). 

Temperature Gradient of Vent-derived lgnimbrite and Vapor-saturated Zone 

The decreasing frequency and magnitude of deposit-derived flow occurrences 

through time (see Fig. 44) and the high emplacement temperature of the DDI imply that 

temperature of the source ignimbrite is an important control in the generation and 

transport of deposit-derived flows and the character of its deposits. Avalanching hot 

ignimbrites have greater potential to sustain the fluidization process and transport system 

over long distances as the evolving deposit-derived flows are being facilitated by thermal 

expansion of entrained air and vaporization of water from the stream and wet sediments. 

Meanwhile, colder ignimbrite sequences exhibit vapor-saturated zones that envelop the 

ignimbrite sheet, stabilize the vertical section from slope failures, and resist runaway 

avalanches. Avalanches emanating from colder ignimbrite sheets generate mostly talus 

fans, indicating that it is unable to generate large avalanches or sustain collapses in short 

succession. Thus, the determination of t,he temperature and recognition of the cooling 

stages of an ignimbrite sheet is an important step in understanding the occurrences of 

deposit-derived flows and the ,nature of DDI. 

In November 1992, we measured the temperature of gas-fumaroles on the Marella 

'I 
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VDI fan, where the highest temperature was 390°C. Measurement of the temperature 

through an ignimbrite section is a better way to determine the emplacement temperature, 

but this approach involves placing deep probes into the ignimbrite sheet. Emplacement 

temperature is approximated as a p~int where the temperature-depth curve approaches an 

asymptote. A probe hole for thermocouple measurements was designed to penetrate to a 

depth of 10 meters by driving a lead pipe vertically and laterally into the ignimbrite 

section. The temperature was measured at the end of the pipe each time it gained half a 

meter depth. Probe holes were made in February 1995, February 1996, and February 

2000 on the O'Donnell and Marella ignimbrite fans. However, most of the attempts did 

not reach the intended depth, mainly due to the tip of the pipe hitting a large clast at 

shallow depths. Further hammer blows caused deformation at the pipe connectors, which 

became constricted and hindered the insertion of the thermocouple. 

Steam comes out of the drilled holes, while some points in the section exhibits 

active fumarolic activities. Sites of fossil fumaroles are marked by heavy concentrations 

of sublimated secondary minerals. Most probe holes had temperatures in the range of 90-

110°C at depths of less than 10 meters, due to the thick vapor-saturated zones that encase 

the hotter and drier core of the ignimbrite sheets. The dey{1lopment of thick vapor

saturated zones in ignimbrites masked the conductive cooling near the surface, so that 

emplacement temperatures cannot be readily extrapolated from data with shallow probes. 

In February 1996, a thermal probe hole was established inside a newly formed 

avalanche escarpment in the lower valley sequence at Marella. Temperatures of shallow 

probes in the VDI revealed a steep gradient that reached 492°C at a depth of 6 meters (see 

Fig. 32). The thermal curve approached 550°C when extrapolated to a depth of 10 
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meters. This temperature gradient provides direct evidence that the interior of vent

derived ignimbrites were still close to the Curie temperatures for ferromagnetic minerals 

even though 4.5 years had passed since its emplacement. It also raises the possibility that 

some deposit-derived pyroclastic flows have been generated at such temperature range. 

For instance, the temperature of the 1992 DDI in the Sacobia valley was measured as 

240°C at a depth of less than 0.5 m after few months of its emplacement. These facts 

about the Pinatubo ignimbrites led this study into another level of investigation regarding 

emplacement temperature, which could provide an important distinction between VDI 

andDDI. 

Thermoremanent Magnetic Polarity Distribution of lgnimbrite Clasts 

The determination of TRM using a portable fluxgate magnetometer was originally 

conceived to identify VDI, which apparently cooled down from temperatures >550, by a 

characteristic normal TRM polarity of its pumice clasts. Meanwhile, DDI, having been 

emplaced at much lower temperatures, was thought, to yield a scattered TRM polarity 

distribution. During the 1992-93 fieldwork, TRM results provided sufficient distinction 

between VDI and DDI (see Fig. 36), but revealed the phenomenon of self-reversal in 

Pinatubo dacites. Antiparallel response to external magnetic field was known in Fe-Ti 

ilmenites at lower Curie temperatures (Nord and Lawson, 1989). Magnetic minerals that 

are present in Pinatubo dacites consist of titanomagnetite and Fe-Ti ilmenite with Curie 

temperatures (Tc) of 470-510 °C and 200-300 °C, respectively (Hoffmann and Fehr, 

1996; Bina et al., 1999). Normal TRM is associated with titanomagnetite and Fe-rich 
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ilmenite, while Ti-rich ilmenite yield reversed TRM (Hoffmann and Fehr, 1996; Bina et 
I 

al., 1999). Similar magnetic phases in pumice samples from Nevado del Ruiz volcano 

display reversed and normal magnetic phases that disappear at 150-160°C and 350-400 

°C, respectively, during thermal demagnetization (Heller et al., 1986). This array of 

magnetic minerals results in less conclusive distinctions of VDI and DDI in the field 

using TRM characteristics when the self-reversing Ti-rich ilmenite dominates the 

magnetic phases in the sample. Hoffmann and Fehr (1996) and Bina et al. (1999) 

conclude that the self-reversing magnetic phases dominate the TRM domain of Pinatubo 

ignimbrite. 

Actual field measurements in freshly exposed VDI and DDI sections yield 

bimodal clast TRM distributions composed of normal and reversed polarities with respect 

to the direction of ambient geomagnetic field. Clasts with normal TRM are more 

prominent in VDI, while clasts with reversed TRM are dominant in the DDI (Fig. 56). 

However, it is unclear how this bimodal TRM distribution was acquired, considering that 

both VDI and DDI have cooled down past the Curie temperature of self-reversing 

ilmenite. It would be interesting to explore in future work whether post-eruption heating 

by fumarolic activities, some of which reach temperatures of 390 °C, whether the 

development of vapor-saturated zones during the cooling stages of the ignimbrite sheets, 

and whether various hydrothermal activities have caused chemical and mineralogical 

changes in the magnetic mineral phases of Pinatubo dacites, and altered the magnetic 

character of the ignimbrites in later stages. 
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Figure 56. Thermoremanent magnetization (TRM) polarity distribution of pumice 
clasts in deposit-derived ignimbrite (DOI). TRM distribution on the left is a plot of 
pumice clasts in documented post-eruption DOI. Notice that distribution has 
prominent reversed polarity that reflects the dominant magnetic signature of self
reversing Fe-Ti ilmenite that undergoes self-reversals at lower temperature 
range. Clast TRM distribution on the right represents unknown DOI in the lower 
valley sequence of O'Donnell that is underlain by lahar and vent-derived 
ignimbrite. Note that the TRM distribution is almost exclusively bimodal with 
prominent reversed TRM. 
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DISCUSSION 

Priming the Vent-derived lgnimbrites to Collapse 

Most avalanches and deposit-derived flows occurred when vertical sections of 

VDI were undermined at the base by muddy streamflows and lahars. Some avalanches 

spawned deposit-derived flows and others merely produced talus fans. Apparently, some 

ignimbrite sheets are primed to sustain a collapsing mass after the initial failure. The 

conditions necessary for the generation of deposit-derived flows include a large initial 

volume of failing mass, steep temperature gradient on the exposed surface, and high 

internal pore pressure of the ignimbrite sheet. A la~ge initial failing mass removes the 

colder carapace of vapor-saturated zones, where pyroclasts are cemented by secondary 

minerals. The removal of vapor-saturated zones exposes a hot and loosely consolidated 

portion of an ignimbrite sheet. A steep temperature gradient of this exposed section 

increases the potential for triggering avalanches :by explosive interaction of water and hot 

pyroclasts and for fluidizing the avalanching mass by rapid expansion of entrained air 

and vaporized surface waters. Moreover, high pore pressure makes the deposit 

gravitationally unstable and prone to collapse by mitigating its shear resistance. All these 

factors decrease with time, the volume of the remajning ignimbrite, and rate of channel 

incision. Large deposit-derived flows occurred within two years after the emplacement 

of vent-derived ignimbrites because it was a stage when the ignimbrite sheets were still 

hot even at shallow depth and the vapor-saturated zones were not yet extensive. At earlier 

stages, the frequency of deposit-derived flows is directly related to the rate of vertical 
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incision of ignimbrite sheets, but several years after the eruption, a thickening vapor 

phase zone moderates this relationship. 

The cores of thick vent-derived ignimbrite sheets (Fig. 57) have remained hot and 

dry for many years after empla~ement and are exposed as loosely consolidated ignimbrite 

sections at newly formed headscarps. Gas escape pipes are only occasionally observed in 
! 

vertical sections in the same way as discrete fumarolic vents not common on ignimbrite 

surface. Meanwhile, slow and continuous release of gas and water vapor occurs on the 

surface as evidenced by widespread fumarolic encrustation, which intensifies where rills 

and stream channels are densely formed on ignimbrite landscape. Evidently, vent-

derived ignimbrites still contain gases that were trapped during sedimentation and 

superheated steam that was vaporized from streams and groundwater. Sources of 

groundwater include piping fr.om valley side springs, groundwater seepages and recharge 

from adjacent streams. 

Rills and channels facilitate the incursion of water from surface runoff into the 

ignimbrite sheet. Groundwater also enters hot ignimbrite from valley walls and floors. 

In both cases, water is converted to steam as it interacts with the hot interior of the 

ignimbrite sheet, triggering the development of vapor-saturated zones. The whole 

process may be established within a year to few years. The temperature profile of the 

newly exposed ignimbrite surface at the headscarp region at Marella ignimbrite fan that 

showed a steep gradient in February 1996 has stabilized to within 103 to 112°C in 

February 2000 (see Fig. 32). Groundwater emerges as hotsprings at the base of the 

ignimbrite sheets (Fig. 58). However, groundwater probably contributes to the overall 

instability of the ignimbrite sequence by increasing the pore pressure within the 
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Figure 57. Diagram showing the development of vapor-saturated zones. 
Temperature data from vertical and horizontal probe holes in the Marella 
ignimbrite fan hint a vapor-saturated zones around the ignimbrite sheet. The 
photograph below the diagram shows an ignimbrite section at O'Donnell fan , 
where the hot, loosely consolidated ignimbrite core is exposed by a slope failure. 
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Figure 58. Groundwater prpmg at the base of ignimbrite sequence 
produced an array of hotsprings. Increase in vapor pressure brought 
about by interaction of groundwater and hot ignimbrite and the lubricating 
effects of water probably create a sliding surface that could facilitate an 
avalanche. 



ignimbrite and by facilitating a vapor-induced lubrication (Goguel, 1978) of potential 

sliding planes. 
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Formation of secondary minerals and fumarolic encrustation processes within the 

vapor phase zones tend to increase the yield strength of the vertical sections. Ignimbrite 

sheets that develop thick vapor phase zones may not generate multiple avalanches after 

an initial collapse. In instances when deposit-derived flows are generated from 

ignimbrites with vapor phase zones, coherent blocks of vapor phase altered ignimbrite 

may be left as lag deposits, e.g., the September 22, 1994, deposit-derived ignimbrite in 

the Pasig-Potrero. 

Phreatic Explosions vs. Pyroclastic Avalanches 

"Secondary explosions" at Pinatubo are phreatic explosions triggered by the 

interaction of water and hot ignimbrite. An explosion leaves small craters on ignimbrite 

fans with strewn coarse pumices and lithic clasts around it (Fig. 59). In some cases, 

cross-stratified and laminated deposits thin away from an explosion crater, as at Mount 

St. Helens (Moyer and Swanson, 1987). Large explosion craters exhibit circular and 

subtly rimmed structures, but may be instantaneously reduced by stream erosion and 

slope failure to remnant structures that are indistinct from avalanche escarpments at the 

edge of ignimbrite sheets. 

Phreatic explosions are rarely witnessed at close range so that most reported 

"secondary explosion" events were inferred from remote observation of ash-column build 

up and occurrence of ash fall. However, close observation of ash column formation has 
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Figure 59. Avalanches and phreatic explosions are two different processes. 
A) Occurrences of phreatic explosions (also referred to as secondary 
explosion) are reported whenever deposit-derived ash columns or ash fallout 
are observed. B) A light ash fallout fell on Clark Airbase between 8-8:45 am 
in the morning of August 6, 1997. The event was reported as secondary 
explosion . C) The aftermath of avalanching process leaves a scarp-like 
feature at the margin of the ignimbrite section and a veneer of fine ash. D) 
DOI co-ignimbrite ash fall can be separated from the VDI co-ignimbrite ash 
and the post-climax layer D ash by a distinct stratigraphic hiatus as indicated 
by the presence of reworked deposits, erosional features, such as rills, and 
buried grass. E) Explosion debris, which includes coarse pumice and lithic 
clasts, and thin veneer of fine ash near a escarpment at Marella ignimbrite 
fan . 
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not shown any indication of sudden forceful ejection of volcanic materials as can be 

expected in an explosive event. What we usually observed was a spasmodic avalanching 

of ignimbrite into an active lahar channel. Ash-laden plumes emerged from small 

avalanches without visible signs of an explosion. This process was sustained for about an 

hour to several hours, depending on the size of the ignimbrite section and the intensity of 

prior erosion by the adjacent stream. Small avalanches formed ash columns that 

ascended tens to hundreds of meters above the site, but large avalanches produced ash 

columns that reached heights of several kilometers . Liberated interstitial gas and air 

entrained during avalanching expands to allow the buoyant rise of the segregated fine 

ash. Meanwhile, the condensation of water vapor that was liberated from' the failing mass 

and vaporized from adjacent stream and water impoundment releases latent heat of 

condensation and further buoys up the lofted fine ash to higher elevation. Condensed 

water droplets flush ash out of the column and trigger the formation of ash clumps and 

small accretionary lapilli. 

Most of the reported "secondary explosions" occurred along the course of Pasig

Potrero River on the Sacobia ignimbrite fan during intense rainfall and lahar generation. 

On-site examination of the Sacobia ignimbrite fan revealed scalloped structures at the 

edge of ignimbrite sheets, which, in most cases, were blanketed by laminated 

accretionary lapilli-rich ash fall. Strewn coarse fractions and surge deposits were 

conspicuously absent in proximal areas. These observations are more consistent with 

slow accumulation of fine ash without significant fluctuation in the vigor of venting, such 

as the ash columns generated in avalanches. In contrast, phreatic explosions require 

efficient interaction of hot pyroclastic material and water, which is difficult to achieve 
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and sustain under constantly changing hydrologic conditions and mixing proportions of 

ignimbrite and water. A small collapsed volume merely bulks up steam flow and 

generates hot lahar, while a larger avalanching mass overwhelms the stream and 

generates deposit-derived pyroclastic flows. Even though the interaction of a pyroclastic 

avalanche and active streams is potentially explosive, it may not be able to build up ash 

columns in single large events or in widely separated explosions. 

It was also reported that "secondary explosions" have triggered avalanches and 

deposit-derived flows (Punongbayan et al., 1994). Although this may be true in some 

cases, the reversed sequence appears to be the more likely scenario. The relatively colder 

facade that envelops the ignimbrite sheet will have to be removed by an initial avalanche 

before the more explosive mixing of water and hot ignimbrite interior can take place. 

Timing of Deposit-derived Flow Generation 

Penecontemporaneous Deposit-derived Flows 

Newly emplaced vent-derived ignimbrite is unstable when emplaced on steep 

slopes or when it accumulates to a considerable thickness on the valley floor. At an 

aggradation rate of about 0.6 m/min, i.e., about 100 meters in 2.5 hours (see Chapter 1), 

vent-derived flows accumulated about 40 m-thick deposit on the valley floor after 1 hour 

of fan-building pyroclastic flows. This ignimbrite sequence may have been susceptible to 

dry-state remobilization due to inherent gravitational instability of loosely consolidated 

and gas-rich deposits. 
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Pyroclastic avalanches at the advancing front of the ignimbrite fans probably 

occurred while vent-derived flows were being generated. Occasionally, large avalanches 

took off from well inside the aggrading ignimbrite fan, leaving headscarps that were 

buried by later vent-derived flows. A subdued headscarp at Maraunot ignimbrite fan 

(Fig. 60), south of the August 22-23, 1992, headscarp, was probably formed during the 

later part of the climactic eruption as it was partly obscured by vent-derived deposition. 

A similar headscarp of such nature can be identified at the O'Donnell ignimbrite fan . 

There were no similar features in the same sites in pre-eruption topography, ruling out the 

possibility that these headscarps were overprinted on older terrain . Since these 

penecontemporaneous deposit-derived flows were formed from the growing ignimbrite 

fans, they most probably ended up in the lower valley sequence. 

The distinction between vent-derived and penecontemporaneous deposit-derived 

ignimbrites is difficult to establish in the field as the latter share many characteristics that 

are normally attributed to vent-derived ignimbrites.· Having been emplaced during the 

climactic eruption, penecontemporaneous deposit-derived ignimbrites must be 

interbedded with lower valley vent-derived ignimbrites and perhaps have similar TRM 

distribution. The slight fines depletion of lower valley ignimbrites relative to the 

ignimbrite fan sequence (Chapter 2 of this study) may provide indirect evidence of coeval 

remobilization that triggered further loss of vitric components during vent-derived flow 

deposition. 
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Figure 60. SPOT images of the northwest flank of Pinatubo Volcano showing the 
1988 pre-eruption terrain and the aftermath of the 1991 eruption as it appears in 
November 1991 image. Pinatubo caldera (PC) is located on the lower right hand 
corner of the 1991 image. The headscarp of the August 22-23, 1991 , deposit
derived flow at Maraunot (NM) is very prominent compared to inferred 
headscarps south of Maraunot (SM) and at middle O'Donnell valley (0) . Both 
SM and 0 escarpments probably resulted from penecontemporaneous deposit
derived flows that were subsequently buried by later flows. Bucao headscarp 
(BC) had not formed yet when this data was obtained. 
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Post-eruption Deposit-derived Flows 

Dry-state remobilization after the climactic eruption has been closely associated 

with the development of deep channel incisions and meteorological events. High rainfall 

intensity and frequency in the vicinity of Pinatubo, and high runoff and erosion, re

established drainage systems along the axes of former river valleys within weeks. 

Limited permeability on the surface of ignimbrite sheets generated flash floods even in 

non-typhoon rain events, and thus vertical erosion along these valley axes. Lahar and 

stream flows undermined the ignimbrite sections to collapse. Failed slopes on channel 

walls along shallowly incised drainages involved small volumes of ignimbrite that merely 

bulked the muddy streamflows into hot debris flows. Collapses of larger masses into 

deep canyons were several times greater than stream discharge. Small stream flows have 

discharge <100 m3/s, but may reach peak discharges between 100-1,400 m3/s during 

typhoons and prolonged monsoonal rains (Arboleda and Martinez, 1996; Martinez et al., 

1996; Tufigol and Regalado, 1996). Avalanches that triggered deposit-derived flows, 

such as the July 13, 1992 event at Pasig-Potrero, involved 10 to 15 million m3 of 

ignimbrite, lasted within an hour, and had average discharge of 3,000 to 4,000 m3/s. 

Evidently, the stream flows and lahars were momentarily.overwhelmed by the amount of 

ignimbrite materials that collapse into the channel at the onset of deposit-derived flows. 

Larger deposit-derived flows, such as those triggered by the 1991 Maraunot and Marella 

and 1992 Bucao avalanches, have volumes between 30 to 50 million m3
. However, these 

events were probably generated within several hours, so that the mass discharge rates 

were still comparable to smaller avalanches. 
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Intuitively, the depth of channel incision determines a maximum depth of the 

sliding surface. However, ensuing aggradation in the proximal area creates a higher base 

level, and in the end, a flat surface.of proximal flow deposits. These surfaces represent 

proximal aggradation, not the actual sliding plane. 

Transport and Depositional Processes 

Why do relatively more energetic vent-derived flows leave similar deposits as 

laminar deposit-derived flows? It seems. as though .the conditions of transport have little 

influence on the characteristics of the deposits but perhaps not exactly in the manner 

envisioned by Branney and Kokelaar ( 1992) in the model of progressive aggradation 

from quasi-steady pyroclastic density currents. Deposit-derived flows propagate as high

density flows without a dilute upper flow similar to those associated with vent-derived 

flows. In fact, no correlative veneer deposits are associated with deposit-derived 

ignimbrites. Eyewitness accounts described the April 4, 1992, event at Sacobia as a 

"boiling mass of pyroclastic materials" that sluggishly floweded downstream (Torres et 

al., 1996). These eyewitnesses were on the valley floor when the flow came down, but 

had time to run to higher ground and observe the event from the side valleys. We also 

note that although the deposit-derived flows were spawned from multiple avalanches, the 

depositional products are still massive deposits that barely show stratification. 

ll . 
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Mixing of Successive Flows 

Sustained avalanches enable the deposit-derived flows to travel several kilometers 

and their associated ash columns to reach heights of several kilometers. Some periods of 

Pinatubo avalanches lasted for an hour to several hours as reconstructed from several 

eyewitness accounts and the duration of continuous ash fallout. Multiple flows were fed 

by progressive headward collapses with short time interval between collapse events. 

Some succeeding flows overrode or overtook the preGeding flows and these flows 

interacted in a complex way as they propagated downslope. Since dilute upper flows do 

not develop in deposit-derived flows, there is no sharp rheological boundary and density 

contrast between succeeding flows. Consequently, the transport system of the preceding 

flow is barely changed in the presence of an overriding flow. Intuitively, these coincident 

flows will most likely meld into a single pyroclastic density current. Moreover, strong 

bimodal TRM distribution in deposit-derived ignimbrites probably suggests that the 

deposit-derived ignimbrites form heterogeneous cooling units, consisting of discrete 

pockets of pyroclastic materials that originate from relatively colder ignimbrite margins 

as well as hot ignimbrite core. 

Gravitational momentu:rn during avalanches and the fluidization by entrained air, 

interstitial gas and vaporized water from streamflows and lahars give the deposit-derived 

flows their mobility. Flow proceeds at rates that are comparable to the dense underflow 

of vent-derived flows. Strong matrix support in dense flows prevents particle attrition, 

preventing the generation of new fine fraction population. Layer of fine ash and pumice 

concentration within the otherwise massive distal deposit-derived ignimbrite suggest 

; I 



180 

waxing and waning flow (Valentine, 1987) or the inability of discrete plug flows to 

merge as they decelerate in their distal reaches. 

Fines Depletion in Proximal Facies 
, I 

Considerable amounts of fine ash in the vent-derived ignimbrites are lost into co-

ignimbrite clouds during avalanches. Fine fractions tend to couple with gas that is 

entrained by collapsing mass or forced out from the sedimenting proximal deposits (i.e., 

by hindered settling). These processes are most intense at the onset of deposit-derived 

flows in the headscarp region. For instance, approximately 10 to 11 wt % of the failed 

mass on April 4, 1992 represents fine ash that formed a 2 km high co-ignimbrite ash 

column above the avalanche headscarp at Abacan gap. Consequently, the deposit-

derived flows that form from avalanches are already depleted in fine ash relative to the 

source ignimbrite as they propagate downstream from the headscarp region. Fines 

depletion was also observed in small avalanches and slope failures that form talus fans, 

corroborating the fact that loss of fine fractions occurred primarily during avalanches. 

Fines Enrichment and Coarse Clast Segregation 

Although, the fine fractions of deposit-derived flows are not being lost to 

elutriation, these were being progressively segregated into the upper part of the transport 

system by fluidization, resulting in the overall trend of fines enrichment both towards 

distal facies and towards the upper part qf deposit-derived ignimbrite section (Fig. 61). 
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Accretionary lapilli fall 

- I 
I 

Flow Propagation 

Figure 61 . Model of fluidized deposit-derived flow. Coarse clasts were 
segregated towards the upper flow by kinetic sieving and differential shearing. 
Density segregation allows the more buoyant clasts, such as pumice, to be 
concentrated in the upper flows together with fine fractions. Fines enrichment and 
degree of pumice concentration in the upperflow increase with distance from 
source. Deposit-derived flow may incorporate loose clasts on the ground surface 
without inducing particle attrition. 
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The process of fine ash segregation within flows is probably analogous to the formation 

of sandboils in the liquefied layer of water-saturated sediments. Fine fractions are 

coupled with fluidizing gas as it escapes from pyroclastic flow, reflecting the same 

manner sand-bearing groundwater erupts on the surface during earthquakes (i.e., 

liquefaction). Dusty gas migration towards the flow surface leaves the fine ash in the 

upper parts of the flow. Evidently, the gas flux within such deposit-derived flows was 

not strong enough to form dilute upper flows and elutriation ash clouds. The flows were 

too sluggish to significantly entrain air at the flow front. 

Coarse clasts are segregated by a confluence of several mechanisms, which 

include buoyancy, kinetic sieving and differential shearing. The fact that coarse lithic 

and pumice clasts are segregated towards the lower and upper parts of ignimbrite, 

respectively, suggests that buoyancy due to density contrasts is the dominant mechanism 

for coarse clast segregation. Kinetic sieving allows the fine fraction a greater chance to 

be segregated towards the base of the flowing mass. Differential shearing creates a lift 

force on coarse particles, and is most intense near the basal part of the flow. These 

mechanisms account for the fines enrichment, smaller mean and median grain sizes and 

better sorting of the basal facies of deposit-derived ignimbrites. 

Coarse pumice segregation probably takes place simultaneously with fluidization

induced fines enrichment in a dense upper flow. A result is strong particle size modality 

in the coarse clasts (<-4<j>) and,fine fractions (>4<j>), within a matrix-supported facies 

pumice concentration zones. The variation in the proportion of fines and coarse clasts 

probably depends on the dominant particle support mechanism with fluidization on one 

side and buoyancy, kinetic sieving and differential shearing on the other side. In 
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instances when fluidization is vigorous, fine ash segregation towards the top of the flow 

results in matrix-supported pumice concentration. In distal reaches, gas fluidization no 

longer plays a major role in m~ving the pyroclastic flow. Coarse clasts move up the flow 

mostly due to buoyant forces in now relatively dense flows. Kinetic sieving and 

differential shear perhaps play only minor roles as evidenced by subtly developed basal 

stratification and the preservation of accretionary lapilli that were incorporated into the 

basal zone from the underlying ash fall. The high concentration of loose pumice clasts on 

distal deposit-derived ignimbrite of July 13, 1992, probably formed in this manner. 

Meanwhile, distal deposit-derived ignimbrite near CAB Mactan gate at Sacobia on April 

4, 1992, exhibits a higher proportion of fine ash and matrix-supported pumice 

concentration at the upper parts of the ignimbrite section. The sediment control dam 

inadvertently stopped further propagation of deposit-derived flow at Sacobia when the 

flow was still being vigorously fluidized by dusty gas. 
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CONCLUSIONS 

On the generation, transport and emplacement of vent-derived ignimbrites 
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Conventional models predict that a plinian column would become unstable and 

totally collapse to generate pyroclastic flows. However, the 1991 eruption of Pinatubo 

did not reflect the distinct chronological separation between fall and flow events. Field 

evidence revealed that the 1991 ignimbrite was mostly co-plinian as demonstrated by 

occurrences of mixed plinian tephra and co-ignimbrite ash (bimodal fallout), coherent 

fallout layer within ignimbrite sequence, and characteristic fallout signature in ignimbrite 

grain size distribution. Furthermore, available satellite images showed the coincidence of 

plinian and co-ignimbrite ash clouds in the umbrella region during the climactic phase of 

the 1991 eruption. 

Vent-derived pyroclastic flows during the climactic eruption at Pinatubo volcano 

on June 15, 1991 were being generated from two sources. The pyroclastic flows that 

build thick valley-ponded ignimbrites were high concentration flows perhaps emanating 

from a low fountain at the base of the plinian column. Partial collapses of the plinian 

column generated low concentration pyroclastic flows that swept over the upland and 

interfluves. Simultaneous low fountain and partial collapse produced composite VDPFs 

at the interface of these two pyroclastic flows, resulting in the deposition of widespread 

veneer facies that is coeval with valley floor aggradation. Pyroclastic flows were 

sustained for up to 2.5 hours in some places and pulsating in others. Evidence for rapid 

aggradation is shown in the upper valley and pyroclastic fan regions, i.e., from 3 to 8 km 
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from vent along ODonnell valley, where pyroclastic flows had accumulated more than 

100 m thick, massive, almost homogenous valley-ponded ignimbrite sequence. The 

lower valley sequence shows bedding of individual flow units with locally persistent 

layers of surge and fall deposits. Locally, massive deposits laterally transform into 

stratified surge deposits, indicating dilution at the flow margin. Elsewhere the fan

building vent-derived pyroclastic flows were high concentration flows, out of which 

evolved an even denser underflow that behaved like discrete plug flows. A ubiquitous 

stratigraphic break that is seen in the pyroclastic fan sequence as cross-stratified surge 

layer and at the lower valley sequence as intra-ignimbrite plinian fallout suggest a 

momentary shutdown of low fountain and subsequent stoppage of fan-building VDPF 

generation. lgnimbrite generation and emplacement at Pinatubo thus varied temporally 

and spatially. 

Timing of pyroclastic flow generation .and deposition 

The recognition of intra:-ignimbrite plinian fall has important implications in 

establishing the eruption chronology, timing of ignimbrite transport and emplacement, 

isopach mapping of fallout tephra, and volume calculations of eruptive products. The 

stratigraphic boundary between layers C 1 and C2 marks the time of ignimbrite 

emplacement and subsequent generation of co-ignimbrite ash column. Having estimated 

the timing of generation of plinian column and pyroclastic flows from eyewitness 

accounts and geophysical monitoring, we could backtraek to calculate fallout 

accumulation rates and average velocity of pyroclastic encroachment. On the other hand, 
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crystal size distribution and fines enrichment of proximal to distal fall deposits provide 

vital information on the behavior of pyroclastic flows at increasing distance from the 

vent. We reckoned that pyroclastic flows run-out initially at the fan region. Subsequent 
I ' ' ' 

penecontemporaneous avalanches and secondary movements of pyroclastic fan sequence 
• _.. "I 

generate high concentration flows that run-out at the distal end of the lower valley 

sequence. 

Distinguishing vent-derived and deposit-derived ignimbrites 

"Secondary pyroclastic flows" or deposit-derived flows at Pinatubo are a 

documented example of a little.known process of ignimbrite remobilization in a relatively 

dry state. Secondary movements in this sense had been suspected at the Valley of Ten 

Thousand Smokes, Alaska, and may be common after large ignimbrite-producing 

eruptions. However, distinguishing between vent-derived and deposit-derived ignimbrite 

is difficult. So far, at Pinatubo, the distinction relies in the recognition of relative fines 

depletion and non-uniform TRM polarity distribution. When Fe-Ti ilmenites dominate 

the magnetic signature of the clasts, VDI shows a bimodal distribution, i.e., normal and 

reversed polarities, while DDI display a strong reversed TRM. 

The distinction between VDI and DDI becomes more difficult when fines are 

relatively retained in the flow or wh~n the primary ignimbrjte is emplaced at relatively ,. 

low temperature and (or) contains abundant self-reversing ferrian ilmenite. However, 

deposit-derived pyroclastic flows differ from secondary movements in ignimbrites noted 

by previous workers in that they (1) occur sporadically for months or years after 
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deposition of the primary ignimbrite, (2) are generated in all parts of ignimbrite fans, (3) 

involve both gravity and gas fluidization, and (4) exhibit internal sedimentary 
,. 

characteristics very similar to valley-ponded primary ignimbrite. Unlike rheomorphic . ' 

ignimbrite that requires a steep slope or temperatures sufficiently high to permit 

movement of the agglutinating pumice and glass shards, secondary pyroclastic flows may 

be generated on gentle slopes and at much lower temperatures. 

Penecontemporaneous deposit-derived ignimbrites are also harder to distinguish 

from unequivocal vent-derived ignimbrites, since both deposits exhibit uniform TRM 

distribution and similar stratigraphic characteristics. However, the existence of faint 

headscarps at Maraunot and O'Donnell fans, which have been partially buried by later 

flows, and the slight fines depletion of the lower v~~ley sequence ignimbrites hint at 

probable occurrences of penecontemporaneous deposit-derived flows. 

Penecontemporaneous deposit-derived flows and waxing stages of vent-derived flow 

generation probably formed the, lower valley ignimbrite sequence. Ignimbrite sequences 

at Pinatubo and elsewhere may not be entirely vent-derived but include some deposit-

derived ignimbrites. 

On the generation and transport and.emplacement of deposit-derived flows 

A series of avalanches of an ignimbrite sequence sustained the generation of 

deposit-derived flows. Pore fluid vaporization provides the mechanism for a positive 

pore pressure within the ignimbrite, while erosion at the toe of the slope of ignimbrite 

further decreases the stability of the mass. Failure is triggered by heavy rain, lahars, 
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erosion of critical footslopes, secondary explosions, and perhaps also by earthquakes. 

Air that was entrained during avalanches and forced out of the remobilized mass during 

proximal sedimentation removed significant amount of fines by forming high ash 

columns. Consequently, prox~mal deposit-derived ignimbrites are conspicuously fines

depleted relative to the medial and distal facies. Deposit-derived flows beyond the 

proximal regions emplace massive deposits that exhibit gradual fines enrichment. 

Deposit-derived flow does not generate a dilute upper flow, and the successive flows to 

seamlessly meld during transport; sharp rheological boundaries do not exist between 

individual flows. 

Deposit-derived flows are slow laminar flows and, therefore, not vigorously 

entraining air at the flow front. However, fluidization by gases that were forced out 

during sedimentation, i.e., hinc,lered settling, and flow momentum that was acquired 
i I 

during avalanches assisted flows to their runout distance. Particle support mechanisms 

during flow, which include buoyancy, kinetic sieving and differential shear, segregated 

the coarse pumice fractions towards upper flows and distal sedimentation. Overall, 

buoyancy forces are the most dominant particle support mechanism in dense deposit-

derived flows, but kinetic sieving and differential shear are effective near the basal zones. 

lgnimbrite emplacement as a continuum 

The occurrence of deposit-derived flows at Pinatubo has led to a re-examination 

of models of ignimbrite emplacement and the hazards associated with pyroclastic flows. 

An ignimbrite sequence represents a continuum of pyroclastic sedimentation, which 
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includes vent-derived and deposit-derived flows that overlap in time and space (Fig. 62). 

Deposit-derived flows occurred during the climactic eruption and several years after the 

emplacement of ignimbrite fan-building pyroclastic flows. Final distribution of 

ignimbrite will be the result of a series of events of reworking and remobilization, which 

persist until the thermal energy of the system, the internal fluid pressure, the available 

water, or the channel gradient is no longer capable of mobilizing the pyroclastic 

materials. Many deposit-derived ignimbrites may well have been mapped in the field as 

primary ignimbrite, and, for most purposes, they are the same. However, at active 

volcanoes, deposit-derived flows need to be recognized as an important re-depositional 

process and a potentially serious, lingering hazard of explosive volcanism. 



A 

B 

c 

Vent-derived deposition 

D 

Penecontemporaneous I 
remobilization 

Post-eruption 
remobilization 

190 

Figure 62. Summary of the ignimbrite emplacement mechanism. A) 
Progressive aggradation and encroachment. B) Progressive aggrdation 
with fixed run-out distance. C) Aggradation from waxing and waning 
flows D) Aggradation from a continuum of flow events, which include 
vent-derived and deposit-derived flows (this study) . 
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APPENDIX A: PINATUBO SAMPLES 
SAMPLE NO. LOCATION DESCRIPTION 

92-0222-0101 Maraunot 6-12 fall 
92-0228-0203 Maraunot 6-12 PF bulk sample 
92-0228-0204 Moraunot Ash layer below 6-12 PF 
92-0228-0305 MAR 12130/78730 Blast surge 
92-0228-0306 MAR 12130/78730 Blast flow 
92-0228-0307 MAR 12130178730 Blast co-iqnimbrite (?) 
92-0228-0308 MAR 12130/78730 Fall(?) 
92-0228-0309 MAR 12130/78730 Fall 
92-0228-0410 MAR 12130/78730 Laminated ash below 6-12 PF 
92-0228-0411 MAR 12130/78730 Lower 6-12 PF 
92-0228-0412 MAR 12130/78730 Middle 6-12 PF 
92-0228-0413 MAR 12130/78730 Upper 6-12 PF 
92-0228-0414 MAR 12130/78730 Unit bet. PFs. clast facies 
92-0228-0415 MAR 12130/78730 Bet. PFs, matrix facies 
92-0228-0416 MAR 12130/78730 Lower 6-15 PF 
92-0228-0417 MAR 12130/78730 Middle 6-15 PF 
92-0228-0418 MAR 12130/78730 Upper 6-15 PF 
92-0302-XXOl Balin-Baquero 6-12 fall 
92-0302-XX02 Balin-Baauero Silty layer below 6-15 PF 
92-0302-XXOO Balin-Baquero X-bedded (overbank) 6-15 Pf 
92-0302-XX04 Balin-Baquero Unit above 6-12 fall 
92-0302-XXOS Balin-Baquero 6-12 fall 
92-0302-XX06 Balin-Baquero Lower 6-15 PF 
92-0302-XX07 Balin-Baquero Middle 6-15 PF 
92-0302-XXOS Balin-Baquero Upper 6-15 PF 
92-0302-XX09 BBQ c:n870/72960 6-12 fall 
92-0302-XXlO BBQ c:n870/72960 6-12 PF(?) 
92-0302-XXl 1 BBQ 09870/72960 Blast 
92-0302-XX12 BBQ 09870/72960 Blast co-ignimbrite (?) 
92-0302-XX13 BBQ c:n870/72960 Lower 6-15 PF. massive 
92-0302-XXl 4 BBQ c:n870/72960 Upper 6-15 PF. massive 
92-0302-XX15 BBQ c:n870/729tfJ B unit. 6-15 PF. x-bedded 
92-0302-XX16 BBQ c:n870/729tfJ C unit. 6-15 PF. x-bedded 
92-0302-XXl 7 BBQ c:n870/729tfJ Upper 6-15 PF. x-laminated 
92-0303-0101 Sacobia nr. Mactan g. 6-15 fall 
92-0303-0102 Sacobia nr. Mactan g. 6-15 PF 
92-0304-XXOl ODL 15250/82400 Basal erosive unit 
92-0304-XX02 ODL 15250/82400 Blast surge 
92-0304-XXOO ODL 15250/82400 Blast ftow 
92-0304-XX04 ODL 15250/82400 Fall 
92-0304-XXOS ODL 15250/82400 Surge(?) 
92-0304-XX06 ODL 15250/82400 Basal shear of 6-15 PF (?) 
92-0304-XX07 ODL 14450/81520 Lower 6-15 PF, x-bedded 
92-0304-XXOS ODL 14450/81520 Block-rich PF matrix 
92-0309-0101 Sto Tomas r./Sta Fe rd. 6-12 fall 
92-0309-0102 Sto Tomas r./Sta Fe rd. Fall bet. 6-12 & 6-15 
92-0309-0103 Sto Tomas r./Sta Fe rd. Lower 6-15 fall 
92-0309-0104 Sto Tomas r./Sta Fe rd. Upper 6-15 fall 
92-0311-XXOl Morella 6-12 fall 
92-0311-XXOO Morella 
92-031 l-XX04 Morella 
92-0311-XXOS Morella 
92-031 l-XX07 Marello 
92-0311-XX09 Morella 
92-0311-XXlO Morella 
92-0311-XXl 1 Morella ; 

92-0311-XX12 Morella 
92-031 l-XX13 Marello 
92-031 l-XX14 Morella 
92-0313-XXOO Abacan 6-15 fall 



192 
92-03 l 3-XX04 Abacan (gap) 6-15fall 
92-0316-XXOl SW Pinatubo 6-12 fall 
92-0415-0201 SAC 26200/78150 Unit 1 of section 
92-0415-0202 SAC 26200/78150 Unit 3 of section 
92-0415-0203 SAC 26200/78150 Unit 5 of section 
92-0415-0204 SAC 26200/78150 Unit 6 of section 
92-0415-0205 SAC 26200/78150 6-15 fall 
92-0415-0206 SAC 26200/78150 Unit 9 of section 
92-0415-0207 SAC 26200/78150 Lower 6-15 PF 
92-0415-0208 SAC 26200/78150 Upper 6-15 PF 
92-0415-XXl l SAC 25750/78500 6-15 pumice clasts 
92-0420-XXOl ABA 30125/78750 92-0404-XXXX If 
92-0420-XX02 SAC 29ffJ0/60250 92-0404-XXXX 2nd PF 

92-0422-0101 GAP 27650/77800 Basal silt layer of section 

92-0422-0102 GAP 27650/77800 6-15 blast (?) 
92-0422-0103 GAP 27650/77800 Silt layer above blast 
92-0422-0104 GAP 27650/77800 6-15 TF 
92-0422-0105 GAP 27650/77800 Disturbed unit (?) 
92-0422-0106 GAP 27650/77800 Coar.;e basal 6-15 PF 
92-0422-0107 GAP 27650/77800 Laminated basal 6-15 PF 
92-0422-0108 GAP 27650/77800 6-15PF 
92-0422-0209 Abacangap 6-15 PF. pumice-rich 
92-0422-0210 Abacangap Bet. low pumice pf & block p 
92-0422-0211 Abacanaap Block-rich PF matrix 
92-0422-0212 Abacan gap Uthic/pumice-rich PF 
92-0423-XXOl GAP 28250/78800 6-15 PF. pink 

92-0429-0101 MAR 11200/80850 6-15 fall(?) 

92-0429-0102 MAR 11200/80850 Surge(?) 
92-0429-0104 MAR 11200/80850 6-15 PF. pink 
92-0429-0105 MAR 11200/80850 Gray PF matrix. massive 
92-0429-0106 MAR 11200/80850 Block-rich PF matrix 
92-1123-0303 Maraunot 6-15 PF. pumice rich 
92-1123-0401 Maraunot 6-15 PF. pumice-rich 
92-1124-0101 Sacobia 6-15 PF. pumice-rich 
92-1124-0102 Sacobia 6-15 PF. pumice-rich 
92-1125-0201 Morella 6-15 PF. pumice-rich. massive 
92-1125-0202 Morella 6-15 PF. pumice-rich. massive 
92-11 25-0501 Mare Ila 2nd PF. pumice-rich. massive 
92-1125-0601 Morella 2nd PF. pumice-rich, massive 
92-1125-0701 Morella 2nd PF, pumice-rich. massive 
92-1126-0101 Pasig-Potrero 2nd PF. pumice-rich. massive 
92-1126-0201 Pasig-Potrero 2nd PF. pumice-rich. massive 
92-1126-0301 Pasig-Potrero 6-15 PF. pumice-rich, massive 
92-1 128-0301 Sacobia 2nd PF(?) 

93-0610-0101 Abacangap Oriented clasts of 2nd PF 
93-0610-0102 Abacangap Or. clasts of ovelylng lahar 
93-0610-0103 Abacangap Bulk sample of 2nd PF 
93-0610-0104 Abacanoap Bulk sample of overlying laha 
93-0611-0101 Mactan G .. Sacobia Rafted pumice on lahar 
93-0611-0102 Mactan G .. Sacobla Upper layer of 2nd PF 

93-0611-0103 Mactan G .. Sacobla Sandy Lahar 
93-0611-0201 Mactan G .. Sacobia Hot lahar (?) 
93-0611-0202 Mactan G .. Sacobia Rafted pumice on lahar (02CX 
93-0611-0203 Mactan G .. Sacobia Lower part of 2nd PF (0202L) 
93-0611-0204 Mactan G .. Sacobia Middle part of 2nd PF (0202M 
93-0611-0205 Mactan G .. Sacobla Upper part of 2nd PF (0202U) 
93-0611-0301 Mactan G .. Sacobia Or. clasts of lahar under 2nd I 
93-0615-0101 Mactan G .• Sacobia Lahar dep. under 0611-0201 
93-0615-0 l 02 Mactan G .. Sacobla Lahar dep. over 0611-0205 
93-0615-0201 Mactan G .. Sacobla Fresh lahar dep (terraced) 
93-0616-0101 Mactan G .. Sacobla Lahar deposit under 2nd PF 
93-0616-0102 Mactan G .. Sacobia Lower oort of 2nd PF-layer 1 
93-0616-0 l 03 Mactan G .. Sacobia Middle part of 2nd PF-layer 1 
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93-0616-0 l 04 Mactan G .. Sacobia Upper part of 2nd PF-layer l 
93-0616-0105 Mactan G .. Sacobia Pumice concentration zone 
93-0616-0106 Mactan G .. Sacobia Lower part of 2nd PF-layer 2 
93-0616-0107 Mactan G .. Sacobia L. middle part of 2nd PF-layer 
93-0616-0108 Mactan G .. Sacobia U. middle part of 2nd PF-lave1 
93-0616-0109 Mactan G .. Sacobia Upper part of 2nd PF-lover 2 
93-0616-0110 Mactan G .. Sacobia Basal shear of 2nd PF-layer 1 
93-0617-0101 U.Bucao headscarp Lowermost ashfall larninae 
93-0617-0102 U.Bucao headscarp Composite ashtall laminae 
93-0617-0103 U.Bucao headscarp Lower part of Lapilli fall 
93-0617-0104 U.Bucao headscarp Upper part of lapilli fall 
93-0618-0101 Bliss, Sapang Sato Soft-deformed blast fallout 
93-0618-0102 Bliss. Sapang Sato Blast fallout 
93-0618-0103 Bliss, Sapang Bato Acc. lapilli-rich fallout 
93-0618-0104 Bliss, Sapang Sato Pumice lapilli tall 
93-0618-0105 Bliss, Sapang Sato Coarse ashtall 
93-0618-0106 Bliss, Sapana Sato Reworked ashfall 
93-0618-0201 Taraet. Sapana Sato Disturbed pumice fallout(?) 
93-0618-0202 Taraet, Sapana Sato Transported soil(?) 
93-0618-0203 Target, Sapang Sato Blast flow 
93-0618-0204 Taraet. Sapana Bato Coarse ashtall 
93-0618-0205 Target Sapang Sato Medium-grain ashfaU 
93-0618-0206 Target Sapang Sato Fine ashtall 
93-0618-0207 Target, Sapang Bato Lahar (?) 
93-0619-0101 Dam 1. Sapana Bato Primary PF 
93-0619-0102 Dam l, Sapang Bato Lahar 
93-0619-0103 Darn l, Sapana Sato Lower part of 2nd PF 
93-0619-0104 Dam l , Sapang Sato Middle part of 2nd PF 
93-0619-0 l 05 Dam l, Sapang Sato Upper part of 2nd PF 
93-0619-0201 Bet. Dam 1 &2, S.Bato Lower part of 2nd PF 
93-0619-0202 Bet. Dam l &2. S.Bato Middle part of 2nd PF 
93-0619-0203 Bet. Dam 1 &2, S.Bato Upper part of 2nd PF 
93-0621-0101 UpperBucao Oriented clasts of 1 ry PF 
93-0621-0102 UpperBucao Bulk sample of l ry PF 
93-0621-0201 UpperBucao Basal shear of lithic-rich PF 
93-0621-0202 UpperBucao Matrix of lithic-rich PF 
93-0621-0301 UpperBucao Reworked PF (?) 
93-0621-0302 UpperBucao Hot lahar (?) 
93-0622-0101 SomeL Sapang Bato Basal part of 2nd PF 
93-0622-0201 SomeL Sapang Sato Lower part of 2nd PF 
93-0622-0202 SomeL Sapana Sato Upper part of 2nd PF 
93-0622-0203 SomeL Sapang Sato Pre-2nd PF lahar 
93-0622-0301 Taraet. Sapana Bato Lower part of 2nd PF 
93-0622-0302 Target Sapang Bato Upper part of 2nd PF 
93-0623-0101 Upper Maraunot Collapsed deposit 
93-0623-0102 Upper Maraunot Collapsed deoosit 
93-0623-0103 Upper Maraunot Source l ry PF of collapsed de 
93-0629-0101 Upper NW flank Small 2nd PF after T. Goring 
93-0629-0102 Upper NW flank Primary PF 
93-0702-0101 Sacobia Lower part of 1 ry PF 
93-0702-0102 Sacobia Upper part of 1 ry PF 
93-0702-0201 Abacangap Middle part of 2nd PF 
93-0702-0202 Abacanaap Upper part of 2nd PF 
93-0707-0202 S. Balin-Baquero Lower part, oxidized zone 
93-0707-0203 S. Balin-Baquero Upper part, oxidized zone 
93-0707-0204 S. Balin-Baquero Reworked 1 ry PF 

94-0928-0101 Pasig-Potrero Upper 2nd PF 
94-0928-0102 Pasig-Potrero Middle 2nd PF 
94-0928-0103 Pasig-Potrero Top of lower 2nd PF 
94-0928-0104 Pasig-Potrero Bottom of lower 2nd PF 
94-0928-0201 Pasig-Potrero 2nd PF 
94-0928-0301 Pasig-Potrero Middle part of 2nd PF (?) 
94-0928-0302 Pasia-Potrero Top part of 2nd PF (?) 
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94-0930-0101 Pasig-Potrero Top o f 2nd PF (below PCZ) 
94-0930-0102 Pasig-Potrero Basa of 2nd PF (above PCZ) 
94-0930-0103 Pasig-Potrero Middle of 2nd PF (above PCZ 
94-0930-0104 Pasig-Potrero Top of 2nd PF (above PCZ) 

94-0930-0201 Pasig-Potrero Top of distal 2nd PF 
94-1005-0101 P-P/Sac Divide 2nd PF 
94-1005-0102 P-P/Sac Divide 2nd co-ignimbrtte 
94-1005-0103 P-P/Sac Divide Base of 2nd PF 
94-1005-0104 P-P/Sac Divide Upper portion o f 2nd PF 
94-1005-0105 P-P/Sac Divide Acc. lap.-rtch lamina 
94-1005-0106 P-P/Sac Divide Basal part of 2nd PF 
94-1005-0201 P-P /Sac Divide Proximal 2nd PF 
94-1005-0202 P-P/Sac Divide Proximal 2nd PF, sheared 

94-1005-0201 A P-P/Sac Divide Sample for density measure. 
94-1115-0201 P-P/Sac Divide Fines-depleted ash lam 
94-1115-0202 P-P/Sac Divide fineash lam 
94-1115-0203 P-P/Sac Divide x-iam fines-depleted 
94-1115-0204 P-P/Sac Divide Massive fines-poor 
94-11 J 5-0205 P-P/Sac Divide Yellow/brown fallout(?) 

94-1115-0206 P-P/Sac Divide Massive fines-poor 
94-1115-0207 P-P /Sac DMde Fines-depleted 
94-1115-0208 P-P /Sac Divide Coarse facies of surge (?) 
94-1115-0209 P-P/Sac Divide Massive, fines-depleted 
94-1115-0210 P-P/Sac Divide Ash lam with coarse ash lense 
94-1115-0211 P-P/Sac Divide Reworked(?) 
94-1115-0212 P-P/Sac Divide Distubed ash lam 
94-1115-0213 P-P/Sac Divide Poorly-sorted, acc. lap. beart1 
94-1115-0214 P-P/Sac Divide Acc. lap.-rtch fallout 
94-1115-0301 P-P/Sac Divide PF veneer 
94-1115-0302 P-P/Sac Divide 1 ry co-ignimbrtte fall 
94- 1115-0303 P-P/Sac Divide 2ndry co-ignimbrite fall 
94-1115-0401 P-P/Sac Divide x-bedded PF, marginal facles 
94-1115-0501 P-P/Sac Divide Massive PF facies 
94-1115-0601 P-P/Sac Divide Valley-ponded PF facies 
94-1115-0701 P-P/Sac DMde Uthic lag 
94-1115-0801 P-P /Sac Divide 2ndry co-ignimbrtte 
94-1115-0901 P-P/Sac Divide 2ndrv co-ignimbrtte 
94-1 115-1001 P-P/Sac Divide 2ndry co-ignimbrtte 
94-1 115-11 01 P-P /Sac Divide 2ndry co-ignimbrtte 
94-1116-0101 O 'Donnell Valley ponded ignimbrtte 
94- 1116-0201 O 'Donnell Proximal ignimbrite 
94-1116-0301 O 'Donnell lry ig below lithic-rtch unit 
94-1116-0401 O 'Donnell 1 ry ig below lithic-rtch unit 
94-1116-0501 O 'Donnell lry ig above lithic-rtch unit 
94-1116-0601 O 'Donnell 1 ry co-ignimbrtte 
94-1116-0602 O 'Donnell post-June 15 vented ash 
94-1116-0603 O 'Donnell 2ndry ash fallout 
94-1116-0604 O 'Donnell 2ndry fallout 
94-1118-0101 O'Donnell 2ndry PF 
94-1118-0102 O 'Donnell Base of 1 ry PF 
94-1118-0103 O'Donnell Middle part of 1 rv PF 
94-1118-0201 O'Donnell Fines-depleted 1 ry PF 
94- 1118-0202 O 'Donnell Traction carpet 
94-1118-0301 O 'Donnell/U.Bucao Veneer, surcie-flow trans .. ba; 
94-1118-0302 O 'Donnell/U.Bucao Veneer, surge-fiow trans., mic 
94- 1118-0303 O 'Donnell/U.Bucao Veneer, surge-fiow trans .. top 

95-0131-0101 O'Don. 15.2E, 85.04N Pinkish pumiceous PF (d istal) 
95-0131-0201 O 'Don. 17.6E. 87.84N Distal PF perched on cliff 
95-0202-0101 MAR 8.71E. 67.64N Primary PF 
95-0202-0201 MAR 8.71E. 67.64N Lahar deposit 
95-0207-0101 O 'Don. 14.33E. 82.6N Crusted surface of fine ash 
95-0207-0102 O 'Don. l 4.33E. 82.6N Ace.lap. rich ash fall deposit 
95-0207-0103 O 'Don. 14.33E. 82.6N Vesiculated ash dep., rel. dry 
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95-0207-0104 O 'Don. 14.33E. 82.6N Massive ash dep 

95-0207-0 l 05 O 'Don. l 4.33E. 82.6N Acc. lap. rich laminations 
95-0207-0106 O 'Don. l 4.33E. 82.6N Vesiculated ash deposit 
95-0207-0107 O 'Don. l 4.33E. 82.6N Ace.lap. rich primarv co-iq 
95-1009-0101 O 'Donnell, Ouray 1995 secondary PF 
95-1011-0101 MAR nr. l 3.5E. 79.5N Primary ig lappina on old terrc 

95-1011-0102 MAR nr. 13.5E. 79.SN Primary co-ignimbrite ash 
95-1011-0201 MAR 14.39E. 78.lBN Basal lam/x-lam veneer dep. 
95-1011-0202 MAR 14.39E. 78.lBN Middle lam/x-lam veneer de~ 
95-1011-0203 MAR 14.39E. 78.lBN Upper lam/x-lam veneer dep 
95-1011-0204 MAR 14.39E. 78.18N Primary co-ianimbrite ash 
95-1011-0301 MAR elev. 860m Matrix of lithlc-rfch PF/lag bra< 
95-1013-0101 O 'Don. nr.14.4E. 81.2N Primary PF matrix (orient. sam 

95-1014-0101 O 'Don. nr.14.4E. 81.2N X-bed. lower basal primary Pf 

95-1014-0102 O 'Don. nr.14.4E. 81.2N X-bed. middle basal primary 
95-1014-0103 O 'Don. nr.14.4E. 81 .2N X-bed. upper basal primary P 
95-1014-0104 O'Don. nr.14.4E. 81.2N Middle se<ctlon. primary PF de 
95- 1014-0105 O'Don. nr.14.4E. 8l.2N Upper se<ctton. primary PF de1 
95- 1014-0106 O 'Don. nr.14.4E. 81.2N Matrix. lithic block rich PF 
95-1014-0107 O 'Don. nr.14.4E. 81.2N Lithic-rich pumiceous PF dep. 

95-1015-0101 O 'Don. nr. 95-1014-01 Hot massive PF. AMS 

95-1021-0101 O 'Donnell. Durav June 13-14 (?) PF & fallout (?) 
95-1 021-0102 O'Donnell. Durav June 15 PF. distal facies 
95-1021-0201 O'Donnell, Ouray Distal PF on ridge top. lower 
95- 1021-0202 O'Donnell. Duray Distal PF. ridge top. mid .. x-lar 
95- 1021-0203 O 'Donnell. Durav Distal PF on ridge top. nr. upp 

96-1214-0101 O'Donnell. Tarukan Medial Fall. lower. Bo.Tarukan 
96-1214-0102 O'Donnell. Tarukan Medial Fall. upper. Bo.Taruka1 
96-1214-0201 O 'Donnell SS 96-1214-l : Distal PF base 
96-1214-0202 O'Donnell SS 96-1214-2: Distal PF nr top 
96-1214-0203 O'Donnell SS 96-1214-3: Lower fallout 
96-1214-0204 O'Donnell SS 96-1214-4: Upper bimodal 

96-1215-0101 O'Donnell SS 96-121 5-1 : Plinian Fall 

96-1216-01 O 'Donnelll. Kawayan Fall. surge-fall trans. veneer 
96-1216-0201 O 'Donnell. Tarukan Distal ftow. lower part 
96- 1216-0202 O'Donnell. Tarukan Distal ftow. middle part 
96-1216-0203 O'Donnell. Tarukan Distal flow. upper part 
96- 1216-0301 O'Donnell. Tarukan lgnimbrite below surge horizo 
96-1216-0302 O 'Donnell. Tarukan lgnimbrite above surge horizc 
96-1216-0401 O'Donnell. Tarukan Middle part of lower ignimbrit 
96-1216-0402 O'Donnell. Tarukan Upper part of lower ignimbrite 
96-1216-0403 O 'Donnell. Tarukan Lower part of upper ignlmbrit• 
96-1218-0101 O 'Donnell. Bombing Ranm Fines ooor plinian 
96-1218-0102 O 'Donnell. Bombing Ranm Bimodal plinian fall 
96-1218-0201 O 'Donnell, Duray Middle part of lower ignimbrit 
96-1218-0202 O 'Donnell. Ouray Reworked fall tephra 
96-1218-0203 O 'Donnell. Ouray Surge horizon 
96-1218-0204 O'Donnell. Durav Lower part. ig. above surge b 
96-1220-0101 O 'Donnell SS 1220-1: Ash 
96-1220-0102 O 'Donnell SS 1220-2: Plinian Fall 
96-1220-0103 O 'Donnell SS 1220-3: Surge 
96-1220-0104 O'Donnell SS 1220-4: ? 
96-1221-0101 O'Donnell SS 1221-1: 2nd PF 
96-1221-0102 O'Donnell SS 1221-2: PF 
96-1221-0103 O'Donnell SS 1221-3: Dense clast-rich PF 
96-1221-0104 O 'Donnell SS1221-4: Middle unit 
96-1221-0105 O 'Donnell SS 1221-5: Unit below plinian 
96-1221-0106 O 'Donnell SS 1221-6: Surge at base of se 
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