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Preface

The U.S. Army Corps of Engineers Portland District, was suthorized by
the Econoiay At (31 U.S.C. 1535) and Section 632 of the Foreign Assistinco
ACT (22 U.S.C. 2357), the Uinitad States Agercy for International Dovelrn-
ment (USAID) requesied the Department of the Army, acting through the
U.S. Army Corpe of Enginsers (USACE) to prepare a comprehensive Recov-
ery Action Plan (RAP) for Mount Pinatubo, tse subseguent Lyurologic events.
The RAP is being preparci in accordance with a Participating Agency Service
Agreement (PASA) sigoed on 18 June 1992 between USAID/Philippines and
the Deputment of the Army.

MAJ Moote L. Peurson, PD, U.S. Army Engineer Waterways Expevimen
Staion (WES) and Mr. Karl W. Eciksen, U.S. Areay Corpe of Engineers
Fustland District frors June 1992 t0 March 1994. Dvta were collected snd
snalysis was conductad by the sathors. Tive trigs waore made o the study

This report was initially peblished as an Appendix B: Sedissertation
Analysis 0 the report eatitiad “Mowat Pissiubo Recovery Action Plan, Long-
Terta Report,” published in March 1994 by the U.S. Artay Corpe of Engi-
naGrs mguam pict, ) subeitiad w the Department of State in
Mach 1954,

This investigation was pecformed undsr e direct supervision of
Massis. Ron AMasoa, Chief, River and Comstal Engineriag Besoch, snd Mike
Roll, Program Masagx, U.S. Army Corpe of Engineers Portiand District,
and Jarvy Cornell, Project Manager, U.S. Army Enginesr Division, Pucific
Ocsae; sad Dvs. W. F. Marcuson 11, Director, sad Pra} F. Hadals, Assistant

At the time of publication of this report, Disecsor of WES was
Dr. Robert W. Whalla. Commsader was COL Bruce K. Howsrd, EN.
Comcaandar of the U.S. Army Eagisser District, Poctland, was COL Chasles
Hisss, EN.
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MOUNT PINATUBO
RECOVERY ACTION PLAN
LONG TERM REPORT

TECHNICAL APPENDIX B
SEDIMENTATION ANALYSES

i. INTRODUCTION

A catastrophic eruption of Maunt Piratubo occurred besween June 12 and 15. 1991, By the
afternoon of June 15, 1991, whea the initial efuption phase termiictd. about 5.6 billion
cubic meters (m’) of +edium- to fine-grained pyroclastic-flow material had deen deposited n
the upper watershed areas around Mount Pinatubo. Another | cubic kilometer (km’) of ash
covered the landscape to a radius of more than 40 km around the mountain (Pierson ot ai.,
1992).

Rainfall-runoft has rapidiy croded eruption material, causing lahars that have flooded low-
lying areas. Flooding and sedimentation from Mount Pinatubo tahars have displaced tens of
thousands of people fiom their homes, destroyed bridges and crops, and decreased the
amount of land svailable to agriculture ir the lower hasin. Several barangays and town
ceaters were flooded and buried by sadiment deposiss of up to 3 meters deep. Hundreds of
poople have died as a resull of the eruption and its aftermath.

In Qctober 1993, heavy rainfsll and tapid erosion caused about 21 ke’ of the Sacobia River
besiin t> be divested into the Pasig River tasin.  This buge increase in Pasig River dininage
area is very likedy o cauer » tremendous increase in sediment yield in 1984 and beyoad.
The full impact of this basin chiage bz ot beew evaluated for this repost, but it is judged ©
preseat an extresne hazard W0 comunuagities alcag the Pesig-Poirero River and also to cadlanger
surrounding areas. Sediment yixids and Labar in the Pasig River in 1994, ane expected w be
simutar to those experiencad in the Sacolda River in 1991 or 1992, Paxig-Poirero River
sadimeat doposition of 50 to 100 million »’ is considerad possible in 1994,

1.1 Purpose

The puposs of this asalysis is (0 sssess the future sedimentation hxzands due o continuing
erosion of the 1991 pyrocialic deposits aroutd Mount Piratubo. A sodiment yield forecast
is presemted for cach brtin containing lage amousts of pyroclistic material.  The sress most
throughout this report to determine future damages, plan and design sodiment voutrol
measures, and o «sess the potential benefits (ocoooinic and physical) for those control
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1.2  Study Area

Mount Pinatubo is located in the Zambales Mountain Range on the west coast of Central
Luzon in the Philippines, approximately 100 km northwest of Manila. Eight major river
basins -- the Gumain-Porac, Pasig-Potrero, Abacan, Sacobia, O’Donnell, Bucao, Maloma;
and Santo Tomas-Marella -- form the drainage basins around the mountain. Before the 1991
eruption, Mount Pinatubo stood 1,745 meters above the sea level. The eruption reduced the
peak elevation to some 1,520 meters and caused major perturbations in five of the eight
affected basins, filling them with volcanic material (see Figure B-1).

The principal drainages on the east side of Mount Pinatubo include the Gumain-Porac, Pasig-
Potrero, Abacan, Sacobia and O’Donnell basins. The O’Donnell River joins the Bulsa River
to form the Tarlac River, which flows north to the Agno River and thence to the Lingayen
Gulf (see Appendix A). The Gumain-Porac, Pasig-Potrero, Abacan and Sacobia Rivers drain
the remaining eastern section, flowing south into Manila Bay through the Pampanga delta
along with the Pampanga River.

The principal west-side drainages include the Bucao, Maloma and Santo Tomas basins. The
Bucao is the largest of these watershed systems, draining approximately 656 km’ of the
northwestern sector and ultimately flowing to the South China Sea. Headwaters of the
Maloma and Santo Tomas-Marella systems originate on the southwestern sector and also
drain to the South China Sea (see Figure B-1).

1.3 1991 Eruption of Mount Pinatubo

Starting in April 1991, a series of minor volcanic eruptions occuned on Mount Pinatubo.
The culminating phase began on June 12, climaxing sometime after 1400 hours on June 15
with a violent eruption phase (Pierson et al., 1992) -- a classic, catastrophic chamber
explosmn which ejected pyroclastic-flow matenaj and ash into the atmosphene and deposited
it in a radial pattern onto the mountain flanks and watersheds.

The eruption left thick accumulations of pyroclastic-flow material in most of the volcanc’s
upper basins. The Gumain-Porac River system, the southernmost of the east-side river
complexes, received no measurable pyroclastic-flow deposits, but its upper basins were
thickly blanketed by airfall ash. On the west side, the Maloma River headwaters and the
upper reaches of the Santo Tomas and Balin-Buguero Rivers, which originate approximately
7 km southwest of the caldera, received only minimal initial pyroclastic-flow deposits, but
both basins were blanketed by airfall ash.

During the eruption, pyroclastic flows, fast-moving mixtures of gas and tephra particles,
flowed down the flanks of the volcano, tending to follow existing stream valleys, particularly
on the east side. These deposits ranged in thickness from a few meters to as much as

200 meters in the deeper valley reaches of the upper and middle basins. In addition, airfall
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ash accumulated in thicknesses ranging from more than SO co near the crater (o just a trace
at distances of 30 ki from the mountain. Some rock fragmests (lithics) from the former
crater and crater walls are also present in deposits, generasly within 3 to 3 km of the new
crater. Initial pyrociastic flows were exirzmely hot; by 1992, deposits were mainizining
temperatures in the 300r Celsius range, and were expected to hold temperature values for a
number of years (R. Hobliit, U.S. Geclogical Survey, oral communications, 1991 and 1992).
The 1991 tephra (pyroclastic flow) deposits are geologically similar to deposits cbserved
elsewhere from other receat plinian eruptions, resulting from gas-charged. highly silicic
magmas mrving upwand in the cone and vesting throagh the existing crater. The tephra
produced from this magma type is lightweight and rich in pumice.

1.4 Regions) Geology

he two main physiograpay provinces within the study arca are the Zambales Mountain

Mourt Piuaivbo is located in Central Luzor on the eastem edge of the Zambales Mountain
Range, an aiea of orogenic uplift extending from the western coastline to the east cenival
lewlands.  Superimposed on this uplifi region is a voleanic arc composad of Pliocene to
Quaternary composite voleanoes. of which Mousi Pinatubo s the highest and youngest. This
volcanic v is teading north-south paraliz] to and probably sssocisted with the offshore
Manita Trench, a subduction zoo2 in the South China Sea that dips casiwardly towasds
Luzca. mz:mtam&ngeis&mhmb§mukmnn&nxkskmwumw
Ophiclite Complex (Delfia, i 84). These “phiolites cousist of predostizantly peridotite-
basait rock suites rich in sorpeatine, chionite, epidote and oiher low-grade metamosphic
mirerals. Minor sedituciiury units alvo exist within the wratigraphic columa.

East of Mount Pinatubo lies » sadiment-fillod depression 80 ki wide known as the Central
Luzon batin (Delfin, 1984; see Figure B-1), boundod on the west by the Zambales Rangs
and o the exst by the Southerm Sicrvs Madse Range, and extending from Manila in the soith
to the Liagayen Gulf in twe nocth. The oldest sequence of sedimentisy units on the weilern
Complex. Most of the ssdiments filling the Ceatrad Luzon basin are volcanically-denived

- alluvial matenals composod mainly of toossly compacted gisvels and uands.
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1.4.1 Historic Eruption Deposits. Mount Pinatubo is a composite andesitic volcano.
The present-day homblende-dacite dome is constructed upon older sedimentary and
ultramafic strata. Underlying older volcanic rocks consist mostly of andesitic agglomerates,
tuff breccias and tuffaceous sandstones interspersed with andesitic or basaltic flow rocks.
These strata are much older than the pyroclastic-flow deposits that covered the mountain’s
flanks at the time of the 1991 eruption.

Mount Pinatubo’s flanks are draped by massive pyroclastic deposits from a number of past
eruptive events, each of which produced significant volumes of unconsolidated volcanic
debris. At least two prior eruption episodes have been documented from existing pyroclastic-
flow deposits (Delfin, 1984). The youngest is estimated to be 600 years old and Carbon 14
dating on woody material found within the deposits have identified older eruptive phases at
2,600 to 8,000 years before the present (Pierson et al., 1992).  Fluvial erosion has highly
dissected these older pyroclastic deposits. Fluvial processes transported the volcanic material
from the upper basins onto the lower-gradient alluvial-fan complex surrounding the
mountain. Pre-cruption channels were broad braided systems transporting high volumes of
sediment (JICA, 1978) from the eastern fan apex more than 30 km to the distal reaches
coalescing from the Pampanga River delta landward of Manila Bay. West side channels
were also transporting large volumes of sediment prior to 1991 (Alejandrino et al, personal
communications, 1993).

1.4.2 1991 Eruption Deposits. The 1991 pyroclastic flow deposits are massive
poorly sorted units, tens of meters thick and generally very non-cohesive. Stratification is
common within these thick units. Initial pyroclastic-flow deposits were emplaced as a seriss
of flow events. Stratification differences resulted from various crater explosions at different
locations around the mountain and in each upper basin.

Numerous samples of the 1991 pyroclastic-flow deposits and 1991-1992 lahar deposits were
taken in several of the basins during the 1992 rainy season and 1992-1993 dry season as parn
of this study, and were analyzed for gradation and bulk density. Gradation testing showed
the pyroclastic deposits to be typically composed of about 75 percent sand sizes with 10 to
15 percent silty fines and 10 to 15 percent coarse sizes (greater than about 5 mm). Bulk
densities ranged from about 1.8 to 2.6 kg/m* with an average of about 2.3 kg/m’. Visual
observations in the field show the older pyroclastic and lahar deposits to be similar to the
1991 deposits, but more consolidated with age and burial. Greater consolidation thus
increases resistance to erosion. Weathering also forms clay minerals that increase the
cohesive strength of the sediment and its resistence to erosion. The 600-year old deposits
appear nearly identical to the 1991 pyroclastic-flow deposits, generally discernible only by
the well-developed vegetatign on the top surface. Still older, more weathered and more
dense pyroclastic deposits were also observed, presumably representing the eruptive episode
of about 2,000 years ago. These deposits are noticeably more resistant to lateral erosion than
the younger deposits due to their greater consolidation. Since the lahar deposits are derived
from the pyroclastic deposits, they have similar characteristics except that the coarser
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main deposit because of their Jow deasity; thus in general the coarse fraction is significantly
smaller in the lahar deposits. Gradation tests in samples of the labar deposits generally
showed a composition of sbout 95 percent sand size or finer.

1.4.3 Cuysreat Volcanic Hazands. Mount Pinztubo has settled into a period of
reduced erupiive activity following the major eruption of June 1991. This pattern is similar
to the historical pattern of similar volcanoes. Current activity at the mountain consists
mostly of peiiods of dome growth sccon:panied by occasional small-scale explosive events.
Earthquake activity fluctuates, with mary phases of low-frequency tremors. While the
mountain is still active. another very large sruptive event is not probable during the next few
years. Meanwhile, significant hazands fiom the 1991 eruption still exist for those living and
working near the voicano. The labar hezard is still very high, especisily during the monsooa
season, and will continue to be a significant hazard for many years to cotme. Oocasional
ashfalls may yet ocour in conjunction with secondary erupiivas and/or phreatic explosions,
decrasing in frequeacy s magnizude with time. Theie Las been a marked reduction in the
reported number of explosive events from 1991 to 1993.

Secondary pyroclasiic-flow events represent & continuizg and significant hazand, pasticularly
during the rainy scason. The randown cocurrence and size of secondary pyroclistic flow
maicrials make sodiment yield and ‘aypart wedictions extreracly difficult, but these will
nevestheizss be discussad in the bagin analycis. Phreatic explogions appear linked to
sacoadary pyraclastic-flow events (exacily bow is uakonown at this time) Dui in theiseives
are uot a major factor in sodiment producticn. They sre spectacuiar, rescmbiing small
volcanic esuptions, but in the outyears they will be a non-factor.

1.5  Ragiesal Ctimate

Mount Pinatubo is locsted approximately 15°N iatiiude on the west coastal area of Contral
Luzoa. A tropical climaic dominstes during the Nostheast Moasoon season (Novesber
Moasoon generstes typhooas (high winds and heavy rin) and associstad severe weaiher
scasca coincides with the time of year wixen iatense tropical storuns cre spawand in the lower
latissdes of the Pacific Ocean snd puss close to the Plilippine Isiands. Data svailabie from
the Philippine Atmosphenic, Goophysical, and Asirosomizal Services Advainisination
(PAGASA) indicase tut botween iS48 sad 1991, & yearly aveinge of 16 tropical cycloies
(tropical depwessions, opical storits or typhoous) sffect weather conditions i the region
(Nosthwest Hydrasutic Consulianis Inc., 1993). Intesse bocalized ininfall is associaicd wich
the major cells, which prodiuce severe aad istestse sonmis over a snsll geogsaphical ans.

On sverage, the st side of e volcaso recoives 43 rainfall than the wost side.  Nows

Mount Piatibo, the ssousl minfall vasies from & low of about 1,700 mm &t Clark Air Baa,
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Pampanga, on the east, to more than 3,700 mm at Iba, Zambales, on the west. Additional
climatological data are provided in Appendix A.

1.6  Regional Topography

1.6.1 Upper Basins/Headwaters. Prior to the initial phase of volcanic activity in
April 1991, Mount Pinatubo stood some 1,745 meters above sea level. The upper basin
slopes had a dense drainage network with channels incision from 100 to 150 meters deep.
Crater wall slopes ranged from 20° to 65° (Pierson et al., 1992), with channel gradients of
up to 400 m/km. Streams flowed through steep, narrow valleys with channel slopes of 0.02
to 0.10 m/m. This upper basin area was densely covered by shrubs and tall grass before the
eruption phase. Eight major watersheds drained these slopes through the transition reach,
before exiting onto the alluvial fan and flowing to the delta or sea.

1.6.2 Transition Reach. This reach includes areas within the older pyroclastic
deposits and the upper parts of the alluvial fans. Pre-eruption channels incision ranged from
60 to 100 meters upstream end, to only a few meters at the downstream end. Channel
gradients through this area flatten to about 0.01 to 0.02 m/m at the fan apex (about
200 meters elevation above sea level) with a corresponding increase in vegetation density and
diversity. Crops include sugar cane, cassava, and maize. On the west side, the Bucao and
Santo Tomas transition reaches are characterized by a mid- to upper-slope channel complex,
controlled by the north-south trending mountain range.

1.6.3 Lower Alluvial-Fan Complex. A broad aliuvial-fan complex surrounds Mount
Pinatubo (see Figure B-1), with the highest degree of geomorphic development and
complexity in the eastern sector. The highest population density and agricultural diversity are
also on the east side. The Gumain-Porac Rivers drain an area south of the mountain,
flowing across the southeastern portions of the alluvial-fan complex. The east-central and
northeastern sectors of this fan complex are dissected by the Pasig-Potrero, Abacan, and
Sacobia Rivers. The northernmost portion is affected by the O'Donnell River. Channels are
confined by natural banks of not more than a few meters, except where the streams have
been channelized. Channel gradients range from near 0.02 m/m in the upper reaches to as
little as 0.0001 m/km to 0.0002 m/m in the delta. Channels are broad braided systems
covering large geographical areas and transporting fine sediment to the delta.

Geomorphically, the west side alluvial fans can be divided into the similar physiographic
sections, but different geologic events have created a different landscape. The north-south
trending, westernmost mountains of the Zambales Range separate the upper fan from the
smaller lowland area. This lowland alluvial-fan complex is best described as a coastal fan
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2. SEDIMENTATION ANALYSES AND METHODOLOGIES

The sedimesation analysis for Mount Piaatube use . methods developed by the Corps of
Eagireers drring its work un the Mount St. Heleas recovery program (Corps, 1984 and
1985). The analysis invclves three main componerts: 1) definition of the geomorphic
processes active within the hasins, 2) a sediment yield forecast, and 3) a sediment deposition
forecast. %ach compowent involves a combination of photogrametric analysis, field
investigarions, litersture reviews, and consultation with other eogineers and scientists. This
section outlines the methods used. The general resulis of these analyses are discussed in
Chapter 3, and basin specific resuits are presented in their respective chapters.

2.1  Geamorphic Aualysis

The gsomosphic analysis involvod identifying the physical processes actively reskaping the
pyrociastic Jdeposits, snd deterrinir, the importance of each ooe to loag-term sediment
production. Aerial photogrpus, holhvmsmlandohlm ukenofthepymchmcdepa&as
in 1931, 190, and 1953 were studied to ideniify active peomorphic processes. The

processes identifiad were plreatic rxgdosions, mwmmmmfm
- snd failure, ang riil, gully 4nd channel erosion.

2.1.1 Phoigieperic Asal The photingraphs and field observations indicated
mmmm,mmwm wai secvadary pyroclastic flows were the
@ajor factons in sediest produciion. A tnpoguuplic anaiysis was conductsd to detercrine
the magnitude of each process and the voluice of the pyrochtic deposits. Pre-ciuption
opography was ohiained froes 1:50,000 soly, 20-0r<4ci contour maps prspared by the
Defense Mapping Agcacy, Washingion, D.C. Post-cruptio.. torogrsphy was prodiced from
November 1992 seria) photography suppliod by US Aﬂ}m The volume of 1991
pyroclastic deposits was woasured by companing ¢ pee 2 tpogiaphy o the
tmmediste pott-eruption surface. O s st side, pee- and post-eruption valley oroes
sections were producdd vt the pyrociastic vosnes socpuled Jsing the dovidle end-are)
method. Oe the weat sids, digial terrain models (DTMs) wee prepared for the Sanio
Tomes and Bocao bazizs. Tho pre- and pagt-ersption DIMs were then merged ist & Unix-
Dased compuier workitstion sad the pyroctisiic deposit volisr-s were coaputed.  Chunnei
- cirwsnazicns s erosion volumes wert obtaisad from poxt-eruplion cross sections.  Volumes

twmm’t&emywnmmwsmdww

2.1.2 R ipatiing. Field visits weve mide 2o each basin to verify the proress
memmm Bath visval raathods sed goo-positioning
sysesas were used o0 locale field sites.  Spot mersuiosents were made of active chasoels,
chaae] slopes, ead terraoe fonusiions. Soil sampies were taken and renerial types in and
acizceat 00 the chananls weve poted.  Sodl tomperatures wede obzarved but not mseared.

During the field visits, apecific investigations inchedsd clannel descriptions, comparative
Giffurcaces in wirtace sad chunael conditions between the initial pyroclastic deporits and the
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secondary pyroclastic flow areas, flow and deposition characteristics of secondary pyroclastic
flows, and the formation and failure of lakes.

2.1.3 Literature Review. The geomorphic processes at Mount Pinatubo were
compared to those at other volcanoes and to other research results available in the literature.
The rapid channel evolution at Mount Pinatubo was compared to that at two other volcanoes,
Mount St. Helens (Meyer and Dodge, 1988) and Mount Mayon (Rodolfo and Arguden,
1991) to help identify limiting factors. The conclusions of the Mount Pinatubo studies were
compared to the results of laboratory experiments on channel evolution, presented by
Schumm, et al (1987). Although the secondary pyroclastic flows occurring at Mount
Finatubo were not found elsewhere, work on coal spoils in Canada (Sasitharanand et al.,
1992) provided some information. The conclusions of the geomorphic analysis were also
discussed with representatives of the U.S. Geological Survey (USGS), Philippine Institute of
Volcanology and Seismology (PHIVOLCS), and outside consultants.

2.2  Sediment Transport Analysis

2.2.1 Objectives. The overall objective of the sediment transport analysis was to
develop an understanding of the processes sufficient to forecast future hazards. Standard
methods of analysis, such as streamflow and sediment transport measurements and computer
modeling were generally not used in this study. The extreme sediment transport
concentrations in the lahars precluded the direct application of sediment transport models and
the limited scope of this study did not allow for data collection. However, the magnitude
and mechanics of the sedimentation problems allowed for a more generalized approach based
on consultation with other experts, limited field investigations and aerial photography.

2.2.2 Transport Processes. The significant transport processes were initially
described by PHIVOLCS and USGS personnel, and other observers, who were on site during

the 1991 rainy season (Punongbayan et al., 1991; Janda et al., 1991; and Umbal et al.,
1991). They described mudflows causing several meters of channel aggradation in a single
day. During the initial phase of the study, the sediment transport processes were defined as
muddy water, hyperconcentrated flow, and mudfiows.

During subsequent field visits, muddy water and hyperconcentrated flow conditions were
observed in several rivers, but fate did not allow direct observation of mudfiow conditions.
Discharge and sediment transport measurements could not be made because of the diffic it
river conditions and limited study scope. Additional observations of transport processe: were
provided by PHIVOLCS (Daag and Tungol, personal communication, 1992), Zambales
Lahar Scientific Monitoring Group (ZLSMG) (Rodolfo and Umbal, personal communication,
1993), Dolan (personal communication, 1993), and others throughout the study. A limited
amount of sediment transport concentration data for muddy water conditions was obtained
from the Philippines’ Bureau of Research and Standards (unpublished). Mudflow
concentration data for three events in 1992 were provided by ZLSMG (Rodolfo, written

communication, 1993).
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Sediment transport cakulations were made for sore basins to estiraate long-term potentinl
erosion/deposition conditicas downstrear of the hyperconcentrated flow and mudfiow zones.
On the basis of experience at Mount St. Helens (Eriksen, 1989), Yang's sediment transport
equaticn was used for these calculations.

2.2.3 Sediment Deposition. During initigl field trips in September 1991 and
February 1992, muddy water, hyperconceatrated flow, and mudflow deposits were identified.
On subsequent visits, deposits from each of the three sediment transport processes were ,
examined in the field. During fiel visits, deposition areas were phiotographed and deposit
depths were estimated.  Field data and aerial photographs were used to map the extent of the
different deposits. In Movember 1992, 2 field trip was made for the express purpose of
examining August and September 1992 mudfiow deposits in the Pasig-Potrero and Sacobia-
Bamben rivers.

2.3 Sediment Forecasts

After an understanding of the active proceszes was developed, the next siep was (o prepare a
sodiment yield forecast. Tbe key clements in the forocast are the sediment available for
rapid crosion, the initial rate of emsion, and the peedicted rate of decline in sediment yields.

2.3.1 Scdiment Available. The geomorphic aaalysis determined that the extromely
high sediment yields were the result of rapid channel erosion (toxny times higher than pre-
erupiion levels, with transport accurring as hyperooecentrated flow or mudflows) and that
these high yields would cootioue untii the main channels reached a “sisbie” cross-sectioaal
peometry. Judgments were wade about the dimeasions that ssch main chanoel would bave
whea it reached a “stable® condition, based on the poomorphic anatysis, pre-cruption channel
dimeasions, hydrology, and local geologic conditions. The “stable” chanoel dimensions were
plotiod on 1992 changel cross sections and the codintent available for mpid erosion was the
material remaining within the boundarics of the “stable” main chisnnels,

To forocast the potential sediment yield fiom secoadsry pyrechatic flows, sites widh
topographic snd geologic charactesintics similar (o previous secondary pyrociastic flows siées
were ideotiiiad and poteatial volumes computed.  Whare appropriste, the volumes were thean
added to the sediment available from the main channels to arfive at the total sediment
availabie for rapid exveion.

2.3.2 Initisl Excsion Raje. The ncxt siep in developing the sadiment yield foracast
was (0 determine what the initia! average snoual sediment yield would be for the first year.
This was done by muitiplying the averdge sanual storm rusioff by an average sediment
transpost concentration. The siocmt ool volume wa, spproximalod by the volume of the
wper 10 percout tisve period of the flow-Guration curve for cach of the pyroclastic druinages
(compused during the hydrologic smlysis described ia Appeadix A). An average sodiment
tranaport concealration durieg storm runoff had to be estimatad from fiedd obvervations and
discussions with USGS, PHIVOLCS, aad ZLSMG persoane], as vo saitable dats were
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available. A sediment transport concentration range of 25 to 30 percent by volume was
considered representative of the average storm runoff concentration. While concentrations
have been higher, this figure near the middle of the hyperconcentrated flow range, seems to

reflect an overall average.

2.3.3 Sediment Yield Forecast. Using the initial average annual yield as a starting
point, the total sediment available was then distributed over time to generate the sediment
forecasts. Annual sediment yields for each succeeding year were generally proportioned
downward according to the ratio between the amount of available sediment remaining and the

initial sediment available.

2.3.4 Sediment Deposition Forecast. Sediment deposition investigations also utilized
field visits, aerial photography, and discussions with PHIVOLCS, ZLSMG, and USGS staff.
In addition, there were discussions with DPWH staff and a limited number of river cross

sections surveyed by PHIVOLCS.

Sediment deposition was found to be governed by the transport mechanism (muddy water,
hyperconcentrated flow or mudfiow) and the local topography. The type and location of
deposition caused by each transport mechanism was identified in the field. Topographic
maps were used to delineate areas threatened by each process. For purposes of economic
analysis, the potential deposition reaches were divided into inner and outer zones, and
probabilities of being impacted were assigned.

2.3.5 Storm Event Sediment Yields. Sediment yields were computed for large,
infrequent storm events foy use in designing sediment control measures. Sediment volumes
and water-plus-sediment peak discharges were estimated at each sediment control measure
sitc. The upstream basin area and clear water flows at each site were obtained from the
hydrologic analysis presented in Appendix A. Calculations were made using the peak
discharge and the highest 3-day volume for the 2-, 10-, 50-, 100-, and 500-year storm events
in each basin.

Sediment concentration data do not exist for large storm discharges on any of the impacted
rivers. Therefore the sediment concentrations were assigned on the basis of watershed
conditions and the type of sediment transport mechanism expected at each design site. In the
rivers with pyroclastic deposits, at sites where mudflows were expected, a concentration of
67 percent by volume was assigned to the peak discharge

and peak day volume, and a concentration of 40 percent by volume was assigned to the next
highest 2-day volumes. At sites downstream of the mudflow zones, a concentration of

40 percent by volume was assigned to discharges for the peak and the three highest days. A
concentration of 10 percent by volume was assigned to discharges from basins having no
pyroclastic deposits.
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This method provides for very laige sedinieai yields during infreguent storm evSals. s time
passes, ihe same geomorphic prooesses that reduce annual sediment yields will also work to
lower the sediment transport concentratioas duving stornmn evests. The conceatrations used
provide sppropriately high volumes for design of coatrol madivres.

2.4 Sediment Distributicn Model

2.4.1 General. A sedumesnt distribution model was developed for each basin to
provide inpet to the economic analysis. The model simulsted evosion of the pyroclastic
material by storm events and routed the sediment downstream until it was deposited or
discharged by the rivers. The model uses Moate Carlo simulation involving numerous
iterations to incorporate somie of the natural variations and knowledge uncertainties of the

2.4.2 Soiimest Yiekls. Sediment yield functions were developed to account for the
provided for a normal distribution of annual stormn events, centered around the storm runoff
analysis described in section 2.3.2. Secondary pyroclastic flows were assigned probabilities
of occurrence and poteniial volumes that could be sdded to the sediment available for
erocicn.  Sediment conceptrations were a function of runoff and sediment availshility, with
the first year's sodiment transport concerwrstion sveraging approximately 25 to 30 percent by
volume. The maximum sediment cooceniration for any sioves event was limited to 60
parceat by volume.

2.4.3 Sedircos Distribution. Sadimont yields were distributad throughout the river
basing 23 funciions of sediment trassport cosceatration, flow depib, bank beigiv remaining,
levee conditions, and topograply. Deposition in the channel was controlled directly by the
inflowing coucentration, but overbenk distribution slso involved probobility functioas for
levee failure and flow paths. The probebility of a hazird zone being inpacted was bised oo
the resuits of the saalysis deocribed in sostion 2.3.4.
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2.4.4 Model Limitations and Results. As noted above, this model is a simulation

model, the sediment forecasts from the model, approximately imitate the sediment forecasts
presented in this report. The Monte Carlo simulation provides a statistical representation of
the possible natural variations in sediment yields that are useful in assessing the potential
damages or economic benefits. The internal formulation of the model is not physically
based, so the model can not be used as an analytical tool. The results from the model
provides at least some indication of the variations that can be expected in the sediment yields
and distribution. Those variations are reflected in the economic analysis presented in
Appendix C which can be obtained from the U.S. Army Engineer District, Portland, or the

Department of State.

B-12



3. GEOMORPHIC DEVELOPMENT AND SEDIMENT TRANSPORT

3.1  General

The 1991 eruption ket 5.6 billion m* of pyroclastic flow deposits in the upper watershed
around Mount Pinatubo. The deep river vaileys near the mountain were filled with up to 200
m of deposits. Since their empizcement, these pyroclastic deposits have experienced rapid
geomorphic changes. The formation and subsequent crosion of channels in the deposits have
caused many lahars that have done extensive damasges in the populated areas lower in the
basins. Secondary pyroclastic flows and phreitic eaplosicas have reshaped the deposits, but
tneir impacts bave pencrally beean limited to upper basins.

32 Pyroclastic-fiow Deposits

3.2.1 Emplacement. Pyroclastic flows are formed from the combination of hot
volkcanic clasis, lithic rock fragments, and gases traveling down the volcano's flanks at
gravity-induced velocities of 10 to 300 meters per secoad (Carey, 1991). Under the
influence of gravity pyroclasiic flows produce thick and geograplically widespread deposits.
Most of the pyroclastic-flow muterial from the initial (June 15) erupiica was emplacad
between 5 km and 15 km from the new crater (see Figure B-2). Ounly a thin vencer of new
maicrial was retained oo the upper 3 to 5 km of the crater’s flanks.

Incised valleys in Afount Pinatubo's upper basin arcas appear (o have had 2 dizact influcoce
on flow and {-positionz! patterns. The high velocity pyroclustic flows appear to have
crossed the bigh, flai platcaus and sccumulated in the doep valleys. Ouly a thin deposit of
pyroclastic and sirfall ash matcrials remained on the platesy surfaces. Deposits in the upper
valleys sumounding Moust Pinstudo range from 200 meters thick in the proximal area to $0
meters thick af the distal areas. Those deposits tend (o0 be mansive poorly sorted umils, t2as
of meters thick and generally very sou-cobesive. Stratification is common because the
materia! was exsplaced by a series of flow cveats. Stratification differences resulted from
differing casterial exploded from the crater and varying geograpliical locatioas.

Topographics] lows in the crater rien sector may have influcaced the pyroclasiic fiow vectors.
Pricr to the cruption, a large, deep low existed in the nosthwest side of Mount Pinatubo.

Nearly balf of the total sccumuiation of pyrociastic flow deposits sre located in this sector.
During the etuption, smailer topogmphical lows formed in the iz at the beads of the other
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rocls X gechnical Characteristics. Recent pyroclastic as«d lahar
deposnswmstpmdmnmmlyafsandmedpamdm which are angular and composed
primarily of quartz, voicanic glass, feldspar, and other lugh -silica minerals consistent with a
dacitic magma source. The pyroclastic deposits are 10 to 15 perceat pumice, ranging from
fine gravel to boulder sizes, and 17 to 15 percent uon-piasnc finc material. The deposits are
unconsolidated and massive. The older pyroclastic deposits are similar except that they are
somewhat weathered and appear to be well coasolidated with a higher clay compoaent.

Material deposited on the flanks of the volcano consists of ash, rockfall and pyroclastic
material from secondary crater sruptions occurring after June 15, 1991. Deposits of lithic
cobbles and boulders can aiso be found in these areas.

3.2.3 Secondary Py i Secondary pyroclasiic flows ure nisss
movements ofmmml that havc occumd aﬂer caiplacement of the primary pyroclastic
deposits. Figure B-3 shows the gencral location in the basins of these major mass
movements. Two features common to most, but not all, secondary pyroclastic flows are;
failure scarps at points of coniaci iciween pre-ciupiion vailey walls or chanaei surtaces and
the initial pyroclastic flow deposit, and deeply eroded channels across the toe.

The triggering mechanisms and flow mechanics of secondary pyroclastic flows are still
poorly understood. They evideatly tead to occur during the miny scason. Perhaps
nfiltration of rainwater adds ecough weight to the deposits that the shear streagih of the soil
is exceeded. Liguefaction might also be a iriggering mechanism, even though the material
bas a low water content. The investigations of Sasitharanand et 21, (1992) into caastrophic
flows of well-dnuined coal spoils in Canads indicate that as little as 10 percent water by
volume may be esough to induce flow. Phreatic explosicas are another possibie triggering

Secondary pyroclastic flows can carry large volumes of material many kilometers
dowasirearn. Yook by Fraocis and Baker (1977) suggests that larpe-volume pyroclastic
flows are far more mobile than other particulale gravity flows, with deposits abundant in ash
or pumice showing the most prosounced mobility. Moant Pinatubo's pyrociastic-flow
deposit contzin both pumice and fine-grained airfall ash. Ounce flow is iniliaied, sowe type of
butking and increased fluidization seems to occur, the resulting flows appear to nnge in
concentration from dabwis flows to mudflows to muddy water flows (see Figure B-4). Down-
slope travel distances vary, depending on chasnel configuiation and geomsctsy. Dowa-slope
movement of these flows at Mount Pinatubo has been mieasured at up w 8 km.

Secondary pyroclastic flows can fill dowastream channe) reaciies, increasing the amount of
sediment available for future erosion. They may also cause chanel blockages, creating in-
channel and/or tributary lake formaation. Sediment msy be tempoearily stored, with
subsequent Iske breaching producing mudflows.
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Analysis incicates that once movement bas occurred, the scarp and failure surfaces are less
susceptible to fluvial erosional processes, perhaps as a result of increased pomsity and
permeability. Field observations show a lag type of pumice gravel deposit present on these
failure surfaces. A few mass mevement areas have undergote some flnvial erosior. and
channelization, bowever, analysis indicates that erosion was initiated w» slope and migrated

The potential magnitude snd temporal and spatial distribution of secoadary pyroclastic-flow
cvents are unkeown af present.

The potential for activity remains high in the near future. Such evenls can proJ:ce
catastrophic basin modifications that may cither increase or decrease the amount of sediment
available for erosion. This risk and unceriainty iropacts both the short and long term
sediment budget.

3.2.4 Phreatic Explosions. While rapid erosion launched the developmeni of new
drainage networks, dynamic phrestic explotions also occurred in the deposit, producing
ashfall and actively increasing e erodibility of the initia! deposit. Such explosions influence
channel formation but are nct by themselves major sodiment producers. Craters from the
explosions filled with water to form poads aid lakess. Curartopping of these and other

depressions in the pyroclastic-flow deposis aiso aided the redoveionnent of channel neiworks.
Waizr accumulation in these depressions may have increased phrestic explosion activiy.

Phreatic explosions occur mainly during the rxiny season when infiltration increases the
amount of available moisture comiag into contact with bot primury pyroclastic-flow deposits.
The piocess of flash-to-steam upoa contact befween water and hot vokeanic sriment is on
of the driving factors. In addition, the action of streamflows undarcutting banks in the
pyrociastic deposit resulted in bank failure, causing plirektic expiosions from coatact of
channel water with bot pyroclastic sedisnent.

Spetial and/or tesuporal prodictability of future explosions it currcotly not possible. These
cverds may costinue for several (up to 10) more yeurs, especially in the basins containing the
greaiest thicknesaes of iaitis) pyroclastic-flow deposits, but their frequency should drop off
over time as the deposits cool and chknaci sishility tncrenses.

13  Druisage Develepent and Eresion Procanses

3.3.1 Geperall The pyroclastic flow deposits were initially featureless, dowed (high-
cemtered) plains following loagitudinal axes down the valleys. luitia! drainage development
occutred very shostly after pyroclastic flow caplacement.  The son-cobesive natire of the
Geposit and other promorphic processes acting 0o the maserial combined eapidly to foan a

new and highly comgiex draisage setwork. A wajor tropical sionm that was bettesiag
Coatral Luzoe oe June 15, 1991, alsc belped ro-establish dsuimage netwirks within a few

days. The deposit goometry sided in chansel network rodevelopment, with seall rills and
guilics forning along the conter and doaining iato huper clunsels along the vatley masgins.
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3.3.2 Rills and Gullies. Rill and gully erosion was the first step in re-gstablishing
the drainage network on the pyroclastic deposits. It was also an important erosion process
on the ash covered mountains around Mount Pinatubo.

Rill and gully formation on the pyroclastic surfaces was very rapid in 1991, creating intricate
drainage patterns. These small channels were only a few meters wide and deep, but because
they were so numerous they produced significant quantities of sediment in 1991. They also
provided a highly efficient drainage system for the pyroclastic deposits main channels.
Analysis of the 1992 and 1993 rills and gullies found that they had not grown significantly
larger than they were in 1991. Rills and gullies are not expected to be important sources of
sediment in the future.

Rain events after June 1991 eroded airfall ash from the mountain slopes and deposited it in
many river channels. Most of the airfall ash was removed from the mountain slopes during
the first rainy season (1991), resulting in large sediment yields to the rivers. The Gumain,
Porac, and Maloma rivers, which had no major pyroclastic deposits within their headwaters,
were impacted by this erosion and deposition of airfall ash in the lowland channels. These
streams are still heavily laden with ash.

3.3.3 Channel Development. Initial drainage development occurred once the
pyroclastic flow deposit was in place. The non-cohesive nature of the deposit combined with
high rainfall to rapidly form a new and highly complex drainage pattern. The main channels
developed predominantly by headcutting and incision of gullies and small channels. As small
channels merged, the in-channel discharges increased and the erosion potential also
increased. Channel development processes were similar to those identified at Mount St.
Helens by Pearson (1986).

The dome-shaped geometry of the initial pyroclastic-flow deposit helped direct channel
development toward the margins of the deposits (Tom Pierson, USGS, personal
communication, August 1992). The channels along the deposit margins received additional
runoff from the adjacent mountains, further increasing their erosion potential. Even during
the first year, many of these channels incised 20 to 40 meters into the pyroclastic deposit.
Bank collapses temporarily blocked some channels, causing mudflow or hyperconcentrated
flow surges when the blockage was overtopped and eroded. Additional mudflows were
created by the violent mixing of hot bank material into rapidly flowing discharges. Channel
widening due to bank erosion was the dominant sediment source in 1992 and 1993.

The post-eruption stream profiles are elevated above the pre-eruption channels, but show the
same general slopes of 4 to 5 percent. The hinge points, the locations at which channs!
slopes increase, were moved downstream by the pyroclastic deposits. The resulting slc.,.=
relations would suggest stream energy may not have increased. The post-eruption chan«et
lengths have increased an average of 2 km. Without an increase in hydrology or stream
energy, the river systems have about the same potential transport limits as they did prior to

B-16



the eruption.  Sediment bulking of the flows to hypercoacentrated or mudfiow coaditions
appeass to be limited to bank failure mechanisms.

An unusual factor that contributed to channel formation was the overtepping of poads and
lakes formed in craters from phreatic explosions. Analysis of asrial photographs taken in
October-November 1991 by the GOP indicaies that phreatic explosions occur primarily at
poinis of contact betwezn pyroclastic-flor deposits and pre-erupticn valley side slopes. The
contact of hot sediment and cold groundwater from the hilisides s one explanation for
phreatic explosions aloag the deposit margins. The potential maguitude and distribution of
sediment genersted for transport by this goomorphiic process is unknown, bt ifs importance

334 jake ] j Blockage Failu ukefmmmmmdfwumhxshecn
anmpmxmsﬁiﬁﬁempcwxumgprmmmwm Kis imporiance has been dependent
mammbacfgwmmphkfmmwwdmg pre-enystion basin geology. topography,
hydrelogy. and tie initial pyroclastic-flow deposit.  Those factors and ihe resulting secimenl
impacts have been quite varisble from basin (o basin.  Lake fatlurcs have boen most serious
in the Pasig-Potresv and Santo Tomas basins,

Lake breakouts were a significant mode of ierge labar geoenation in the Pasiz-Pairero basin
during the first two years following the eruption. A side druinage of the Pasig basin was
tlockad by secondary pyroclastic flows during both 199§ snd 1992, and a2 lake developed
bebind the biackage. Both blockages were overiopoad and erodad, causing lasge Wahar flows
thet dameged areas on the lower alivvisl fan. The poteatial for future lake formiation has
been redicud, because the tnbwlay bas filled with sedient asd the cocurrence of the

Mudilow events fo the Murells River blocked the Mapaniane River, siso forming a Wke.
This leke underwent s seies of blockages, failures, and mudflows in 1991 and 1992,
Contstruction of an cutlet t control lake waler level preventad say lake faiiuses in 1993,
Nevertheless, there is il some thiest of future ke breakotts,

Blockages have formed takes iy other basing without causiag serious labar proliams, An

venamied lake formead in the Swoobis basin, fust upstream of the Gales of the Abacan, asd
drained in August 1991 without geaerating 2 notioeble Iakar (Soctt, K. M., USGS, oral

comimeation, 1992). A ssoond lake ia the Sacobia basin foined oo the Marimia River

upitream of Bamben. This lake was forned by mudfiows on the Sacobia-Bamban River,

tlocking the valley. This taic bas overtopped the blockage, wmetwmmw
Several small takes have alse bees obisesved in the Bucao River bisin.

3.4 Trazepart Frecmsss

341 Gogeral The teimn “hidar® rofers to any rapidly flowiog mixture of volcamic
wartiial and water. The terms “omiddy waler,” “hyperconcentraiad flow.” and *sudflos”
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are used in this report to re/fer to lahars of increasingly higher sediment transport
concentrations. Figure B-5 gives a visual comparison of relative erosion and deposition
factors for these various sediment transport mechanisms, showing how sedimentation impacts
vary in magnitude and location with the different mechanisms. Each type of lahar presents a
different hazard to areas downstream of Mount Pinatubo.

3.4.2 Muddy Water. Muddy water refers to sediment transport concentrations of
less than 20 percent by volume, which are typical of storm runoff concentrations observed
around the world. However, at Mount Pinatubo such flows occur during minor rainfall
events and also under base flow conditions. Suspended sediment samples collected from
impacted streams during base flow conditions before and after the 1991 eruption (Bureau of
Research and Standards, unpublished) indicate a post-eruption increase of 10 to 100 times the
pre-eruption base flow sediment transport levels. Post-eruption concentrations on impacted
streams range from near 100 parts per million (ppm) to over 10,000 ppm. The sediment
entrainment process for muddy water flows appears to be common bed and bank erosion.

Muddy water flows have caused both erosion and deposition damages, carrying and
depositing sediment as far as Manila Bay and the South China Sea. They have also caused
infilling of the lower reaches of the Abacan, Gumain, Pasac, Maloma, Olongapo, and
Tanguay Rivers, .and have caused major damage in the form of toe erosion to levees on the
Abacan, Bamban, Gumain, and Santo Tomas Rivers.

3.4.3 Hyperconcentrated Flow. Hyperconcentrated flows generally have sediment
transport concentrations between 20 and 50 percent by volume (Julien and Lan, 1989). The
action of these flows is similar to that of muddy water flows, but they can transport very
large sediment volumes in a short time. The sediment entrainment process seems to require
some extraordinary mechanism to raise concentrations above the muddy water range. A
Mount Pinatubo, it appears that this mechanism is the collapse of high, hot pyroclastic banks
into the rapidly moving storm runoff in confined channels. Once entrained, the
concentrations tend to remain high until the flow loses energy down in the valley.

Observations of storm events on the Sacobia River by Daag and Tungol (personal
communication, 1992) and Dolan (personal communication, 1993) and on the Marella River
by Rodolfo and Umbal (personal communication, 1993) indicate that discharges undergo
transition from muddy water to hyperconcentrated flow and then may alternate between
hyperconcentrated flow and’mudflow before receding back to muddy water base flow }
conditions. The only hyperconcentrated or mudflow sediment transport concentration data
available for analysis (Rodolfo and Umbal, written communication,

1993) support these observations. These data show sediment transport concentrations on the
Marella River rising from around 10 percent by volume to nearly 86 percent by volume
during a storm on June 27, 1992. They also show a series of measurements taken on July

11, 1992 that fluctuate between 30 and 60 percent by volume. Discharge measurements for
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thosz sodimnert transpost concentrations are wx available, aor huve discharpes for eany othey
storm ovent been messured due v %o difficalt fiver conditions. ‘neemghmdmkﬁﬂ
rapidily siifting chappels, and high waer tempersizves during hyperconcsniraied
mudflows make measurements very difficult.

Because hypescoucentrated flows bebave like muddy watcr, they can cause ficoding and
sediment deposition over biroad areas of the lvwer veileys. The most damaging
hyperconcentraled flow eveils have been ou the Sacobis and Abacan Rivers in August 1991,
and on the Pusig-Potrero River i Sepieinber 1991 and October 1993. In each of these
events, hypercoccentrated flows breached levees and csused widespread damage. Sediment
iayers deposited in cvestuak ateas by hypesconcentrated flow eveats were typically less than
ooe meter dacp, with nesrly flas surfaces.  Soil samples from the deposits showed them to be
similar in compesitios o the pyroclastic deposits, with little varistion s.:0ss the floodplain.

3.4.4 Mudibw. Mudilows have sodimen: traasport concentiations of over 50
perceat by volume and are commoaly szid o resemaoie rnpidly moving wet coucrete.  Like
bypercoacenirated flows, mudflows are formed by tho coflapee of high, hot pyroclasiic banks
into rapidiy movirg storm runoff in confined charsiels. Mudflows (slso called “delwis Aows®
in some tochnical literature) are now-Newtonian fluids that have shear strengih {Juliers sy
Lan, 1989). Mudfiows continue tc move as loag as the shear stress cuceods the shear
streisgth. At Mount Pinatubo, mmmwmmmemwww
reaches with glopes of oaly 0.015 m/m.

Mudflows are alwo capabic of building natural levees along their flow margins that seive to
Leep the fiow confined. Mudflow levees have been obecrved o have suriince slopes
pempeadicuisr to the main flow paih of approximately 2 1o 4 perceat.  Some very large
Moun Pinaiubo reudflows, coafined by their own levers 1 widihs of 200 to 707 metess,
bave traveled several kilometess across valley resches with siopes appeoacking 0.006 aven.

As poled in the hypercoscentraded fiow section shove, these is 3 scascity of svailable
measured data for Boum Pinatubo rudfiows.

Mudflows peesent & unique barard, wot oaly vecause they move very large volumes of
sadiment very quickly, bui also bocause their depositiona) chiaracteristics sre differesst from
those of muddy water o hyperccacestraiod flows. Mudfiow deposition cen occur or siopes
of betwecn 0.006 and 0.02 w/m. Most of the mudflow deposition around Mount Finatubo
has occurred in the transition channel reachics botwesn the base of the pyroclamtic deposits
and the gesily sloping valley floors. Typica) of thes: reaches arc the Marells River upstroan:
of Mapasuepe Lake snd the Sacobin River near Clark Air Buse.

Mudflow deposition soems 0 occur in two "o ways, cilber as shallow owwish or as
massive units. Shallow outwash depotits occur wien the mudfiow exceeds channel capacity
and fluid spills ot onto the overbanks amd dewaters. It appesrs thad the transitica chameis
have agprucicd through tiis process sad thet the mudilow levees are also bailt this way.
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Most mudflow deposition seems to occur in massive units. It appears that as the front of a
mudflow is stopped, either by loss of energy or by an ohstruction, the entire flow for a
kilometer or more upstream may also stop. The patterns of abandon flow paths observed in
deposition zones after largé mudflows suggest that as the flow stops, a number of reactions
can follow: breaches can occur in the natural levees allowing the mudfiow to continue on
another path, subsequent flows can be diverted near the upstream end of the deposit, or
subsequent flows can flow up and over the earlier deposit.

Single mudflow events around Mount Pinatubo have created in-channel deposits up to 7
meters thick. This process has filled several river channels, enabling later flows to spill
onto the overbanks. These overbank deposits are in the general range of 1 to 2 meters deep,
rarely exceeding 3 meters at the deepest.

The mudflow deposits are similar to the pyroclastic source deposits, but contain a smaller
percentage of coarse pumice fragments and may also contain other debris such as wood. The
mudflow deposits tend to have a massive (1 to 3 meters) thick bedding structure and some
upward sorting by particle size.

3.5 Sediment Forecasts

3.5.1 General. Three types of sediment forecasts are presented in this study. The
first is the 10-year forecast of annual sediment yields and deposition patterns. The second is
a more generalized long-term forecast of sediraent yields and related sediment problems,
covering the 25 year project life. The third is a forecast of sediment yields during infrequent
storm events that was used to determine storage requ irements for sediment control measures.

3.5.2 10-Year Forecasts. Ten-year forecasts were made for basins that contain
significant volumes of pyroclastic deposits. These included the Pasig-Potrero, Sacobia-
Bamban, O’Donnell, Bucao, and Santo Tomas basins. It was found that a rapid decline in
erosion rates could be expected during the next five years in all basins. This expectation is
based on the comparison of erosion rates and channel dimensions found at other volcanoes.

At Mount St. Helens (USACE, 1984), sediment yields were very high during the first year
as the streams reestablished drainage networks. Stream gradients stabilized greatly after the
first year and channel widening became the dominant sediment-producing process. As the
cbanuel widths increased, the collapse of high banks directly into flowing water became less
- .. and sediment yields declined. At Mount St. Helens, annual sediment yields had
;- by 75 percent within five years and have remained around that level (USACE,
. ,. Cross sections of mudflow-producing channels at Mount Mayon presented by
" xiolfo and Arguden (1991) show a similar trend of channel widening with only minor
cision after the first year. These field observations are supported by the experimental
results of Schumm et al. (1987). The experimental channels responded very guickly to
changes in elevation when a narrow channel was incised to reestablish a more stable
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gradient. The incision period was then followed by a proloaged period of chanael widening

Since the chanel gradients appear to have been reestablished in the first year or two, the
width of the "stable” channe] then determiued the amount of sediment available for future
rRpii crosion. The maximum amount of channel widening that could occur before the
channels becane “stable” was set &t 300 maters — approximately the maximum width
sbtained by channels at Mount St. Helens. In most cases, chanoe] widiths 2t Moum Pinatubo
were less than this maximum value, being limited by local features such as pre-eruption
geology, runoff volumes, or the widths of pre-erupiion channels in older pyroclastic deposits.
In some basins an additiooal volume was included to account for the likely occusence of
secondary pyrociastic flows.

The first-year sedimest yield for each basin was determined by multplying the average
annuzl storer runoff by an assumed sediment concentration (see Section 2.3.2). Subsequent
annual yields were roughly proportioned acconding to the ratio between the initial sediment
availsbie and the sediment available at the end of each year. The resulting sediment
forecasts tend to decline according to treads predicted by Pierson et al. (1992). Figure B-6
shows the declining tread of an idealized anaus) sediment yield forecast. Specific basin
forecasts are presented in following sections of this Appendix.

These sediment yield forecasis refiect avesage annuil conditions. Variations in sediment
mmmwmwmmm,amnw,mmam«
secondary pyroclastic flows, oz major changes in channe] alignments. Sediment yields in any
meywmymm#neawowmefmnyﬂd.mwmﬂmm
follow the fusacast.
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3.5.3 Long-term Forecast. The long-term forecasts are the conditions expected after
channel conditions become significantly more stable. Annual yields during this time are
governed by water availability and normal muddy water sediment transport. Before the
eruption, all the impacted rivers were broad, braided channels with sandy bed material. The
long-term sediment yields and related problems are expected to be very similar to pre-
eruption conditions. Specific basin conditions are discussed in following sections of this

Appendix. s

3.5.4 Storm Event Sediment Yields. The sediment yield during large, infrequent
storms, such as typhoons, must also be considered in determining the overall hazard and in

designing control measures. An event of the magnitude of a 100-year or larger flood may be
capable of producing more sediment than several years of near-average flows. Without
specific data, the sediment volumes that are forecast for large storm events can only be
considered gross estimates (see Section 2.3.5). Storm event yields are likely to decline for
the same reasons as annual yields, but no attempt has been made to account for that likely
reduction. Specific volume estimates for storm events in each basin are given in Appendix
E. Figure B-7 shows the effect that a large sediment yield from a single large storm
occurring in 2010 could have on the declining annual sediment yield trend.

These types of events are not directly incorporated into the annual sediment yield forecast

because they are rare occurrences. The sediment volumes for 100-year flood events were
included in the designs of the sediment control measures.
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4. PASIG-PNOTRERC RIVER BASIN ANALYSIS

The Pasig-Potreso basin is an zvea of 77 kn?® originating on the castern flank of Mouat
Pinatubo, drainisg the center section through a deeply incised reach, and exiting the valley
onto the alluvial fan-complex above Mancatian. The beadwater area is drained by four
streams, the Bucbuc, Yangca, Timbu, and Papatac Rivers, which combine to form the Pasig-
Potrero River. The upper basin area is about i4 km loag wiih an area of approximately

10 km'. The uppermost headwaters originate 13 km from the crater.

The following besin analysis is limited to basin conditions prior to Gctober 1993, A natural
diversion of the Sacobia River headwaters into the upper reaches of the Pasig-Potrero River
basin occurred during October 1993. This increase in drainage arca will greaily increase the
flow in the pyroclastic deposit nain chasnel and correspondingly increase sediment yields.
The increase in sediment yields has not been fully spalyzed or inchided in this report. but is
expected to be very karge, perhaps as much as 50 i 100 million m’ in 1994 above the
amounts forecast in the report. The new betin coaditions are judged to present an extreme
threat t0 comsmunities along the Pasig-Potrero River.

Initia] basin axalysis betweea August 1991 to Decemaber 1992 indicatod that the massive
volume of volcanic material deposided in the upper besin presoats a sumber of flooding and
sedimeatation hazards to the upper and lower alkivial-fan complex. Large-scale secondury
pyvoclastic flows, lake blockage failures, and rainfall/runoff processes could geserate targe
volumses of sedimeat, overwhelming the channel system, breaching levees, and isapacting
large regions of the allsvial-fan complex. The area froms Mancatian to Potrero and Bacolor
could receive the grestest impact. Sedimentation and shaliow fiooding would be the
dominant processes.  Sedimentatios within the chaanel system could also cause levee failures
and out-of-chaxeel impacts (USACR, 199)).

Sodiment discharged from the Pusig-Putrero upper basin will cause deposition in the Guagua
and Cama Chiles Rivers. High sediment yield rates to the lower alluvial-fan compiex could
Fernando, Minaiin, and Santo Toeas (sce Figure B-1).

4.1 Sedimsntatisn Histery

4.1.1 Pyrocinstic Deposits. Oa June 15, 1991, pyroclastic avalaaches flowed down
the eastern slope from the expioding crater of Mount Pinatubo, traveling st high spoeds under
the influence of gravity and following pre-eruption topograpksy, aad deposited 302 millioa m®
of pyrociastic-flow matesial i the upper basin. The highly incised pre-eruption cianael
goometry infissnced the pyrociastic-flow depositional potiern. A platesu 1.5 km wide and
4 km loag, 11 km from the newly formed caldera, scparates the upper Pasig-Fotrevo and
Sacobia River basins. During the initial pyrociastic-flow empiacement, material flowed
across this plates and cascaded ingo the deep Pasig-Potrero basin (soc Figure B-§). A
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change in momentum occurred and deposition was initiated, partially filling drainage
channels carved into older pyroclastic deposits from previous eruptions, the most recent
dating back approximately 600 years. Maximum thickness of the new deposits ranges from
about 150 meters in the middle to upper reaches to 30 meters in the upper basin 13 km from

the crater.

The pre-eruption stream channel cuts through pyroclastic deposits in the upper reaches of the
basin, and through sediment and alluvial deposits in the upper alluvial-fan reaches. The
sedimentary deposits in the upper reaches are underiain at variable depths by bedrock
consisting of andesite, basalt (dikes as well as flow units), agglomerates, conglomerates, tuff
breccias and tuffaceous sandstones. The lower reaches consist of a broad alluvial-fan
complex which has been under formation for at least 600 years, as sediments from higher in
the basin have been mobilized by erosional processes and redeposited downstream.

The drainage boundaries and areas used for the hydrologic analysis of the Pasig-Potrero
River basin are shown in Appendix A of this document. Figure B-8 shows the upstream half
of the drainage areas while Figure B-9 shows the downstream drainage area and hazard
zones. The lower basin was divided into mudflow and flooding zones for sediment impact
analysis. Immediately north of Bucbuc Creek, pyroclastic deposits covered and obliterated
the pre-eruption drainage network. Following the eruption, a new drainage network quickly
formed. Approximately 1.5 km?® of the pre-eruption Bucbuc Creek drainage now contributes
flow to Timbu Creek.

4.1.2 1991-1993 Erosion and Deposition. Sediment yields in the Pasig-Potrero basin
have been dominated by a few large events. These include lake failures in 1991 and 1992,
and intense tropical storms in 1992 and 1993. Typhoon Kadiang, in October 1993, not only
produced a very high sediment yield, it also triggered the diversion of over 20 km® of the
Sacobia River drainage area into the Pasig-Potrero basin. The full impacts of this diversion
have not yet been determined.

The pre-eruption channel geometry at the confluence of Papatac and Yangca Creeks favors
rapid sediment accumulation due to a natural constriction and a reduction in slope. The
rapid narrowing of the pre-eruption channel caused the June 1991 pyroclastic flow to deposit
ap.:voximately 5 million m’ of material in the confluence area. The blockage measured 100
to ver 400 meters in width. During the first rainy season the blockage functioned as a dam
ana grew to an approximate volume of 10 million m® before its failure on September 7,

1991. The failure rapidly eroded the entire 10 million m’ of sediment, causing it to cascaded
onto the alluvial-fan complex (USACE, Portland District, June 1993). An additional 10 to
15 milion m® of material was eroded from the Pasig River as this flood moved downstream.
The Potrero River levees were breached near Potrero and there was flooding in Potrero,
Santa Barbara, Bacolor, and Gaugau. The type and location of the sediment deposits suggest
this flood was a hyperconcentrated flow.
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A second blockage formed in early August 1992 as the resuit of a large secondary pyrociastic
flow above Yangca Creek on Papstac Creek (Figure B-8). This blockage was larger than the
first, with a maximum clevation of 380 meters alosg the eastem edge. More than

20 million m* of material filled the confiuence aren and Papetac Creek as far downsiream as
its confluence with Timbu Creek. During a tropical storm on August 29-30, 1992, the
blockage was ovestopped, but this time it eroded at a slower rate. The August 29-30 domn
and another on September 3-4, 1992 combined to deliver 10 million m’ of sediment to the
lower Pasig-Poirero River basin. Both these events were mudflows and they deposited 7 to
10 km upstream of the 1991 event. Deposition fiiled the channel at Mancatian and for 4 km
downstream. Mudfiow deposits in the ovesbank areas were 1 to 2 m deep around Mitha and
about 1/2 m near Balas.

Typbooa Rubing on August 17, 1993, caused a mudfiow and 3 to 5 million m* of deposition
around Mancatian. The deposits filled the channei for about 1 km upsiream of Mazcatian
. and damaged the northern portion of the barangoy. Flooding occurred in Suna Rita, where
labar flowed through an uacosxpieted portion of the levee. Un October 4, 1993, typhoon
Kadiang caused hyperconcentrated flows and mudfiows thai delivered another 20 to 25
miflion m’ of materia! to the lower alluvial fan. Most of this sediment was deposited in the
soutbiern overbank from Mancatian (0 Gaugau. Santa Rita was beavily damaged by the 1993
lakars.

erosion also bas been a large source of sadiment. From June 1991 to November 1992, main
channel erosion was 23 millioa m’, with an unmessured additioea! amount in 1993. Figures
B-10 end B-1i, show the v-shaped main channcl geometry that existed in November 1992.
An unknown volume was alse eroded from tributaries and rill and gully systeas ou the
pyrociastic-flow deposit. The main channel developed aloag the base of Moust Dorst. The
new caanne! appears to be locked sgainst the valley wall. Msw craters or sinks formed from
plreatic explosions are modifying the drainage system, temporasily trapping volumes of
scdiment within the basin and reducing initial sedimest yields.

Downstrean frow the pyroclastic depokit the chanecls have uadergone a complex respoase to
the incressed sodiment loads. The beds of Pepatac and Timbu creeks, snd the Pasig River
were croded 5 ©0 10 m in 1991, as far dowsstrean as Maocatian. Papatac Croek’s bed was
suisod by the secondary pyroclastic flow in early August 1992, oaly to be eroded again in
Iate August 1992, when the lake overtoppad the blockage. From the Mancatian to the
conflusnce with the Guagua River, sodiment deposition raised the chanse! bottomn elevation
of the Pasig-Potreso River by 2 10 4 meters. The Manibeug Pasig Croek still ceters the
Pasig-Potrero River, bt dowastream of this conflucace other pre-eruption tributeries are now
iowar than the river an! consequently are no longer contributing flow. Loss of tribatary
flow has reduced the draisage area of the Pasig-Potrero River approximately 78 ke’ at the
coafiuence with the Guagua River.
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4.2 Sediment Forecast

4.2.1 Sediment Producing Events. Sediment production from the upper basin is
expected to remain high. Main channel erosiczal processes are expected to dominate future
sediment yields. Pyroclastic-flow deposits from about 4 km of the main channel above
Yangca Creek (see Figure B-8) will provide most of this sediment. As shown on Figure B-
10, channel geometry is still V-shaped along the base of Mount Dorst. Inflowing clean water
appears to have stabilized the channel location. Bank failures from phreatic explosions will
continue to occur. Large secondary pyroclastic flow events in 1991 and 1992 have also
increased the stability of this channel reach. Channel reaches below Yangca Creek appear to
fluctuate within 5 to 10 meters plus or minus pre-eruption elevations. From this area down
to Mancatian, channe] geometry is trapezoidal and 50 or more meters wide (Figure B-11).

/
Lake blockage failures like those of 1991 and 1992 appear unlikely under current basin
conditions. The lake area is mostly filled with sediment, reducing the water storage potent” .1
of the site. Nevertheless, another large secondary pyrociastic flow event in the upper basit.
could result in another lake blockage formation and possible failure. Tbe risk of another
large secondary pyroclastic flow cannot be confidently determined, but given the basin
geometry, additional events seem likely in the next 5 10 10 years. The magnitude and
frequency of secondary pyroclastic flows appear to be diminishing over time.

Hyperconcentrated flows and mudfiows can be expected 10 dominate sediment transport from
the upper basin to the upper alluvial-fan area and lower. Main channel processes will
provide the sediment to generate these flow conditions. Bank collapses along the deep v-
shaped channels will be a major source. Secondary pyrociastic flows may deposit material in
the channel, increasing the supply of material available for future erosion. Drainage density
may be near maximum state and sediment yields from the tributary channels should decline.

4.2.2 ]10-Year Sediment Forecas. The 10-year sediment forecast for the Pasig-
Potrero basin is based upon examination of serial photographs, maps, pbotogrametric cross
sections, PHIVOLCS channel cross sections, and DPWH channel cross sections as well as
interviews and reports of PHIVOLCS and DPWH staff and field investigations. As shown
on Figure B-12, sediment yields are forecast to dectine from 17 million m"/year in the first
year, to about 3 million m’/year in five years. The declining sediment yield is linked to
channel location within the basin and the "stable™ channel configuration. Tbe pyroclasiic
deposit will be a major sediment source for the next 20 years.
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Sediment available for rapid erosion aloag the channel ranges from 27 to 33 million w’. For
the sediment yield forecast an zverage of 30 million m® was used. This forecast is for a
relatively shost time (10 years). The potential exists for 2 sumber of secondary pyroclastic
flows to develop in the upper basin during this period and flow onto the middie and dists]
sections of the ailuvial-fan complex in the lower valley. Sizing of these potential secondary
pyroclastic flows is based on analysis of flows occurring in 1981 and emsly 1992, which
suggests that secondary pyroclastic-flow sediment yield will be 17 million m’ for the first
three years. These potentizl events are not calculsted into the 10-year sedimeni forecast, bt
due to their random aature are simply added on.

The fovecast distribution of sediments over the 10-year period is shown in Table B-1.
Hazard zones are outlined in Figure B-9. Nearly half of the deposition is forecast for the
first five years. In-channe! (including the area inside the 1993 levee between Mancatian and
Santa Rila) deposition accounts for 27 miilion m’, wherees deposition in the right overbank
area is expected to be 7.5 millica m*. Mudflow and hypercnpcentrated flows will deliver the
bulk of the sediment to the lower alluvial-fan complex.

Analysis indicates thas the right overbank inaer sections have the highest probability of
sediment deposition and flooding. Cverbank sedimentation and flooding is expected to be
frequent but shallow and wideapread within these zooes. Because sediment has already filled
siream channcl:. even some leveod reaches, overbank areas can be flcoded several times
each year. Sediment deposition deptis are anticipated to average less than | meter per event,
but accumulations of up to 2 mesess could occur. Mudflows could produce overbank
deposits of up 9 3 m over ¢ limited area.

Overbank impacts could occur in the Potrero area (see Figure B-9 and Table B-1), but the
dopth should be less thun 0.5 moters. In the Porsc and Maacatian 2oees, out-of-channel
deposition could be Linked %0 in-chamnzl sedimentition. Localized deposition could induce
deposition is not poasible to predict.

The sediment yield curve shown in Figure B-12 represonts a forecast of average annual
conditions. Vssiations in sediment yields can be expectod due to sbove- or below-average
mainfall, tie occurrence or lack of secomdary pyrociastic flows, hake failures, or major
changes in chanici alignoients. Therefore, sediment yicids in any one year may be higher or
lower than the forscast yields, but annual yields are expected to follow the forecass tread.
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TABLE B-1 Amnual Pasig-Potrero River sediment deposition in million nd'

CHANNEL INNER

Pasig - 0.5 4.0 0.5 -
Mancatias - 0.5 4.5 0.5 -
Potrero - - 3.0 2.0 -
Bacolor - - 0.5 - -

Pasig - 0.5 2.0 0.5 -
Mancatian - 0.5 1.5 0.5 -
Potrero - - 0.5 1.5 -
Bacolor - - 6.5 - -

Puig - - 2.0 . -
Mancatian - 0.5 1.5 0.5 -
Poirero . - 1.5 4.5 -
Bacolor . . 0.5 - .

Pasig - - 0.0 .
Mancatian - . 1.0 -
Poirero - - 2.0 0.5
Bacolor - . 0.5 -

Pasig - - 0.0 - -
Mancatian - . 1.0 . .
Fotrero . - 1.0 0.5 -
Bacilor - - 0.5 - -

Pasig - . 0.0 . )
Mancazian - - 0.5 - -
Potrero - - 1.0 - .
Bacokyw - - 0.5 - -

Pasip . - 0.0 - -
Mancatian - - 0.0 - -
Potrero . . 0.5 - -
Bacoloe - - 0.5 - “

L} t [] ¥
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occurs. Over the next 50 years, cvosion could total 77 million m*. The analysis indicates
mmmwnmmﬁga,wmmwmmnwmw
range (Figure B-12).

Asalysis of pre-zrupdon aerial photographs (1974) shows a wide and highly braided channei.
Sediment transport appears to have been high and the river may have been transport-limited
rather thon sediment-supply-limited. These active channe! data and the JICA (1978) report
transpost volumes and massive seasonal floods before 1991, Unstable channe] conditions a.d
bed aggradation will continne indefinitely.

Future sediment probletis in the Pasig-Potrero River system wili also depend on the size,
location, and timing of secondary pyroclastic flows. These flows could creste lakes on
Yangca Creek that could be capable of producing sediment yields of 10 millioe o’ in a single
year. The timing of these events cannot be predicted and they will remsin a risk for many
years. Secondary pyrociastic flows could create smaller lakes in Bucbuc and Timbw Creeks,
but they would probably be too small to produce sediment yiekls comparsble to the Yangca

In the future, the Pasig-Potrero River is likely to undergo pesiods of erosion and deposition
as waler and sodinent dischorge rates change. Sediment transport caiculations show the
sedimeot transport potenticl &.croasing in the downstream direction dusing swim events.
Thus, wiien runoff from Leavy niinfall on the pyroclastic deposits moves large amounts of
sedisnent into the Pasig River, deposition is likely. However, wicz ibe liluwisg witment
load is small, the sandy river bed is likely to erode. The long-term tread will be one of
deposition and redevelopmeat of the historic alluvial fan. The stream may eventually come
out-of-benk snd migrate to other drainages unless controlled in its preseat location.  Fiooding
will be & fraguent occurfeace unti! the stream channel is stabilized.

The future irapect of lake failures (if takes form) appears t0 depend on the relative amounts
of water and sodiment. Bvidence sugpests that the 1991 lake failure had more water than
sediment in the upper reachies of the Papafac, resulting in scour throughout the Pasig River,
while the 1992 lake failure may have hud more sediment available in Papetac Creek than it
could traasport, producing deposition ia the Pasig River. The potential impact of Iake
failures will tius change over time as lakes form and fail. i the Pasig River chanze]
complotely fills with sodiment, the entire allevial-fan arex from Angeles City
Flondatlanca could be threateaed by potential lake-failure lahars.
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Future sediment conditions along the Potrero River will be dominated by the occurrence or
lack of lake failures in the headwaters. Rainfall/runoff processes, including monsocas and
typooas, are likely to produce less than 2 million m’ per year of sediment inflow, resulting
in sediment inflow similar to the pre-crujtion conditions described by Japan International
Cooperation Agency (JICA 1978). The river's ability to transport sediments through the
reach was decreased when it perched in 1991 and local inflows were blocked. Lake failures
have the potential to produce sediment yields of 10 to 20 million m' in a matter of hours.
These eveats will almost certainly be depositional in this reach of the river. The location of
deposition can range over the entire reach. As sediment accumulates in the channel, the
potentiai will increase for the river to breach the levees and migrate across the alluvial fan.

Sediment from the Pasig-Potrero River system will slowly but steadily accumulate in delia
channels. The severity of Delta flooding will depend on the extent to which deposition
restricts the flow 1o Pampanga Bay. Lake failures may cause smail surges of sediment to
reach the delta chanoels, but this does not appear to be a serious problem for the future.
Lake failures may cause additional depozition in the Bacolor and Guagua aseas. However,
raising the San Fernando-Olongapo Highway decreased that probability for Bacolor.
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5. SACOBIA-BAMBAN RIVER BASIN ANALYSIS

The Sacobia basin is an arez of 146 km’ extending northeasterly from the upper flanks of
Mount Pinatubo to the ct’uviz! fan compiex of the Central Luzon Basin (see Figure B-1).
The basin headwater area coasists of narrow steep paraliel valleys on the mountain's flank.
The Bamban drainage includes three other tributaries, the Sapang-Cguayan, Manmla, and
Malzgo Rivers, but the sublect of this study is the Sacobia-Bamban River. Only the upper
Sacobis River basin was filled with pyroclastic-flow deposit as a resuit of the 1991 equption.
Approximately 25 km downstream from the crater this stream becomes the Bamban River.
Appendix A (Hydrelogy and Hydeaulics) provides a detailed basin discussion.

The following basin snalysis is limited to basin conditioas prior to Cctober 1993. A naturai
diversion of the Sacobia headwaters ito the upper reaches of the Pasig-Potrero River basio
occurred during October 1983, This . duction i drainage area will significantly reduce

sodiment yieids in the Sacobia-Bamban stiver. Howlier, the fuil impact of this basin cuinee

5.1 Sedimmntstion History

5.1 Pyrociastic Deposits. When the initial eruption phase terminated on June 15,
1991, Gﬂzmﬂmm‘ofpymmeWmthewmmm
basin. Most of the deposit was in the deep river valley withis $ t0 15 kn from the caldess,
& depths ranging up o 160 meters (see Figures B-13, B-14, B-15, asd B-16). These
deposits fillod the pre-esuption valisy with unstable sad non-cobesive volcanic materi?!, The
upper basin was is0 coverad with § © 50 cm of ash.  Dunag the initia) emplacement,
socondary pyrociasiic flows were geaersted which aided sodimect redistribution and chainel
redevelopment.  The deporit's noa-cotictive satuse combined with kigh rinfall rapidly
formod & new drainage network.

2 )9 T 1 | Okion. Giosica was very high duriog 1991 and
M&ma&afﬂemtwm Aﬂymde&mﬁmma&mmﬂ
acrial photographis show ersion of the channcls in the pyroclastic deposit, from June 1991 w
November 1992 totaling 138 million m’. No messuremaeat was made foe the 1992 erosion
volume. During the 1991 raiay seson, sa unknowe wilume of airfall ash was eroded froms
and in dowastresin channels oa the atluvial fan.

Duting June and July 1951, much of the Sacobia River discharge was diverted inio the
Abecan River i the Gares of the Adacsn, abosst 3 km upstream of Clark Air Base. Qo July
25, 1991 (Piessun sad Scoit, USGS, personsci comisusication, Jely 1992), headward erosion
on the wain stem of the Sacobia recapiured the upper Sacobia River basin at the Gates of the
Abacan blockage and <opped flow w the Abacsn River. Subsoquent veduction of deaimage
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area, discharge, and sediment supply in the Abacan River decreased impact in the new
Abacan River area of the lower alluvial-fan complex. :

Sediment data show that 68 million m® and 48 million m® of material was deposited in the
Sacobia system during 1991 and 1992, accounting for a total of 116 million m’ out of the

138 million m’ of erosion in the upper Sacobia River basin during those years.

Sedimentation data analysis using a mass balance method suggests that about 22 million m’ of
material flowed down the Abacan River system.

Mudflow and hyperconcentrated flow events delivered sediment to the upper and lower
alluvial-fan complex during the 1991 rainy season. The Clark and Lake areas (see Figure B-
17) were mainly impacted by thick mudfiow events. Five to 10 m of channel aggradation
occurred in those two reaches. Hyperconcentrated flow deposits covered a large area of the
northern floodplain from Concepcion on downstream (see Figure B-17). The Concepcion
area was flooded for several months as a result of levee breaches and sediment deposition in
the channel. The volume of deposition in 1991 was calculated at 68 million m’. Most of the
sediment came from main channel erosion in the pyroclastic flow deposits. Headward
erosion and bank line failures were the dominant processes. Phreatic explosions were a

secondary process.

The 1992 rainy season produced further massive mudflows and hyperconcentrated flows, but
geomorphic processes changed. Main channel erosion became secondary to large secondary
pyroclastic flow events. During this period, four large secondary flow events occurred in the
middle basin (see Figure B-18) which yielded high volumes of sediment to the alluvial-fan
complex. Not all of the sediment generated by these events exited the deposit area.

Sediment filled long reaches of the channel, priming the system for rapid erosion during
storm events. During subsequent storms, especially on August 29-30 and September 3-4,
1992, sediment cascaded out of the middle basin and deposited in the Clark and Lake reach
channels and Lake overbank area. Portions of Mabalacat and Bamban were heavily damaged
in August and September 1992. Mudflows and hyperconcentrated flows were the transport
mechanism in the middle basin, while muddy water flows dominated on the alluvial-fan
complex. Only minor sediment and flood impacts occurred in areas downstream of the San
Francisco reach (see Figure B-17) in 1992. The Concepcion area experienced some local
flooding due to 1991 sediment deposition blocking drainage channels.

The 1992 channel deposits in the Lake reach caused the Sacobia River to be diverted onto the
southern floodplain at Mabalacat during all of 1993. Even though sediment yields were
much less than the previous years, the diverted flow caused frequent flooding and significant
sediment deposition on the floodplain between Mabalacat and the Magalang-San Francisco
highway in 1993. The levee along the north bank near Bamban was breached in August
1993, causing prolonged flooding, but little sediment deposition on the northern floodplain.

5.2 | Sediment Ferecast
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odigzent F 0 Events. Main chanpe] erosion is expected to dominate
ﬁmmmmm Saﬁmm&ngﬁmmpymhmcfwmmmﬁm
phreatic explosions will continue %o disturb chansel development. Field observations
indicates that scoondary pyroclastic flow locations ase less susceptible to fluvia! erosion and
additions! movemeni. These areas appear more stable and are hence likely to show a
reduction in sadiment yield snd/or esosion rates.

Channel developmen oa the pyroclastic deposit is ¢ complex process. Chennel geometry and
plain fonn are impacted by secondary pyroclastic flows and bank line plisestic explosions.
Pre-cruption basin gaology hard points may influence these processes, with links to sediment
yield. Trapezoidal and V-shaped channe] geomeiry domindes (Figures B-14, B-15, and B-
16). Data indicats that sedizoentation processes and yields will continue to fluctusie, with
links to the geomorplic processes impacting the upper and widdle basin,

Hyperconceotzated flows and mudflows can be expected to oocur reguiarly until channel
geoquetry and aligrunent sre wsbilized. The channe! bottom will reach a stablde widkh of
about 3}) meters in a few years. The impact of secondary flow svents aad phreatic
explosions will be reduced over timee.  Sedimeut productiva or erosion will shift down-basin;
ir: about six years, the Clark reach will become 5 sadiment supply zoge.

5.2.2 10-Year Forecast. The Sacotus-Bamban River pyroclastio-flow deposit
soditment yickds (see Figure B-19) are expeciad 0 cootinue the 1apid docline observed during
iho past three years. The sediment yiedds are forocast w decline from 19 million m'/vepr tin
first year to ¢*>ut 3 milifon m'/yesr in five vears. By the year 2001, sediment viekds may
decline to pre-erzption kovel:. The development of the “sisbie” charsel condition on the
‘pyroclasiic-flow deposits is the coniroiliag factor. Basin anslyiis shosvs that yader curvest
short-term conditions, large scovavdary pyrociutic flows are ant likely to have 8 dirent lmpact

on oediment yields. Adlowing for 10 rastzrs of additional iucision along with channol bed
wmawwmm.&emméuuhsawmeﬂmwﬂﬁ%bmm’h&
next 1§ years.

The forecasi distribusion of seciment deposition over e aexi 16 veurs is shown on Table B-
2. ‘The haxard zones are ouitined on Figure 3-17. MNeisly half of the depocition foracast for
the Sacobis-Bamban River is expected 10 occur in the 12-km chaoael reach below the initisl
1991 deposit. Mudilow deposition will dominzse e Clark and Lake reaches, wheress
'hymmwmwswm;mm;wﬁldwmmmm The firss
ﬁwymwﬂuwbymmm
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TABLE B-2 Annual Sacobin-Bamban River sedimens deposition in million m'

1953
Clark /3 a/a 3 0 w/a
Lakes 6/a o/a 8 4 0
San Francisco /a n/a ¢ 3 0
Couacepcion n/a nfa 0 i 0
1594
Clark nfa n/a 3 0 n/a
Lakes nfa r/a 2 4 0
San Francisco n/a ®/a 0 4 i
Concepeioa Bia n/a 0 I 0
1995
Clark B/a n'a 3 0 /a
Lakes o/s n/a | 2 0
San Praaciseo ofa afa 0 3 i
Concepsion wis n/a 0 | 0
1586
Clark [ 1/ w/a ! 0 n’a
Lakes o3 na 0 2 0
Sas Francisco a/a nfa (1] 3 i
Cancepeinn a'a a/a 0 1 0
Clask ‘ n/a ufs i) 0 on/a
Lakes n/a n‘a 0 1 0
Ssn Feanvisco @/a o/a 0 3 0
Cix, pcion a/a o/a 0 1 0
1996-2582
Clask tfa o'a 3 | 0 n/a
Lakes o/a o/a 0 i 0
Ssn Francisco o/a n/a 0 2 0
Concepcion n/a n/a 0 1 0
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Overbank flooding and sedimeatation will be nearly continuous aloag the south side of the
channel becsuse of the 1992 diversion of the Sacobia River at Mabaincat. Ovesbank
sedimentation and ficoding are expected to occur mainly in the southern Lake and San
Fruncisco aress, with flood waters depositing some sediment in the Concepeion reach.
Flooding wili be froquent and fiood waters will meander across a large geogriphical area.
Sediment depositica will be a continuous process with a steady, gradual accumulaticn of
maierial in the overbanks. Tbe depth of deposition will vary from several meters near
Msbaiacat to a few centimeters ie the Concepcion zone.

The sediment yield curve showa ca Figure B-19 represents a forecast of average annual
conditions. Varistions in sediment yields can be expected due to above- or below-average
rainfall, the occurrence or lack of secondary pyroclastic flows, or major changes in channel
alignments. Therefore, sediment yields in any ooe year may be higher or lower than the
forecast yields, bu! annual yicids are expected to follow the forecast trend.

5.2.3 Logs-teom Yiekd Forecast. Erosion over the next 50 years could wotal
112 miilion o', The 10-year yield forecsss is hased on 0o new major volcanic sction.
Erosion rates are expected to decline (see Figure B-19) as the upper basin channel bed
widens; the wider the chaane! bed, the more the active channe) can meander without crodiag
high basks of pyrociastic deposits. Less frequent contact between channe! aad bank line
reduces sadiment loading and sediment yields. Sediment concentraticas will drop, and
byperconcenirated ficw and mudfiow coucentration occurmences diminish. Sodimet yield to
the lower alluvisi-fan complex will also diminish. Chaasel degiudation in the 14-km reach
below the pyroclastic flow deposit will imcrease sedisacetation and flooding in the tower
Sacobis-Bamban system. This loag-tertn seciicoent hazard has been estimatad 10 be in the 1
to 3 million m"/yesr range and wil) probably continue for years.
Analysis of pre-etuption aerial pliotographs (1974) shows the Cluk and Lake chassel reaches
to have been highly braided and laden with sediment, indicatiag that the system was uastable
and subject to high sediment yieki eveats before 1991. Future scdiment tramsport in the
Sacobia-Bamsban River is expected 10 be similir t0 those pre-eruption conditions. The type
of fiooding and sedizentation probieses will be differest duz to the chansel iafill that has
already occursed.  Owverbank flooding will be a frequent cocurveace for tie forescobic
future. The southern overbesk will be the most froqueatly flooded because of the 1992
diversion at Mabaiscat. However, the uastable chassel conditions increase the risk of levee
failures and flooding along the north bemk. Ploods should deposit caly ssall amounts of
sediment to the notthern flocdplain,
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6. O’DONNELL RIVER BASIN ANALYSIS

The O’Donnell River basin includes two major rivers, the O’Donnell and the Bulsa. The
O’Donnell system drains the northern slopes of Mount Pinatubo, with steep and narrow
highly incised paralle]l channels in the headwaters. The drainage area of the pyroclastic
deposit is only 11 km?. Upstream of the Bulsa confluence O'Donnell River’s drainage area
is 266 km®. The Bulsa River drains about 510 km® from its headwaters on the upper
northeastern slopes of the Zambales Range. The entire basin system covers about 817 km’
(see Figure B-1).

6.1 Sedimentation History

6.1.1 Pyroclastic Deposits. The 1991 eruption of Mount Pinatubo deposited 241
million m® of pyroclastic flow material in the upper O’Donnell River basin. The material
was deposited in a deep canyon between 2 and 9 km from the volcano’s crater. The toe of
the deposit is within an area of pyroclastic plateaus remaining from an ancient eruption. The
pyroclastic material is predominantly sand, with lithic gravel and cobble found mainly within
6 km of the crater.

The deposits have maximum depths of 120 to 140 meters. The surface elevation of the
deposit appears to have been controlled by the crest of the pre-eruption ridge dividing the
O’Donnell and Bucao River basins. For much of the 1991 rainy season, the headwaters of
the O'Donnell River within about 6 km from the crater were diverted into the Bucao River
basin.

dip influenced the development of the drainage pattern, causing the main channel to move
east, abandoning its pre-erdption alignment about 6.5 km from the crater. The new channcl
has incised into the pre-eruption ground in this area, just as it bas incised into the 1991
material.

Aerial photographs show some phreatic explosion activity in 1991, but this does not seem to
have been an important factor in drainage pattern development. Nor have secondary
pyroclastic flows had much impact on the system. Oaly one secondary pyroclastic flow, near
the base of the pyroclastic deposit, bas been identified in the O*Donnell deposits (see Figure
B-20).

6.1.2 ]1991-1993 Erosion and Deposition. Analysis of channel cross sections taken
from aerial photographs show main channel erosion from June 1991 to November 1992

totaling 20 million m®, while tributary channels and smaller drainages accounted for 6 and 9
million m* respectively. A review of the lahar deposits indicates that deposition and
therefore erosion did not decline from 1991 to 1992, but were about equal in both years.
Increased runoff may have offset the increasing stability of the established channel, resulting
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in the oearly equal erosion. Two scpersie factors may have caused this increased ruzoff: 1)
the recapture of the headwaters sometime around the end of August 1991, aid 2) beavy
rainfall. Aralysis shows that much of the erosion in the upper 3 km of the pyroclastic
charsel occurred after August 10, 1992, a period correspoadiag with four weeks of sieady
nmw:mmwmmmmmlmy

Deposition ip 1991 and 1992 was largely coafined to the active channe] area in the
O"Donneil valiey, upstream from the Bangat River (Swiss Disaster Relief, 1993).
Downstream from the Bangst River, there may have been some deposition early in 1991, but
PHIVOLCS river surveys showed the reach through Tarlac to have scoured in 1992. By the
end of 1992, low-lying areas adjacent to the chennel upsiream of the Bangat River bad been
ocovered with less than 1 meter of sediment. Most of the 1992 tahar deposition occurred afier
August 10. As the channel between Sauta Juliana and the Bangat River filled with sediment,
flooding became a probiem along the south side of the O'Donnell River in thet reach.

Like the pre-esuntion channel, the new main chanae! is very straigit, with only one large
mesajer. By November 1992, the main channel had incisod 20 to 40 meters into both the
1991 pyrociastic material ard the pre-eruption ground (see Figures B-21 and B-22). In the
upper < km of the pyroclastic deposit, the 1992 chanae! was ncarly 100 meters wide, with
cobbles covering nearly baif the chanmel. In the lower 4 km of the pyroclastic depoeit, the
river flows in & V-shapad chanael with 2 aarvcw, sandy bed.

A review of photographs taken os August 31, 1993 shows that up to that time, 1993 erosion
bad been much iess than the previous two years. In the upper reachzs, within sbout 5 km of
the crater rit, erosion was confised 0 a marrow, ocarly straight chaasel that wandered
within the broader 1992 active chasnel. The 1993 chasnel in tha? roach was estimased to be
20 to 30 meters wide and D t0 5 mesens decp.  Farther dowastream, the river comtiswed 0
incise the botiom of the V-shaped chassel ¢t a meximumn depth of sround 5 melers.

The 1993 deposition followed the pattern of the previous two years, occurring mostly in the
chamncls. Mudflow depocits sppeared 10 be located upsivenss of Sasta Julissa, withie 10 kre
of the base of the pyroclastic deposit. Labars costimued (0 flow acroes southern ovesbank
areas nzar the wowas of O'Donscl] sad Sasta Lucis. Sigas of minor chansiel degradation
were obscrved in the Bangat River at Santa Lucix in August 1993. In October 1993, flood
watens eroded the southers sbulment 10 the Beagat River Bridge at Santa Lucia.
Downstream of the Sengat River, sadimentation coatisued to be minor and 8o significant
flooding was cbeerved.
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6.2 Sediment Forecast

6.2.1 Sediment Producing Events. Main channel erosion is expected to dominate
future sediment yields. Erosion may be especially high through the lower 4 km of the
pyroclastic deposit channel. In this reach the V-shaped channel still has a narrow bed and
high steep sides. Other pyroclastic deposit channels do not have sufficient drainage areas to
be significant sediment sources.

Hyvoerconcentrated flows and mudflows can be expected to occur regularly until the deep V-
shupeG channel achieves a bottom width of over 100 meters. After that occurs, the
frequency of these events should be reduced to about one or two per year.

Secondary pyroclastic flows are not expected to contribute significantly to sediment yields.
The geometry of the pre-eruption watershed appears to limit the potential for secondary
pyroclastic flows to the middle and west channels at the base of the pyroclastic deposit (see
Figure B-20). The likelihood of secondary pyroclastic flows at these locations was not well
defined, but was considered low. Should such a flow occur, it would have serious local
impacts and could increase sediment yields for a short time afterward.

6.2.2 10-Year Forecast. The O’Donnell River pyroclastic deposit sediment yields
(see Figure B-23) are forecast to decline from 13 million m*year to about 2 million m*/year
over a five year period. After that, sediment yields may continue to decline until yields
approach the pre-eruption range. The projected sediment yields are controlled by the limited
runoff from the pyroclastic deposit, as well geologic controls that tend to reduce erosion
potential. The "stable" channel width ranges from 500 meters to as little as 125 meters.
The wider reach lies just upstream of the current V-shaped channel, in an arca where the
main channel has been migrating to the east. The narrow widths are in a reach where the
channel is incised into pre-eruption ground. Allowing for 10 meters of additional incision.
main channel erosion is expected to be 27 million m’ in the next 10 years.

The sediment yields showr in Figure B-23 represent a forecast of average annual conditions.
Variations in sediment yields can be expected due to above- or below-average rainfall, the
occurrence of unexpected secondary pyroclastic flows, or major changes in channel
alignment. Therefore, sediment yields in any one year may be above or below the forecast
yields, but on the average, annual yields should follow the forecast trend and total volumes.
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The forecast distribskion of sediment deposition over the next 10 yeers is shown in Teble B-
3. The hazard zomes are outlised in Figure B-24. Nearly helf of the deposition forecast in

the O'Doaneli River basin is the next 10 years is expecied (o ccour in the 10-km reach just

downstream of the pyrociastic deposit. Most of that deposition will be due to mudflows in

the first five years. Ovesbank areas likely to receive flooding and sediment deposition are ali
upstream of the Bangat River. Overbank flooding is expected to be freguent but skallow, as
floodwatess spread out across the floodpiain in the O'Douncil-Santa Lucia area.  Sediment

deposition frosr most floods wiil be less than 0.5 meters, but accumulations couid reach 1 to
2 meters in some locaticas.

Overbenk arcas in the Maniknik and Tarlac reaches (Figure B-24) may be subject to
flooding, but sediment deposition should not significantly exceed pre-etuption rates.
Flocding may be more severe or more frequest duc to levee failures caused by chaanel
aggradation snd/or meandering.

6.2.3 Loog-Temn Yield Fotecag. Erosion over the next 50 years could total
67 miflioa m*. Bxoept for the first 10 years, the forecast erosion appears to be in the same
range as the evosion that might have occurred evea if the volcano bad not ervpied. Pre-
eruption serial photographs (1974) show a very active besided channel in the 0’Doanell
villey, suggesting kigh sediment yields from the upper basin. Unstable river conditions are
likely 10 continue indefinitely. Flooding in the O'Doanell ares could also remain a frequest
probiess because the chaanel infill will allow the river to mesnder across the overbanks.

How loag the threst will exist of secondaty pyroclastic fiows 2t the base of the pyrociastic

deposit is ot currently known. Gives the extreme Jocal danger from such cvests and the
Limited knowledge about them, they sbould be coasidered a loug-icren hazasd.
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TABLE B-3 Annual O'Donnell River sedimens deposition in million nt'

Bombing Razgs n/a ! 5 o/a
O’Doaaeil n/a 0 4 1 0
Manikaik n/a 0 i n/a 0
Tarlac 0 0 0 0 0
1894
Boembing Range n/a i 3 1 n/a
O’Doanell o/a 0 2 1 0
Maniknik na 0 1 v/a 0
Tariac 0 0 0 0 0
1993
Bombing Range wa 0 2 n/a
O’ Donnell n‘a 0 2 0 0
Dbanikeik o/a ¢ 1 n/a 0
Tarkac 0 0 0 0 H
1996
Bombing Rasge v/a 0 1 e nfa
O'Doanel] o/a 0 2 0 0
Maniknik aa 0 0 n'a H
Tariac 0 0 0 0 0
199 082
B..mbing Raage na 0 | s/a
O’ Doanell o/a 0 1 0 0
Maniknik n/a 0 0 wa 0
Tasiac 0 0 0 0 0




7. BUCAO RIVER BASIN ANALYSIS

The Bucao Basin incorperases the Bucao River and its two major tributaries, the Balin-
tributaries, of which oaly the Marnut River, is officizlly named. The watershed follows a
genenlly northwesterly direction from the volcasio to the South China Sea.

The upper besins of the Bucao #nd Balin-Buquero rivers are a lanse fan complex of relatively
flat and low-lying terrain, separsted from the coastal afluvial-fan comjies &y (& Aurth-south
trendicg westernmost mountains of the Zambales Mountain Range. This fan complex =»s
beavily impected by pyroclastic flows duiing the 1991 and epciier enzplions.

‘The Balintawzk River system, which received no pyroclastic-flow deposits but was only
blanketed by airfall ash during the 159! crxption The Balintawak River system was not
cousidered s sigaificant swediment source and was aot anzlyzed.

7.1 Selimamtatisa fEisteiy

7.1.1 Pymeclastic Flows. At tesaisation of the eruptive phase on Jupe 15, 1991, a
total of 3,000 million @' of pyroclastic flow material had boens deposited in the upper Bucso
and Balin-Buquero busins. The bulk of the deposition occurred besween 3 km sod 10 km
dowa-tlope from the new crater. The pre-esuption draissge channels were fillx(, forming a
mM”mmw The upper basin was also covered with a blanket

irfall ash.

The beadwasers of the Bucao River originate on the northwest siopes of Moust Pinatulv (see
Figure B-25), at an clevaiion of showt 900 mesers. ‘This region was covered with pyrociastic
flow deposits tanging from oaly a few meters on the plateaus, t 3 maximum thickoess of
about 150 meters in the river valleys. The upper 6 km of the initizl pyrociastic deposit was
further modified by a 1992 secomdary pyrocieatic flow thas originaed along the divids with
the O'Doanell River.

The Balin-Baquero drains the wesiern upper flaaks of Mount Pinatubo to the south of the
Bucac River (Figure B-25). The Balie-Beguero besin and its tributaries were also covered
with pyrociastic flow deposits ranging from only a few meters oa the platenus, to &
maxissum thickness of 150 meters in the river valleys. Deposition complesely filied the
Marosat River chanmd] and diveried the niver w0 the south, shout 6 kan aorthwest of the
coaler.



oy

(99]-1993 Emsion and Deposition. Eight major and numerous smaller
tributaries transport sedi from the pyroclastic deposit to the main stemns of the Bucao and
Bi.i2-Buquend rivers & combieatien of rill and gully erosicn, phicatic explosiouns, and
scondary pvroclastic flows zided in the redeveiopment of the drainage networks in the
tributaries. Seveadiry gyiciianic flows have been a mouie important sediment producing
process in the Bucao River basin than in i< oho: basins. Cross-section anaiysis for the
period of June 1991 to November 1992 shows that 600 millicn 0 of material was eroded
from the initia! pyroclastic deposit. No estimase is available for the amoum eroded during
1993. Fluviai erosion of airfail ash from surrounding mountain slopes appears (o have been
a main sediment source cely dusing the 1991 rainy scason.

A large secondary pyioclastic fiow cocurred oa the Maronut River during the 1991 nainy
scason. Headscarp movemesst was initisted about 6 km nmorthwest of the new crater, but the
fiow crossed the Mavosut drainage divide «nd continved down coe of she minor Buczo
tributaries and into the Bucao River. A number of phreatic explosions also ovrwrred durine
ihe 1991 nainy season.

Secocdary pyroclastic flow ami phrestic expinsion processes coutinued during the 1992 rainy
season. Three major secandzry pyroclastic fiows appear (o have provided the bulk of the
1992 sediment yield. A massive sccondary pyroclastic flow occurnd alreg the
Bucao/O'Doaneli divide. The fiow averaged 1,000 meters wide and flowed 6 to 7 km down
the channel. A toial volume of 50 o 100 millice o of sediment was delivered to the = -0
stem of the Bucao River. A second major sconadary pyroclastic flow occumred on a tribulary
of the Balin-Ruquerc River. Approximately 50 million m® of pyroclastic materis] from the
base of the deposit (ncar mid-hasin), cascaded about 6 kin into the ower valley. Since the
lower slope is nearly flst, most of this flow was deposited in the tributary valley, but some
sediments did flow inéo the main stem of the Ralin-Buguero River. The dowastream
distribution of sodiment from this event is not known, but it is likely thai soene of the

the 1992 rainy scason impacted the upper reach of the "new® Maroaut River. The failure
surface is sbout 1,000 meters wide by 2,000 meters Joog. Sediment from this evest
remained i Gie upper channel ares snd thus produced 0o sedimentation impacts on the
coasta! alluvial-fan complex.

Field observations during the 1993 rainy scason disclosed no additional major modifications
oo the upper alluvial-fan compliex (upper basin aren). Fluvial channel erosion agpeared
peogress the same &3 in other basing.

Mudfiows seem to be limited w0 the upper resches of the Bucao and Ralin-Buqueso rivers. In
the middle resches of the Bucac sad Balin-Buguero Rivers, transpant processes consisted
mainly of byperconcentraicd flow events. The sodiment trunsport coacentrations in the lower
Bucao River are highly variable, depeading oo the relative flow couatsibutions from the
sedimeat iaden Bucao and Balin-Bugaero rivers, and the cleaner Balintawak River.
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Deposition has beee very beavy in (b vpper reaches of the Bucao and Balin-Buquero rivers.
Deposition bas buried the town of Poosbaio, located at the coafluence of the Bucao and
Patinte=sk nivess.  Thiaiddl Gopesiiioa ranges itom around 20 m at Poonbsto to 2bout S =@ at
the coafluence of the Bucao aad Balin-Buquero rivers at Malumboy. Depasition continues
between this coafluence and the South Ckina Sea, with the active channel area or flood plain
wideaing varying markedly from about 200 meters to 1,000 meters. Deposition thicknesses
in the channel through the lower coastal fan complex are locally 2 to 3 meters. Distal
thickness is jess than [ meter. Streamflow measurement data (Burcau of Research and
Standards, unpublished) indicated about 1 i of deposition occurred at the Highway 7 bridge
in 1991, with no additional accumulation in 1992. Field observations indicate that the
transport mechanisms were muddy water to hypercoecentrated flow events. Flooding has not
been 2 preblem in the Jower river.

72  Sedimsut Ferecast

siment Prod Gvepls. Rainfall/runoff is cxpectad to contisue to be the
mwmwmmmmmamdw&mm However,
secondasy pysoclastic flows are likely to be sn important factor in sediment yields. There is
x high risk of secondary pyroclastic flows o landslides in she zone extending from 6 to
12 km downiream from the crater area alcng the western flanks of the moustain. There is a
low probability thet the direct runcut of th2se mass movements will reach the main stera of
the Bucso River, but they will deposit additional sodiment in the main chaneels thas can o
be eroded.

Wgemp&mwmmwm&mdummmof&em
basin. High sediment yieids will continue for the next few years. Over tizae, chasael
mwwwmmmmmﬁm&em
barin. The V-shaped isdwtary chansels are expoctad to wides to arowad 10D meters in the
upper reaches and 200 meters tear the base of the pyroclastic doposit. Froguont
bypescoacentrated flows and msudfiows ate expocted 10 contisue 10 be genersted ia the
py-ockastic deposiz clmainels for the next 5 & 10 years. Afier thet, wausually beavy rainfail
may still gestrate these flows.  Most mudflows will deposit upstrean of the coafluence of
the Bucao and Balin-Boguero rivess.

Clean water eotering the Bucao River froe the Balistawsk River increases transpost
capability in the lower 20 km, reducing the ritk of mudilow bazards in the lower river reach,
However, a gradual accumulation of sedimet may occur in this roach.




7.2.2 10-Year Forecast. Sediment yields are forecast to decline at a rapid rate (see
Figure B-31). Over the next 10 years a total of 101 million m’ is forecast to be erodqd from
the pyroclastic deposit, compared to over 600 million m* in the first two years following the

eruption,

The sediment yield curve shown in Figure B-31 represents a forecast of average annual
conditions. Variations in sediment yields can be expected due to above- or below-average
rainfall, the occurrence or lack of secondary pyroclastic flows, or major changes in channel
alignments. Therefore, sediment yields in any one year may be higher or lower than the
forecast yields, but annual yields are expected to follow the forecast trend.

The forecast distribution of sediment deposition over the next 10 years is shown on Table B-
4. The hazard zones are outlined in Figure B-32. Nearly half of the deposition is forecast to
occur in the headwaters reaches of the Bucao and Balin-Buquero rivers. Most of that
deposition will be caused by mudflows during the first three years of the forecast.

An estimated 3 to 4 million m*/year will continuously be transported into the lower 10 km of
the river. Most of this material will be transported to the South China Sea, but about 1
m’/year is expected to deposit in the San Juan reach. This gradual accumulation of sediment
could over time, raise the river bed cnough for floods to overtop the levee along the north
side of the river. The rate and timing of this deposition is uncertain and should be monitored
to improve the estimate,

7.2.3 Long Term Forecast. Erosion over the next 50 years could total 261 million
m’. After the first 10 years, the forecast erosion appears to be similar to what might have
occurred even if the volcano had not erupted. The accumulation of sediment in the San Juan
reach could continue for many years. However, the river’s behavior in this reach is not well
understood and additional data should be collected and analyzed to improve this estimate.

How long the threat of secondary pyroclastic flows at the base of the pyroclastic deposit will
exist is not currently known. Each occurrence seems to increase the stability of the
pyroclastic deposit. However, this process is not well enough understood to justify
concluding that if secondary .pyroclastic flows do occur, there would be no subsequent risk.
Given the extreme local danger from such events, they should be considered a long-term

hazard.
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TABLE B-4 Annual Bucao River sedimens deposition in million e’

1993

Headwaters - . 25 - .

Malumboy - 10 . .

San Juan - 0 2 . .

Botolan - - 0 0 0
1994

Headwaiers - i0 - -

Malumboy - 5 - -

San Juan - ) 2 .

Botolan - 0 0 0
1548

Heauwtwaters - - 5 -

Malumboy - . 2 .

San Jusn . 0 i .

Boiolas - 0 0 0
1995

Headwaters - ¢ . -

Maiumboy - - 1 .

San Jusn 1] y . .

Botolan - - 0 0 0
1997.2002

Headwaziers - 0 - .
- Malumboy - | .

San joza - 0 (1] -

. Bosoian - 0 0 0
NOTE: Throe millico m'year is expeciod o be dischargsd to the Souid Chisa Sea.



8. SANTO TOMAS RIVER BASIN ANALYSIS

The Santo Tomas River basin watershed covers an area of about 262 km’, draining the
southwestern section of the mountain to the South China Sea (see Figure B-33). The Santo
Tomas River system mcorporates the Marella and Mapanuepe rivers, which join to become
the Santo Tomas River. “The reach length from the caldera to the confluence of the Marella
and Mapanuepe Rivers is about 28 km. The Santo Tomas River begins at this confluence
and flows about 23 km to the sea.

8.1 Sedimentation History

8.1.1 Pyroclastic Deposits. The June 1991 eruption left a total of 1,400 million m’
of pyroclastic material in the Santo Tomas-Marella River basin in two separate deposits.
One fills a broad valley between 2 and 7 km south-southwest of the crater. The second
deposit lies about 1 to 2 km farther west (see Figure B-33). The two deposits converge
about 8 km from the crater rim.

The eastern valley varies in width from about 500 to 2,000 meters and has a slope of nearly
10 percent. The deposits range from 10 to 20 meters deep on the flatter upper terraces of
the valley, to over 100 meters deep in the old stream channels (see Figures B-34 and B-35).
About 7 km’ of the upper watershed was diverted into a pre-eruption channel that flows along
the southern boundary of the eastem pyroclastic deposit. A moderate-sized secondary
pyroclastic flow occurred at the diversion point in 1991 (see Figure B-33). Because of the
flow diversion, there are no large stream channels crossing the eastern pyroclastic deposit.

The western deposit ranges from 400 to 800 meters wide and up to 120 meters deep, with a
main channel that drains the upper west side of the watershed. Near the base of the
pyroclastic deposit the channel has been diverted to the east, around the pre-eruption hill
shown on Figure B-33. A large secondary pyroclastic flow occurred in the abandoned river
valley in early August 1992, depositing material in the main channels for several kilometers
downstream.

8.1.2 1991-1993 Erosion and Deposition. Sediment deposition during 1991 totaled
approximately 210 million m*. Sediment produced by rill, gully, and channe] erosion on the

pyroclastic surface was aggravated by the secondary pyroclastic flow in the eastern deposit,
and by erosion of ash deposits on the steep mountains adjacent to the Marella River.

Most of the deposition occurred in the Marella River, with depths of approximately

30 meters near the base of the pyroclastic deposit and 20 meters at the confluence with the
Mapanuepe River. Deposit depths continued to decline downstream in the Santo Tomas
River to about 5 meters neatr the barangay of San Rafael and 1 meter at the Highway 7
Bridge.
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the Marells River. The lake flooded over 4 km® and several coumunities in the Mapanucpe
valley. The Mspanuepe River periodically overtapped the biockage, oaly to be dammed
again by deposiis froem the Marella River. ZLSMG staff (Rodoifo and Umbal, personal
communicaiion, 1993) reported frequent discharges in the hyperconceninzied and mudfiow
range from both the pyrociastic deposii and Mzpanuepe River. Overbank flooding occurred
in the lower 7 km of the Santo Tomas River, impacting the towns of San Narciso and San
Felipe.

Sedimeant yields in 1992 agzin totaled oear 200 million m’. Sediment yields oo the Marelia
River, like those oa the O'Donnell, did not follow the declining yiekd patiesa described by
Pierson ct al. (1992) for other volcanoes. The higher than expecied yields were most Likely
thie result of the combination of a secondary pyroclastic flow and beavy raisifali. The
drainage channels continued to evoive in a pattern similar to other channels around Mount
Picatubo, with the wester channel forming 2 V-shaped valley incised about 40 metess into
the pyrociastic deposit. However, a large secondary pyroclastic flow near the base of the
mmmmwmwmm@yw«emmdwwymm
August 1952, Rainfall records from the Dizoe Mines (written commuznication, 1953), which
are locatad 6 kin zoutheass of the Mavella/Mapanuepe confluence, show that August 1952 had
the third highest monthly rainfall in the last 10 years. It appears that the heavy rzins rapidly
eroded the secondary pyroclastic flow depoikis from the main chiaanels and coatributed
significanily to the unusually high sedisent yield.

An sdditioeal § to 10 metei. of aggradaiion occurred in the Marells River in 1993, The pee-
eruption ricge at the Marella/Mapenuepe coaflucnre was brvached on the west side aesr the
base of Mourt Bagang. By November 1992, mudilows had traveled as far dowsitveam as
San Rafael where they dposited an additional 3 t0 5 weters in the chanse]. However, oo
siganificant depositica occurved i the lower 10 ki of the Santo Towss Rives. The floading
of Dizoa Mines by Mapansepe Laks led W the corstruction of a new lake owtist oo the
outhera side of the Saxto Tomas River. mmwmwamw«h
and Highways before the 1992 riiny season cosaisied viver flows asd prevented flocding
along the lower 20 ion of the Sisto Tomss River.

The pyrociastic deposit eroded much begs in 1993 than in the previous two yeass. A rough
estisate basad on photographs places the fols! 1993 evosicn st less thaun 60 millica ny.
Sediiment costribuiions frowm vasious soarce areas on the pyroclasiic deposit could ot be
defied bicasse wesites conditions limited access W the area.  However, & was clerr al -
erosscn of ezrlicy deposits in the Marells River dad coatritnted § w 10 miiltioa v of
seditaent o the pyroclsiic yiesd.

Sedimend erosion sad deposisiod s 1993 were dominasad by /o kage wpbv ons, Rabiog in
Augusi and Katiang it Ouicder. Prior to August, doposizivn had boen wivsr in the Mareila
River, but it had nessty filled the Santo Temns River chasae] in the vicinity off Sta Rafeel.
Ruscfi’ from (yphoos Robing cassed & lange mudfiow the. taveisd o3 (i 16 Ses Rafast,

B-47




intersecting and overtopping a recently completed 3-meter-high levee just south of the
barangay. The mudflow deposit reached depths of around 4 meters near the levee.
Discharges from Mapanuepe Lake, flowing along the south side of the Santo Tomas River
channel, were diverted over the levee by the mudflow deposit. The Mapanuepe discharges
quickly eroded the levee and overflowed toward San Marcelino and San Antonio. Flooding
continued for nearly a week, until the levees were repaired. Most overbank damages were
the result of flooding, with sediment deposition generally limited to within 1 km of the levee.

7’

During the late stages of typhoon Rubing, a new channel 2 to 5 meters deep and 100 to

150 meters wide was eroded into the deposits of the Santo Tomas and Marella Rivers from
San Rafael upstream to the pyroclastic deposit. The channel was aligned along the west side
of the Marella Riv=r and to the center and north side of the Santo Tomas. This channel was
much larger than any other channel observed in this basin since the eruption.

Typhoon Kadiang produced 326 mm of rain at Dizon Mines on October 5, 1993 (Dizon
Mines, written communication, 1993). This was 133 mm more than the next highest daily
rainfall since the 1991 eruption, and the second highest daily total in 17 years at Dizon
Mines. Sediment yields from the pyroclastic deposit were large during Kadiang, but perhaps
not as large as.might have been expected from a storm of this magnitude. Channel erosion
continued in the Marella River channel downstream of the pyroclastic deposit, with an
estimated 5 meters of additional bed erosion. Mudflows, possibly mixed with
hyperconcentrated flows, followed the active channel of the Santo Tomas River for about

2 km before crossing the north overbank to Santa Fe, burying the town in 1 to 2 meters of
sediment. Deposition in the river bottom near Santa Fe reached depths of up to 8 meters.
Along the south side of the Santo Tomas channel, mudfiows from the Marella River
combined with Mapanuepe Lake discharges to breach the levee at the upstream end, again
near San Rafael, and toward the downstream end near San Marcelino (ZLSMG, 1993).
Flooding again lasted several days before emergency repairs closed the levee breaches.

8.2 Sediment Forecast

8.2.1 Sediment Producing Events. Rainfall/runoff is expected to continue to be the
primary process delivering sediment to the Santo Tomas River. However, secondary
pyroclastic flows are likely to be an important sediment source. The currently V-shaped
western channel is expected to widen to approximately 100 meters in the upper reaches and
300 meters near the base of the pyroclastic deposit. The eastern branch cuts across the toe
of the pyroclastic deposit at the site of the 1992 secondary pyroclastic flows. It is in this
vicinity that additional secondary pyroclastic flows are most probable.

Frequent hyperconcentrated flows and mudflows are expected to continue to be generated in
the pyroclastic deposit channels for the next 5 to 10 years. After that, unusually heavy
rainfall may still generate these flows. As long as the large channel remains on the Marella
River, mudflows will tend’to be transported to the Santo Tomas River without as much
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dispersion or atteruation as before August 1993. Lower concentration flows will likely erode
through the Mareila River.

8.2.2 10-Year Forecast. Sediment yields are forecast to decline 2t 2 rapid rate (see
Figure B-36), continuing the trend stamed in 1993. Ower the next 10 years a total of 130
million m’is foracast to be evroded from the pyroclastic deposit, compared o 212, 200, and
60 miliion m* in 1991, 1992, zad 1993 respectively. Because of the high probability of
secondary pyroclastic flows, an additional 15 millicn m* of sediment has been included in
each of the first three years of the forecast. Once ihe sediment yiekds from the pyroclastic
depaosit have declined sufficiently, the Marellz River channel is expected to begin to erode.

The sediment yield curve showa in Figure B-36 represents a forecast of average snnual
conditions. Vasiations in sediment yields can be expected due to above- or below-average
rsinfall, the occurrence or lack of secondary pyroclastic flows, or major changes in channel
alignmenss. Therefore, sediment yields in any one year may be higher or lower than the
forecas: vields, but annual yields are expeciad to follow the forecast tread.

The forecast distribution of sediment deposiiion over the next 10 years is shown oo Table B-
5. The haxard zones are outlived in Figure B-37. Neariy baif of the deposition is forecast to
eccur in the Santo Tomas River clisine! between the Magansepe River and a point about

2 km downstream of San Rafac). Most of that deposition will be caused by udflows duricg
the first troe years of the forecasi. The southern floodplain will receive most of the noo-
channe] deposition, because the oricatation of the Marsila River will tend to buikd a fan
toward the southwes!. Sediment deposition is most likely nesr the Santo Tomas River and
upstream of Sin Marcelino, tut flocding may spread over most of the soutbern floodpiain.
Flooding could beeome more froguent a3 sodiment depiz¥iion couses the river to meander
acroes the broad chinnel asd onto the overbanks.

Some ssdimeat, in quantities smalier than can be aralyzed in this study, will cootinsously be
transposted uxo the lower 10 ke of e river. Much of this material will be transposted o
the South Chiay Sea, bat an unkaowo amount will deposit, Moailonisg of coaditions a the
Righway 7 bridge weald provide a better usdenstanding of sadimentstion in this lower reach.




TABLE B-§ Annual Sanio Tomas River sedimens deposition in mulion m'

4
i
Szn Falipe 0 0 0 0 0
198§
Upper Mapanuepe na 1 5 n/a n/a
Mapanuepe $ n/a 10 /a n/a
San Marcelino 1 3 1 a'a n/a
San Falipe 0 0 0 0 0
1996
Upper Mapanuepe n/a 0 0 o/a nia
Mapanucpe 0 wa 4 n/s w/a
San Man {ino 0 1 } wa n/a
Sz Falipe 0 0 0 0 0
1837
Upper Mapanuepe /s 0 0 /a w/a
Mapanuepe 0 w/a 2 B/a wa
San Marceling 0 1 | /s /3
San Falipe 0 G 0 0 0
1998
Upper Mapanucpe ofa 0 -2 a/a a/a
Mapanuepe l n/a ola w/a
San Marcelino 0 } i u/a na
San Falipe 0 0 0 0
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TARLE B-5 (Centinued) Annual Sanio Tomas River sedimen: deposition in million w'

1985

Upper Mapanuepe
Mapanuepe

San Marcelino

San Falipe

San Marcelino
San Falipe

2301

Upper Mspasucpe
hMapanuepe

San Marcelino
San Falipe

2062
Upper Mapanucpe
Mapanacpe
San Falipe

C?O—‘%

Qﬂ—g

Qe
&

y SRR T © s b R

[~ B S

Q = B W

n/a
n'a
w's
0

o/a
o/a
o/a
0

a/a
nfa
n/a
0

nfa
n/a
n/a
0

n/a
a/a
o/a
0

n/a
o/a
w/a
0

ofa
n/a
n/a
0

ofa
n/a
n/a
0

NOTE: Aa uaknown amoust of sodiment wili be discharged tw the South Ching Sea cach

year.
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8.2.3 Long Term Forecast. Erosion over the next 50 years could total 160 million
m®. After the first 10 years, the forecast erosion appears to be similar to what might have
occurred even if the volcano had not erupted. Ten years ago, sediment yields from the
Marella basin were high enough to annually fill the irrigation reservoir near the Mapanuepe
River (Alejandrino et al., personal communication, 1993). Unstable river conditions are
likely to continue indefinitely. Flooding and overbank sedimentation is likely to be more
severe that prior to the eruption because the river channels have been filled by sediment. In
the future, the river will be able to meander outside of the former channel boundaries and

routinely cause flooding unless actions are taken to contain the river.

How long the threat of secondary pyroclastic flows at the base of the pyroclastic deposit will
exist is not currently known. Each occurrence seems to increase the stability of the
pyroclastic deposit. However, this process is not well enough understood to justify
concluding that if the forecast three secondary pyroclastic flows do occur, there would be no
subsequent risk. Given the extreme local danger from such events, they should be
considered a long-term hazard.
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9. COMPARISON OF SEDIMENT YIELD FORECASTS

PHIVOLCS and the USGS have colishorsted oz amalyses of the Mount Pinatubo eruption and
subsequent Ishar problems. As part of that analyses they have calculsted the pyroclastic
depasit volemes and made totnl sediment yield forecasts for each basin (Pierson et al., 1992;
PHIVOLCS, 1993). Tabie B-6 presests the pyroclastic deposit and forecast volumes
prepared by PHIVOLCS/USGS and those presented in this report.

The PHIVOLCS/USGS sediment forecast is based on fixed percentages of material eroding
from each of the pyroclastic deposits. A value of 40 percent was used for the Pasig-Putrero,
Sacobia-Bamban, and O’Doanell vivers, and 50 percent was used for the Bucso and Santo
Tomus rivess. The higher value was used for the west side rivers (o accoumnt for the higher
annual rainfall on that side of Mount Pinatubo. An additional 10 percest was used in all
basins to account for eresion of pes-eruptioe material. The range of sediment yields resulted
from applying the percentages to the range of pyroclastic deposits caiculaied by
PHIVOLLCS/USGS.

In this repost, a total of 1.9 billion m’, out of the 5.6 billicn m’ of total pyroclastic flow
matesial deposied oo the flanks of Mouat Pinatubo during the June 199! crupiion, was
focecast o be eroded within SO years after the eruption (Tible B-6). This efosion volume
represcots 34 percezt of the total initial pyroclastic flow deposit volume and inchixdes the
erosion amounts which occurred durisg the pesiod from Juse 1991 to November 1962, In
the individaal basias, the forecast erosion to initial deposit ratios are; Pasig-Potrero, 33
percent; Sacobia-Bamban, 41 percent; O'Doanell, 42 percat; Bucao, 29 percent; and Santo
Tomas, 41 percemt.  The vaniations in yield ratios are due to varistions in the complexity of
the geosnorphic processes occurring widhin each basin, as dercribed cardier in dhis repoat.
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TABLE B6 USACE and PHIVOLCS/USGS sedimerst volumes in willion ny'
(Note: Tuis incledes 1991-1992 ervsion volumes)

PYROCLASTIC TOTAL
—DEROSIT. YIELD
PASIG-POTRERO RIVER
USACE 02 100
PHIVOLCS/USGS
Low 300 120
High 500 200
SACOBIA-BAMBAN RIVER
USACE 602 250
PHEIVOLCS/USGS
Low 00 280
High 1,100 440
O'DONNELL RIVER
USACE 241 162
PHIVOLCS/USGS
Low 300 180
High 630 360
BUCAQO RIVER
USACE 3,600 €63
Low 2,500 1,280

High 3.100 1,550




10. CONCLUSIONS

Sediment yields bave declined dramaticaily at Mount Pinatubo, but will remain a dangerous
threat for several more years. Mudflows can be expected to occur sevesal times a year on all
five rivers for the next 5 to 10 years. Afier that time, annual sediment yields to the fan
areas will drop to near pre-erupiion levels. However, mudfiows may still be occur on an
infrequent bases. The Pasig-Potrero, Sacobia-Bamban, O'Donacll, and Semto Tomas
chenneis oa the alluvial fans are aiready filied with sediment and future ishars can spill oato

the populated floodpiains.

Sediment yields may be higaly vasisble over both short and boag time periods. Secoadary
pyroclastic flows or cther basin disturbamoces could cause immediate, large surges of
sediment. The ccourrence or Iack of unusually large storms will also cause variatioes in

sedimesst yiclds. Moaitoring of the pyroclastic deposits 2nd the river channels neads o
continue in order to evalualz changing conditicas.

In Getooer 1993, beavy rainfall and rapid crosion cauced sbout 21 km’ of the Sacobia River
bazin to be diverted into the Pasig River basin.  This lares incregse in Pasig River Jrainage
area is very likely o cause a tremendous increase in sediment yiedd in 1994 and beyoad.
The full Lnpact of this basin chinge has not been evalusind for this reposi, bus i is judged to
present an extreme hazird to commuaitics along the Pasig-Potrero River and also to eadanger
survounding areas. Sedimend yiekds and labars in the Pasig River in 1994, are expected to e
similar to those expericaced in the Ssoobia River in 1991 or 1992, Pasig-Potrero River
sadinacnt depositioa of 50 to 100 million m' is coasidered possible in 1984, A compitts
analysis of this situstion is nzeded before the 1994 miny ssason.
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SACOBIA/BAMBAN RIVER
SEDIMENT YIELD FORECAST
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Figure B-19. Sedimant Yield Forecast for tho
Sacobla/Bamban River Pyroclastic Daposit.
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C'DONNELL RIVER
SEDIMENT YIELD FORECAST
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Figure B-23. Sediment Yield Foiecast for the
O'Donneli River Pyroclastic Deposit.




RuaT Justh; pooi4 pus moypnyy Bupueibeg
u£< anmz Eaam ..e?u wgﬁu?a .?33 v2-9 anbi

eduy poopy ﬁU
1weduw) moyprpy

mm = 3MY / N AQ peyduwon

INISvE TIINNOJ e N
RELN QmJ\N{I




E66L UIY - (651 YU URMIEY PADNPoXS SamieR) Jbiowosd soivw pue ysodep
Moy cpsepoiy Bunensny) ~dew W12 JeAjy GRONY JeMOT) pus Jjeddn ¢z-g <unbig




‘FyduiBoiond [Buos 2E6 1 puB duw apidesBodo) yig uo paset B G 2-g wanlily 10 UMGS UO[IB30T
UCIIDBE-C50SD) oAl DBUNG Y 30 ARuwiosB jauukyd wontingg -150d puB 244 Bupesisny)
"DEM UGIROUS-5S04D jeuuByD Jeald weIng Jeddn  g2-g wunBig

2 o

\ TIFIBYY M GULBIEN
,h“ﬁﬁll%@&ﬁ%g%&ﬁﬁﬁﬁﬁﬁﬁ.ﬁﬁ#f,

% . E
g o \.\ .rf \ ar
) / . 7\ . ; T
» 744 4 M. Py /N EM
% we J " % y aJ.l.!sm... / Y . » 4
o éw,.n\uﬁ.\.\ T . Y, > \/\l\.f;/\-\/ P— -
,n.. o ﬁ " itz B lrt.enl!\ e ey !l\‘.......’\ o\." uw
el usodr] S1sERIAg o3
? ew \jod ]
. Y
<]

L= T
_ — FTEGE IERID-3E0O Y
” —— J2RJING UWSHANIL-024
,.@..._,.: [ & ik




Frapleadiorgug pas® S5 4t deus spdeielny NG uo poseq Teg

'§2-0 wnBy U0 LS GORIUT UGHISE-SS0D  URATY clenbrg-uyeg

3 O3 ARG B CIRAlg BUOMpE B3 ¢0 Anewted puugyy utiidiug -isog pue -dig SuRensn
28 UOIBIVE-BBOLY [RUUBYD WSk hwiu geang .ﬁaab ‘£2-9 ain8iy

B O R I ARSI SO o VA S R YW 20 kNI LS o SO 75

PR T
SIITFR M VINEEL
é:.lfszlgf?iliﬁliil . W NOUE . WUNE W UG . WO S N T, Y YO NN VNG YOO W WU W " NN

“f ALY ! .« .
 ep o BT WMED MR ia &
- @& P & ~ gwuwmm.n. .«.m-. Luw \a - ..
- A Vs -
- - =3
-« b - W ;
- AU - 3
- PHIDIEN UORSIG-350. - .
«f .
- -
© [ ]
-

——— GTOI WATIUR 3504
e GUAREG LWB1IUND-Dig




a

: FapleBoyed e 2661 puk duny wudeiBodo) wyQ HO pesRg 1330

"G 2= @il U0 UMGS UBREDUT BORIISASIYD saald LRING P4l 0F ARG

JOfews '® ‘Joap) CIIRDNE-EY iR 40 Anewesl PUURYD MORdNIT 1504 DUB -Qid SunBsn
Ol# UO[IVIT-ESCID DULIBYD UisREg iRAlYy “23ng igddn  -gz-8 sinlig

IR

4"
-]
w

- - m o @ B W » @& i 8 » =
kJ ¥ v v [ i T td

BISIN U WO

i

=i ‘ H v s QRIS WML U0 1=
— GIRLIPY GRRORLGig




| AydzBoioud aLse 2661 puR dew SpdrsBodoy YING U0 Paskq £180
'$2-8 9By U0 UMOYS UCIEDCT UCKIVG-S5ON)  “IBAY 0BING SR §0 Ansuxed jsuuryd Londnil -1504 pus -vid Bupaisng

- 'BY# UDISRS-SS0.D {BUURYD UISER JRAY OBInY  62-9 @bl

X *
« | . {

!!!!!! .
& \I||| . TR e - e oy - e S e e G . o .

o A oy’ GRS .. 4

L] N . R 'lvlvll 3
° XuTy PRI .
< - 3.
- ] .M
- E 'w
[ ] -
] |
= j -

o PIRYIG UOJIININ-3S0 4
—— FORLUDY UDRTUNI-Rig




§2-8 anby uo umuys uore3oT] UCROBS-SS0D  JDAN ovang oy Mﬂﬁ%ﬁ@ﬂ%ﬁ&?& .gawuﬁﬁmhm uﬁuﬁmﬂm
B "L u0j320g-us01" JOLUBYD Lujs2E 20M13 o2Ng ‘Df-8 .&ﬁmwu

ZE@@,%&F@&&?ZQ&H

. 1
. |«
o T T e —— s T M. o
-} - zo81 PR i W ..VOW.
,r.ﬁﬁ 7 (LU&
| @ f Naoi
=]
@t ; ..
: { =
o r
B Aa
@
: ﬁ L\.
o 3
[t »

i

—— FUBIE UOHIUNIS-IT04
e BrS WNANIe-0:4

5




BUCAD RIVER
SEDIMENT YIELD FOCRECAST
$0 Y ':
« '
o :
gt :
o ]
Bo %
Nt
50
‘g:;% .
w L
25 w
=] )
= B *
1 : ' ]
198 058 2000 2020 N 2080 2680
VEAR
Figure B-31. Sediment Yiaid Forevast for the

Bucao River Pyroclastic Deposit.
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FORECAST SEDIMENT YIELD
MILLIONS OF CUBIC METERS PER YEAR

MARELLA/SANTO TOMAS RIVER
SEDIMENT YIELD FORECAST
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Flgure B-38. Sediment Yiald Forecast for the

Marella/Santo Tomas Pyroclastic Depesit.
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