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Introduction.

Lahars are a form of debris flow composed of atanexof pyroclastic materials and
water from a volcano. The flows are high-velocégd produce great discharge volumes of
high-density, water-saturated debris mixtures. dtateposits are poorly sorted and massive in
volume. Of Indonesian/Javanese origin, the tersbdegen translated as “mudstream”, and
defined as “a rapidly flowing mixture of rock deband water (other than normal streamflow)
from a volcano” (Lavigne, F, 2000, p. 545). Complai@ other streamflows, lahars have a high
velocity, discharge, and sediment transport capacit

Lahars can fall under three categories of clasgifin, syn-eruptive, post-eruptive or
non-eruptive. Within the syn-eruptive categoryyigae further classifies lahars generated
during an eruption according to the water sourcenporated in the flow, including ice, snow,
crater lakes, rainfall etc. “Most syn-eruptivedah are generated when a drainage system is
choked by a pyroclastic flow, a ‘wet’ pyroclastierge or a debris avalanche” (Lavigne, p. 546).

Post-eruptive lahars can occur any time duringstheeral years following an eruption
and are triggered by rain events. Non-eruptihaiainclude events such as debris avalanches
and lake outbursts (the release of water dammegldayal ice) and are generated without
eruptive activity.

Lahars can be produced in several ways. Duringraption, any source of water
including ice, snow, river water or rain can cassdiment to move and be incorporated into a
lahar. Following an eruption, there can be variocwstrols on lahar occurrence but primarily
they are triggered by rainfall or slope failure.

Lahars have been the cause of major damage amdfitige throughout history. They

have buried entire towns, and destroyed cities bheéyepair. Their extreme danger makes them
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an important topic of research throughout the geases in the hopes of mitigating future
disaster.

This paper seeks to examine these post-erupigmgets and, with the analysis of
published case studies, aims to investigate theraspecific to rainfall events and slope failures
that are likely to produce lahar flow. It aimsaieswer the questions of 1) what specific details
of rainfall events are understood to have triggawhts? and 2) what are the characteristics of

source areas of volcanic avalanches and landghd¢sransform into debris flow and lahars?

Rainfall.

There are several factors to consider with resjpein-triggered lahars. Rainfall
distribution is perhaps the most influential, onhospatial and temporal scales.

Convective rainfall occurs more commonly during #iternoon due to the solar heating
of land surfaces throughout the day. Many climates experience an annual rainy season,
where annual rainfall for the region typically peaklhese tendencies are particularly common
at lower latitudes and tropical/equatorial regiombsere lahars more commonly occur in the
afternoon and during monsoon season. (Lavignehbuiet, J C; Voight, B; Suwa, H;

Sumaryono, A, 2000, p. 435).
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Figure 1: Diurnal rainfall by time of day: Merapi, 1990 (Lavigne et al, 2000).
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In addition to temporal patterns of rainfall, ihéensity and duration of rain events also
impacts the likelihood of a triggering a lahar.ofFlebris flows generally, as well as for lahars,
the rainfall intensity as measured over 1 hour@minute intervals play a key role in the
mobilization of debris” (Lavigne et al, p. 435).0@monly, the time of lahar generation
coincides with the time of peak rainfall. Oftemé&s, however, there is a delay in lahar detection
following a rain event as rainwater accumulateslaggins to entrain sediment. Sometimes this
lag is greater than at other times. Factors imitugy these anomalies include: the spatial
differences between the rain gage and the lahacsauea (rainfall may differ between the two
points), between lahar observation point on thenckhand the lahar initiation area in the source
zone - “due to local formation and subsequenugison of landslide dams in river channels”
(Lavigne et al. p. 439).

Other aspects of rainfall that contribute to taggg relate to the morphology of the
upper basin and characteristics of source deposhiese factors may be seen in the later stages
of lahar passage and following the event. “Thdide of lahars is mainly caused by
progressive loss of source pyroclastic debrispiyyrovement in infiltration, and decrease in
runoff, on hillslopes previously covered with pyiastic tephra.” (Lavigne et al, p. 441).
Permeability of the ground surface is a notewoetkgmple of this, as it influences the amount
of runoff generated during rainfall. Whether runadécurs during a storm is related to the grain
size and distribution as well as the sedimentokdgibaracteristics of the surface materials. A
lahar cannot form unless runoff is significant egiotio begin to entrain debris particles.

Similarly, the extent of ground saturation prior&in event affects the occurrence or
nature of runoff. If the ground surface is alreaggpr saturation, it may not take very much

rainfall to produce runoff. In contrast, a dry gr&fmeable surface may be able to take much
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more water by comparison before runoff begins tmioc This particular factor can be related to
the amount of time between storms. If there issudficient recovery time following a rain
event before another one occurs, the previous wallemot have fully infiltrated the surface.
This can be analyzed using the concept of workamgfall, or the total rainfall that precedes the
lahar event for 7 days. Studies indicate a “catieh between working rainfall and 1 hour

rainfall for lahar initiation” (Lavigne et al, p.3%).

Rainfall Case Study: Merapi Volcano, Central Java
Merapi is a stratovolcano located in Central Jawdgnesia, characterized by relatively

high channel slope and low riverbanks. Not only ene of the most active volcanoes on Earth,
it is also surrounded by a population of 1.1 millgeople, with about 200,000 people who “live
at risk in areas prone mainly to pyroclastic flcavgl heavy tephra fallout (respectively the
forbidden zonand thdirst danger zong and 120,000 more live along the 13 rivers dragni
lowlands prone to lahars.” (Lavigne et al, p. 423 the mid 1990s during a period of just over
six months, there were
21 recorded larhar events

with a volume of about

1.6 x 16m®. This has
made Merapi of

particular interest and

important to researchers.

December, 1994 20 February, 1995
Avove is the same bridge on the Boyong River shortly after being built (left), standing
7 m above river height, and again following the passage of numerous lahars (right).

Figure 2. (Lavigne et al, 2002)
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Merapi’s lahars are almost invariably triggeredrawfall. The climate of Central Java is
indeed wet, and experiences a strong monsoon s&asomNovember to April. Lavigne et al
report measurements, of average annual rainfatl bvgears ranging from 2416 mm to 3253
mm and yearly amount ranging from 2000 mm to 4500 (m.434). As much as 80% of yearly
rainfall occurs during the rainy season, and dutimggseason’s peak rainfall can reach 800
mm/month. On 25 November 1979, Merapi receivedm@éof rain in one day.

The 13 rivers flowing from Merapi range from 3044 in length, and their average
channel slope is 9%. The upstream valleys areilyesroded and fans of lahar deposits are
found at the base of all downstream channels. iBdow material and pyroclastic-flow
deposits are poorly sorted.

This case study shows that “the frequency of klaaan individual channel depends on
rainfall characteristics and on the total volumd grain size distribution of fresh pyroclastic
deposits in source areas” (p.434). Lavigne etabrt that rain lahars occur periodically for
about 4 years following small to medium-scale anns and that rain-triggered lahars are
expected to occur every year (p.434). Most laafpails at Merapi occur during this 4 year
period.

Rainfall intensity thresholds of 40mm in 2 hounsl25mm in 1 hour have been proposed
for Merapi. The time to initiate a lahar is tydlgaguite short and many times lahar initiation
corresponds with peak rainfall. Lahar surge pesksirred about 10 minutes after peak
rainfalls, as recorded at downstream stationss ifdlicates very little lag time before runoff is
produced. This may be related to the frequenagiafall events, suggesting very little recovery

time between events and generally high ground atdur.
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Since the mid-1500s Merapi has had 61 reporteotiens, at least 23 of which have had
associated lahars. Almost of all of these lahaewriggered by rain. This study states that
intense rainfall, greater than 25 mm/h is needdddger a lahar, although the actual triggering

intensity varies with rainfall duration and permigigibof the ground surface.

Slope Failure.

Some of the most destructive and far-reachingr&ahave been linked to volcano
collapse, and subsequent landsliding. (Watterspman, Bowman & Crowley, 2000, p. 957).
“Volcanic slope failures develop from a combinatmfrfactors including steep slopes, weak
materials, faults, dikes, high fluid pressures s@idmic and intrusive activity.”(Watters et al p.
958). Depending on the physical characteristigh®fslope, when a failure occurs the sliding
mass may begin to flow and entrain further delpsticularly with the added presence of water.
Other external factors include slope height, slapgle, and material properties of the surface
such as mineralogy and grain size.

Volcanic slopes may inherently possess certaipgat@s that make them susceptible to
failure such as their high clay content, which result of hydrothermal processes and exposure
of the rock to highly acidic, hot magma. “The haxtidic fluids cause rock dissolution and
formation of clay minerals along geologic structu¢@ints, faults and dikes) and lithologic
boundaries” (Watters et al, p. 966). Not only dibes replace stronger rock with weaker, clay-
rich rock, but the clay rock may form in a downwardlination away from the volcano, thus
weakening slope stability and providing “potenshdling planes or release surfaces for volcano

collapse” (Watters et al, p.966).
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Figure 3: The rock mass concept (Watters et al, 262).
to assign numerical ratings to rock masses
that tell of their strength, cohesion and frictibbehavior (Watters et al, p. 963). Studies using
these concepts have indicated that the lowest RMé&es can be found in hydrothermally
altered volcanic rock, pyroclastic deposits, armhglmajor discontinuities (Watters et al, p.
971).

“Strength information is necessary to better ustérd initial landslide processes and the
mechanical properties of source materials for dedowalanches and lahars” (Watters et al, p.
973). There is limited strength data availabledctive volcanoes due to the logistical
difficulties of field work in a potentially riskyrevironment. To construct a full strength
assessment of a volcano, rock structure data isrezt] and data must also be taken from

pyroclastic deposits, interbedded units (rock fobativeen strata of differing type) as well as

individual lava flows.
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Watters et al state that “catastrophic collapstnefsummit and (or) flanks of active
stratovolcanoes is a normal process” (Watters pt93), and that many failures are attributed
to large-scale landsliding. Massive and destreatigbris flows or lahars have been linked to

these large edifice collapse events, which are comtm stratovolcanoes in general.

Slope Failure Case Study: Tungurahua Volcano, Eacad

Situated on the Eastern Cordillera of the Ecuathofindes, Tungurahua is a large and
eruptive volcano, made up of three volcanic eddigelall, Robin, Beate, Mothes, & Monzier,
1999, p. 2). The volcano is noted for its steeesiand great changes in elevation. Tungurahua
has experienced at least two events of sectorpsalavith accompanying debris avalanches.
This type of event is extremely hazardous, haviglpced debris deposits covering at least
80kn?, with an estimated volume of 8RiHall et al, p. 8). It is believed that currennditions
may favour future collapse, which poses great thieeaurrounding villages and a nearby
hydroelectric dam and reservoir which is considehedsecond most important in all of Ecuador
(p.3).

Tungurahua has experienced 17 known eruptionsunrhajor eruptive episodes. Two
of its three edifices have been partially destroygdarge sector collapses. The small village of
Bayushig lies in the hummocky debris of ther avalencaused by the collapse of Sector Il, and
other towns lie among the surrounding terracesadrahdoned stream channels. Avalanche
breccia are frequently found (unconsolidated) mld#har deposit which indicates that the lahar
immediately followed the avalanche. “This flow waggparently the result of the mobilization of
water and ice-saturated parts of the debris avh&Enp.8). Mineralogical evidence suggests

that an eruptive event accompanied or triggereadoiapse.
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Tungurahua’s eruptive history has resulted infdingation of many large natural dams
of water in the river valley below, made up of aralhe deposits. In the event of an eruption,
these small, temporary lakes pose a significantcgoof water to mobilized pyroclastic material.
“Lahars associated with collapse events generaiiy foy the remobilization of water-saturated
parts of the avalanche deposits or by the incotmraf water and snow” (p. 19). During or
following an eruption, the dammed lakes may braakcatastrophically, resulting in a violent

displacement of a large volume of water.

Fig. 40 Hazard map for pyroclastic flows and lahars. showing the mamn runouts followed by historic flows (PF = pyroclastic flows).
1 = High hazard for directed blasts and fallback pvroclastic flows over the whole area, and lahars in the valleys; 2 = minor hazard area for
pvroclastic flows: 3 = high hazard for lahars in the lower Pastaza valley. (Hall et al, 1999)

The authors note the great hazard representedihgufahua’s blocked drainage and
suggest that some of the largest lahars in theamols history were likely a result of lake break-

outs. “Tungurahua’s (current) setting invites sagbossibility: even if the next collapse is of
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small volume (<1 kr¥), the resulting debris avalanche would likelylt¢fie narrow Chambo
Valley, damming it, which would probably generat®ther lake-breakout debris flow of
significant proportions” (p.20). Furthermore, thaglicate that future eruptions are to be

expected and will be accompanied by the emissi@yuiclastic flows and lahars.

Conclusions

The lahar-triggering impact of water cannot bearsthted. It is widely understood that
rainfall is a significant control on lahar occurcenand this is further quantified in the Merapi
case study. Rainfall intensity and duration arerdgical importance, particularly in a climate
with such high precipitation and strongly seasqadterns. Basin morphology is indeed an
important factor, but perhaps secondarily so, aema a necessary component for the formation
of a lahar.

Slope failure can certainly trigger the formatafra lahar, as illustrated in the
Tungurahua case study. This represents a largiemane catastrophic event that rain-triggered
lahars, but seems to be a much more infrequent.evidris is consistent with the magnitude-
frequency concept that is common throughout geomomgtudy. Simply put, large, catastrophic
events occur infrequently and the most frequentlyuaring type of events are of smaller or
moderate magnitude.

Together, the two areas of focus presented inpdgier seem to serve as a conceptual
example of the magnitude-frequency concept. Wikhar produced by a catastrophic slope
failure may seem like an unlikely occurrence, thenense magnitude of such an event would
certainly be of disastrous consequence. On ther bidind, the impact of numerous rain-
triggered lahars, especially giving consideratmthe population of many of the world’s

volcanic regions, represents a very real and ptekager,
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